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CHAPTER |

INTRODUCTION

Efavirenz is a non-nucleoside reverse transcriptase inhibitor (NNRTI) for the
treatment of a human immunodeficiency virus (HIV) type 1. In Thailand, there is an
announcement about the enforcement of rights under patents called Compulsory
Licensing (CL), which are legad measures provided in Thailand medicine Act
B.E.2510 resulting in that efavirenz products in Thailand could be produced and
peopl e should have more opportunities to access the medicine.

Efavirenz is classified as biopharmaceutical classification system (BCS) Class
2. Its poor solubility could contribute a problem in low bioavailability, resulting in
lower efficiency in treatment of acquired immunodeficiency syndrome (AIDS)
patients.

There are many ways to increase solubility of poor water soluble drugs such as
reducing particles size and hence increasing the surface area to expose solvent (Jim et
al., 2007), adding substances such as surfactants (Horter, 2001, Curatoro, 1998), or
hydrophilic polymers to improve wettability of drug particles (Sugimoto et al., 1998),
forming complexes with some substances such as B-Cyclodextrin to reduce the
attraction between molecules of the active ingredient (Chaudhari et al., 2009),
forming salts (Serguddin, 2007), preparing drugs in microemulsion (Panayiotis,
1995), changing chemical structure from crystalline to amorphous (Blagden et 4.,
2007) and preparing drugs in solid solution or solid dispersion (Win et a., 1971).

Preparation of solid solution or solid dispersion is one of the techniques to
increase solubility of poor water solubility drugs. This technique could make the drug
to be dispersed at the molecular level or in the carrier particles, cause transformation
of crystalline to amorphous solid which is wet easily and preventing aggregation of
drug particles or making smaller size of drug particles.

Solid dispersion preparation can be prepared in a number of ways. However,
there are generdly prepared by two methods. 1) solvent evaporation by dissolving
hydrophobic drug and hydrophilic carrier in organic solvents and then removing

organic solvents. This techniqgue may be found in spray-drying, vacuum-drying,
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fluidized bed and lyophilization processes, 2) melting method (fusion method) by
heating the drug and hydrophilic carrier at sufficiently high temperature to fuse both
ingredients together and then cooling the product down until it becomes solidified.
Thedrugis covered in a hydrophilic carrier. The solid is ground to powder for loading
in acapsule or tableting (Aitken-Nichol et a., 1996).

The important thing of solid dispersion system is miscibility of binary phase
system between the drug and polymer. The drug and polymer should be mixed at the
molecular level leading to one amorphous solid.

There are many techniques to characterize miscibility of the drug and
polymers. These techniques are film casting, solubility parameter calculation,
differential scanning calorimetry (DSC), hot-stage microscopy (HSM), Fourier
transform infrared spectroscopy (FT-IR), powder X-ray diffractometry (XRPD),
dynamic vapor sorption (DV'S) and solid-state nuclear magnetic resonance (SSNMR).
Film casting is a prelimary way to find out solubility capacity of polymers. Polymer
with high solubility capacity tends to be miscible with the drug. Solubility parameters
are used to predict the drug and polymer miscibility. DSC is used to find out
amorphous phase in the mixture. Hot-stage microscopy is used to observe melting of
pure drug and polymer compared with the physica mixture. FT-IR is used to study
specific interaction between the drug and polymer. XRPD and DV S are used to prove
solid state whether it is in crystalline or amorphous phase (Rumondor et al., 2009).
SSNMR is also used to characterize crystal habit of substance. This method focuses
on molecular conformation of the drug and polymer. Dipolar interaction between the
drug and polymer can be detected by this method.

Recently, hot-melt extrusion technology has taken a role to increase solubility
of poor soluble drugs. This technology can be applied in pharmaceutical development
of many pharmaceutical dosage forms such as tablets, implants and inserts (Repka et
al., 2007). Although the process may be challenged to heat-labile drug, the process is
easy to scale up, reproducible and possibly on/in time monitored.

In this study, miscibility of efavirenz and polymers were evaluated by film
casting, solubility parameter calculation, DSC, HSM, FT-IR, XRPD and DVS. Solid
solution of efavirenz and selected polymers were prepared by hot-melt extrusion
(HME). Solid-state characteristics and dissolution of the products were investigated.



Objective of thisstudy

1. To evaluate miscibility of efavirenz and polymers for preparation of solid
solution by hot melt extrusion

2. To determine proportions between efavirenz and polymers which form
solid solution by hot-melt extrusion

3. Toimprove dissolution of efavirenz by preparation of solid solution



CHAPTER I

LITERATURE REVIEWS

1. Drug release from solid dosage form

Solid dosages forms areost commonlyused because they are convenient to
handle and have better stability than liquid dosage forms.

Oral solid dosage forms are designed for the drug to be absorbed through
blood system while they transit through the gastrointestinal tract. After exposed to
gastrointestinal fluid, solid preparations such as tablets are usually broken to a group
of particles called granules. The granules are then separated to fine particles, which
are dissolved by gastrointestinal fluid before drug absorption take places.

Drug release, especially for the drugs with low solubility and high
permeability, is an important. By enhancing the drug release of these drugs, it is

possible to improve bioavailability and reduce side effects (Vasconcelos et al., 2007).

Gastrointesinal tract

Absorptior
Systemic circulation

v

Tablets or Capsule®
Granules> Powders>
Drug in solution

Active site

Figure 2-1 Mechanism of drug absorption (modified from [Online]) Available form:
http://www.nae.edu/Publications/Bridge/Frontiersofttegring12256/RecentDevelo

pmentinNeedle-FreeDrugDelivery.aspx [2012,SepterBgr




1.1 Factors affecting solubility

lonic strength

Salt formation leads to better dissolution and absmrptHowever, salt
formation has limitation by concentration of counter ion or ionic strength in the
medium. High ionic strength leads to low dissolution rate. Dissolution is also
depending on pH. In stomach, which has pH about 1.5-3.0, basic drugs will be
dissolved in the stomach better than acidic drugs. On the other hand, small intestine,

which has pH about 5.0-7.0, acidic drugs will be dissolved better than basic drugs.

Particle size

Mechanism of drug release can be explained by N@yisney relationship

as the following equation:

dM DS
e —nd 1
At { h ]{CS C?J] ( )
Remarks: M = amount of drug dissolved (mg or mmol)
t = time (seconds)
D = diffusion coefficient of the drug (@s)
S = surface area (én

H = thickness of the liquid film
G & Cp= concentrations of the drug at the surface of the particle
srface = @ and the bulk medium (bulk medium 5)C

From Noyes-Whitney equation, dissolution rate is algeproportional to the
particle surface area of the particles. If particle size is small, effective surface area is
increased and dissolution rate is also increased. Reducing the particle size increases

surface area. The more surface area of particle size, the more dissolution rate and

bioavailability will be increased.



Porosity of particle

Particle with high porosity helps to increase dissotutate. Dissolution rate

from internal porosity is lower than surface porosity.

Crystal habit

Crystalline drugs have lower dissolution than amorphous drugs. Energy to
destroy crystalline drugs is higher than amorphous drugs due to crystalline drugs have
more intermolecular bonding energy. Hydrate form is freely soluble than anhydrous
form.

1.2 Techniques for dissolution/solubility improvement

Many approaches are carried out to increase solubility and dissolution rate of
poorly water soluble drugs. These approaches include: chemical modification,

physicochemical modification and formulation modification.

Chemical modification

This approach modifies some functional groups of the drug to increase its

solubility. The methods are described as follows:

Salt formation

This method is commonly used to increase solubility. Salt form usually
dissolves in water than non-salt form. pH adjustment is one way to increase solubility.
Solubility of the drug is increased by adding acid to alkaline drugs due to forming
acidic soluble salt. On the other hand, solubility of acidic drugs will be increased
when adding alkaline. Sodium and potassium salts dissolve more rapidly than other

salts.



Prodrug

Prodrug is molecular modification of a drug into a new substance by adding
inactive moiety or promoiety to attach with the parent drug. When the prodrug gets
into the body, the bonding is broken by enzyme such as esterase. Prodrug is made
with ester, carboxylic acid or hydroxyl group. Chemical modification such as prodrug
causes solubility and stability changing. Prodrug is also used for prolonged
pharmacology effect, toxicity reduction, drug targeting therapy and dissolution
improvement. Vollman (2008) added ester to adenosine A2A receptor antagonist

MSX-2 to improve the drug solubility.

Physicochemical modification

This approach improves solubility of the drug by modification of its
physicochemical properties. The methods are such as particle size reduction,

complexation and crystal habit.
Particle size reduction

Particle size reduction leads to increase the surface area of particles. This
allows the solubility and dissolution rate of the drug to be increased. The method is
achieved by grinding, fluid energy micronization and ball milling. However, this
method has several disadvantages such as limitation to control some characters of the
final particle such as shape, size, morphology, surface properties and electrostatic
charges (Yiyun, 2005).

Solubilization and Complexation

Solubilization of this material including volatile oils, coal tar and resinous
material, phenobartital, sulfonamide, vitamins, hormones, dyes and beta-arteether was
reported to increase their solubility (Kumar et al., 2011).

Complexation is made by adding some chemical substance su@hk as
cyclodextrins. B-cyclodextrins have been widely used as solubilizang stabilizing

agent in pharmaceutical dosage forms. The advantagpsydlodextrin are good
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disintegration agents and low toxicif-Cyclodextrin makes inclusion complex by
binding water soluble ligand. Complexation leads to increase solubility of the drug
(Kumar et al., 2011).

Crystal structure

The various polymorphic forms of the same chemicals generally differ in
many physical properties. The arrangement of internal molecular structure is

characterized as amorphous solid or crystalline solid.

Amorphous solid

Amorphous state is a solid habit which lack of forms, no order of molecular
packing. Amorphous solid has higher internal energy, greater thermodynamic
properties, higher entropy, increased mobility due to longer intermolecular distances
and higher free energy than crystalline solid. In addition, amorphous solid have lower
stability than crystalline solid. Also, amorphous solid is usually more soluble than
crystalline form.

Amorphous solid have two states, glassy state and rubbery state. The glassy
state has lower solubility and dissolution rate but higher stability than rubbery state.
Glass transition temperaturegfis a temperature at which phenomenon causes glassy

state to convert to rubbery state.

Crystalline solid

Crystalline state is a solid habit in which molecules are arranged in order,
having repeating patterns. Crystalline solid has lower internal energy. Hence, it has
higher stability than amorphous solid. Crystalline solids can be divided into
polymorphs and solvates/hydrates. The uses of metastable forms generally result in
higher solubility and dissolution rates than the respective stable crystal (Kumar et al.,
2011).

Polymorphism is an occurrence in different crystalline forms of the same

substance (Yu et al., 2003). Because of difference in molecular arranging, the
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physicochemical properties are also different such as dissolution rate, stability and
bioavailability.

Solvates/hydrates are forms of crystalline solid which have certain solvent
called solvate or water called hydrate in structure. Their solubility and dissolution rate
is lower than anhydrous form.

Many attempts have been conducted to improve drug dissolution by particle
size reduction (Liversidege, 1995), complexation (Chaudhari et al., 2007), polymorph

and amorphous formation (Hancock et al., 1997).

Formulation modification

An addition of some substances such as surfactant (Horter, 2001), co-solvent
(Seedher, 2009) and hydrophilic polymers (Sugimoto et al., 1998) leads to reduce
surface tension and causes drug particles to be wetted better. These substances are
such as sodium lauryl sulfate (SLS), polyethylene glycol (PEG), hydroxylpropyl
methylcellulose (HPMC) and polyvinyl pyrrolidone (PVP).

2. Solid dispersion

In 1961, the solid dispersion technique was invented to reduce patrticle size
and improve dissolution. Sulfathiazole and urea were prepared to solid dispersion by
Sekiguchi and Obi (Sekiguchia and Obi, 1961). This solid dispersion was prepared as
eutectic mixture.

In 1965, B-carotine was prepared in the colloidal solid disjersby
Tachibana and Nakamu@achibana and Nakamura, 1965). Polymer carrier was
dissolved in organic solvent and then the solvent was evaporated.

Today, much more research has been conducted on solid dispersion technique.
The new technologies have a role in increase drug dissolution of poorly water-soluble
drugs. In biopharmaceutical classification system (BCS), the drug with low solubility
but high membrane permeability is categorized as Class Il. Hence, solid dispersion
techniques are particularly useful to improve dissolution and the bioavailability of
BCS Class Il drugs (Dhirendra, 2009).
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Solid dispersion is defined as one or more solid ingredients dispersed in an
inert carrier. In other words, it consists at least two different components, i.e. matrix
and the drug. The matrix can be either crystalline or amorphous. The drug is dispersed
molecularly, in amorphous substance or crystalline substance (Chiou, 1971).

Solid dispersion may include solid solution and eutectic mixture. Solid
dispersions can be classified according to the interaction between drug and carriers in
the solid dispersion. If drug and carrier are miscible and completely dissolved, the
drug and carrier have extremely high interaction energy resulting true solution such as
solid solution or glass solution. In amorphous solid solutions, polymers are often used
in preparation of true solid solution. The crystalline drug is dissolved in polymer. It
becomes a homogeneous system on a molecular level. This method receives
amorphous product with only one phase (Vasconcelos et al., 2007).

Solid solution is classified based on miscibility systems including continuous
solid solution, discontinuous solid solution, substitutional solid solution and
interstitial solid solution. If the carrier is the polymer, the system will be in
amorphous solid due to that chain of polymer is amorphous and the drug acts as
plasticizer leading to reduction of glass transition temperature of the polymer.

The first generation of solid dispersion contains one or more active ingredients
fused in an inert carrier matrix. This method produces faster release and higher
bioavailability than other solid preparations. The particle size gets better wettability.
Because the carrier is crystalline, it produces crystalline solid dispersions which are
more thermodynamically stable and hence slower release than amorphous solid
dispersions.

The second generation contains amorphous carriers instead of crystalline
carrier. Most of amorphous carriers are polymers such as povidone,
polyethyleneglycols, polymethacrylates, hydroxypropyl methylcellulose,
ethylcellulose, hydroxypropyl cellulose and cyclodextrins. The drugs are molecularly
dispersed in inert polymers which enhance drug solubility.

Recently, the third generation of solid dispersions has been developed.
Researchers used the surfactant carrier such as Tween-80, docusate sodium, Myrj-52,
Pluronic-F68 and sodium lauryl sulfate (Ghebremeskel et al., 2006). It has self-

emulsifying properties. The dissolution profile was improved than crystalline and
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amorphous polymers carriers. The third generation of solid dispersions is intended to
improve solubility of poorly soluble drugs, stabilize the solid dispersion, avoid drug
recrystallization and achieve the highest bioavailability.

Solid dispersion technique has many advantages. The advantages are such as
easy to produce, more applicable to patients, more efficient in particle size reduction
techniques, improved wettability, high porosity, increased the glass transition
temperature () leading to high stability in room temperature, greater dissolution rate
and improve bioavailibity (Serajuddin, 1999).

There are some disadvantages of solid dispersion. Solid dispersion techniques
are not commonly used in commercial product because of temperature and humidity
stress. Humidity leads to instability because moisture will increase drug mobility
which can promote drug recrystallization, phase separation, crystal growth and
conversion to crystal form. This may lead to instability, decreasing solubility and
dissolution rate.

Solid dispersion technique is an effective way to increase the dissolution rate
of poorly water-soluble drugs. However, very few amorphous solid dispersion
preparations have been successfully marketed. The reason is poor physical stability in
the amorphous state (Serajuddin, 1999). Other problems are the cost of preparation
and difficult to scale-up to production (Hancock and Zogra, 1997, Kearney et al
1994).

Techniques in solid dispersion/solution preparation to enhance bioavailability
of poorly water soluble drugs are such as lyophilization (freeze drying), melt
agglomeration process, extruding method, spray drying technology, use of surfactant,
electrostatic spinning method and supercritical fluid technology (Kumar et al., 2011).
These techniques can be grouped to the solvent method and the fusion method

(Vasconcelos et al., 2007).

Solvent method

In solvent method, the drug and the carrier are dissolved together in organic or

inorganic solvents and then the solvent was removed by evaporation technique.

Tachibana and Nakamur@achibana and Nakamura, 1965) was the first who
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dissolvedp-carotene and polyvinylpyrrolidone (PVP) in an orgasolvent and then
evaporated the solvent under vacuum to produce a solid solution.

The important thing for the manufacturing solid dispersion by using the
solvent method is both the drug and the carrier are sufficiently to dissolve in the
solvent. The solvent is removed by evaporation. Temperatures are used for solvent
evaporation technique in a range of 23°65Zein, 1998). Solvent removal is carried
out by freeze-drying (Betageri, 1995) or spray-drying (Lo, 1996). It is important that
organic solvents are removed since organic solvents are toxic.

Many researches have been conducted by solvent evaporation method to
produce solid solution such as griseofulvin-polyvinylpyrrolidone, sulfathiazole-
polyvinylpyrrolidone (Leuner and Dressman, 2000), steroid-polyvinylpyrrolidone
(Chiou, 1971), reserpine-deoxycholic acid (Malone et al., 1966).

The advantage of solvent evaporation method is easy to produce. However,
the disadvantages are high cost production, hard to remove organic solvent, toxicity

from organic solvent and low stability of product.

Fusion method (Melting method)

Because of some limitation of solvent evaporation method as described above,
the fusion method was created by Sekiguchi and Obi (Sekiguchia and Obi, 1961) and
commonly used in 1970s (Leuner and Dressman, 2000). The fusion method was used
to melt the drug within the carrier by heating and quenching cool to obtained product
(Vasconcelos et al., 2007). Fusion method was used to produce solid solutions such
as sulphathiazole and urea (Sekiguchi, 1961).

The adventages of fusion method are simplicity, economy, avoiding solvent or
water and preventing oxidation of the drug and carrier. However, the disadvantages
are that fusion method is only applied when the drug and the carriers are miscible and
decomposition of the thermolabile drugs and the carrier does not occur (Vasconcelos
et al., 2007).

Hot melt extrusion process was invented and now is the current method of
choice for manufacturing solid dispersions to avoid long exposure of drug to high

temperature in the process causing degradation of the drug and polymers.
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Examples of the drug that have been prepared to solid dispersions are such as
itraconazole (Kapsi, 2001), prednisolone (Palanisamy, 2011), indomethacin
(Bogdanova et al., 1998) and fenofibrate (Sheu et al., 1994). Example of marketed
solid dispersion products are griseofulvin-polyethylene glycol solid dispersion (Gris-
PEG’, Sandoz-Wander) and nabilone-PVP (Ces&nigi-Lilly).

Dissolution improvement in solid dispersion may result from reduced particle

size, improved wettability and/or changed crystal habits.

3. Hot-melt extrusion (HME)

Hot-melt extrusion is the process to melt and mix solid materials directly.
HME has been used in other industries, rather than pharmaceutical industry more than
50 years.

At the beginning of 1930s, hot-melt extrusion was applied in plastic industries.
Speiser and Huttenrach (1971) adapted process to use HME in pharmaceutical field
(Leuner and dressman, 2000). HME is carried out by heating active ingredient and
carrier and forcing the molten mixture through die cell to form the uniform shape
product under specific condition (Breitenbach, 2002). It is a continuous process with
consistent flow and high throughput rate.

In pharmaceutical fields, HME has been used for granulation, taste masking,
solubility improvement, preparation of sustained release products and implants.
Process parameters of HME affecting product properties are such as screw mixing
time and temperature zone settings and feed rates. HME is scalable, from lab scale,
pilot scale, plant-scale, and commercial production scale.

HME have two types of screws, single screw and twin screws. Twin screw
extruder is better than single screw. HME have many heating zones along the process
for applying different temperature in each processing section for various formulation
requirements. The processing steps including melting, dispersive mixing, distributive
mixing, degassing and pressure build-up, can be controlled very selectively and
effectively. The important factors in preparing solid dispersions through HME are

using optimized screw configuration and temperature profile for optimization.
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HME have a numerous advantages over other melt processing methods,
including such as minimal thermal stress on heat sensitive drugs because of short
residence time in HME, high reproducibility, great mixing, continuous process and

high throughput rate.

3.1 Hot-melt extrusion process

The process of hot-melt extrusion consists of four steps: mixing the power of
drug and excipients, heating powder blend, shaping drug particle in the molten

polymer through die cell, congealing powder blend.

The hot-melt extrusion process is summarized as diagram in figure 2-2

Powder of drug and excipients

Mixing
v

Powder blend

Heating

v

Drug particles in the molten polymer

Shaping

v

Extrudates

Congealing

v

Product

Figure 2-2 Hot-melt extrusion process (modified from Breitenbach, 2003)
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3.2Equipment

Hot-melt extrusion consists of an extruder, auxiliary equipment, downstream
equipment and monitoring tools. The extruder consists of four distinct parts.

First part is opening section in which the materials including the drug,
polymer and plasticizer enter to the barrel through a gravimetric solid feeder.
Physical mixtures are fed into the upstream feeding zone and continue to second part.

Second part is conveying section. This part carries the mixture along the
barrel. The barrel and screws help to mix the materials together. Some of HME
model, the drug can be added nearly at the end of the previous part to decrease the
thermal stress on the drug.

Third part is devolatilisation section which is placed before the end of the
process of HME. This section is used to devolatilize the final product. The
devolatilisation zone must be completely sealed to prevent product discharging
through the vent. This part is also used for mixing of the mixture which has not been
incorporated from upstream zones completely.

Fourth part is downstream section. The shaping and cooling was happening at
this section. The conveying line is designed to transfer material passing through
orifice which helps shaping material before leaving the extruder. Dies are available to
shape the melt before it solidifies. Downstream processing also includes cooling

equipment to cooling the melt to solid (Kruder, 1985).

3.3 Material used in hot-melt extrusion process

Materials used in hot-melt extrusion process are similar to those in others solid
preparation. Materials must have physical, chemical and thermal stability properties.
Thermal stability of all materials must be sufficient to withstand melting temperature
in the process. The formulation usually consists of three components including active

ingredient, carrier and plasticizer.
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Activeingredient

Active ingredient must have thermal stable property. Therefore, thermal
assessment of active ingredient is very important. Active ingredient should be

completely dissolved in carrier.

Carrier

Carrier in hot-melt extrusion process must be compatible and miscible with
active ingredient. The carrier is mainly polymers, such as polyvinylpyrrolidone,
polyvinylpyrroidone-vinyl acetate, poly(ethylene-co-vinyl acetate), polyethylene
glycol, cellulose ethers, acrylate, polyethylene oxides, poly methacrylate and
poloxamers or starch (Chokshi, 2004). Polymer must have thermo plasticity properties
in order to enable the hot-melt extrusion process and must be thermally stable at the
extrusion temperatures. Suitable glass transition temperatuje ofT melting
temperature (f) of polymer is 50 — 180 °C. Polymer should be low hygroscopicity
and no toxicity (Forster, 2000). Polymers with a high solubilization capacity are
particularly suitable because large quantities of drugs can be dissolved. The solubility
parameter can be used to determine whether active ingredients and polymers are
miscible (Forster, 2000). Extrusion temperature is determined by glass transition or
melting temperature. Polymers with high molecular weight generate a high melt
viscosity and are difficult to extrude (Chokshi, 2005). A highofl T, requires high
processing temperatures, which can degrade sensitive drugs. Extrusion processes can
be run at temperatures 20 — 40 °C above glass transition (Breitenbach, 2002,
Lakshman et al., 2008, Prodduturi et al.,, 2006, Khatry, 2011). An extrusion
temperature range of 90 — 140 °C for a drug containing polymer seems to be prefered
(Kolter et al., 2007).

Plasticizer

Plasticizers in hot-melt extrusion process are typically low molecular weight

substances such polyethylene glycol and citrate ester. Plasticizer makes polymer
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soften and more flexible. Plasticizers decreageaid melt viscosity, therefore
plasticizer helps facilitate the extrusion process. Some actives ingredients may also
have a plasticizing effect (Ghebremeskel, 2006). Viscosity of polymers depends on

type and amount of plasticizer.

Hot-melt extrusion is used to prepare solid dispersion or solid solution of
poorly water soluble (Crowley et al., 2002). Polymers are in amorphous state. The
HME process requires sufficiently high temperature to soften the polymer but the
degradation temperature of the active ingredient is not reached. The temperature could
be set a few degrees higher than melting point of semi-crystalline polymers. In the
case of amorphous polymers, the melting temperature should be above the polymer
glass transition temperature. If the interval between glass transition temperature of
polymer and the degradation temperature of the drug is very narrow, the heating
process of HME must be carefully controlled. The drug can be either dissolved or
dispersed in an amorphous or crystalline state. Solid solution is formed when the drug
is dissolved below saturation solubility in the polymer. Solid dispersion was obtained
when the drug concentration exceeds the saturation solubility. Solid dispersion or
solid solution will change the dissolution and biopharmaceutical properties of the

drug.

3.4 Pharmaceutical applications of hot-melt extrusion

Hot-melt extrusion is used for many various purposes such as improving
dissolution rate and bioavailability, modifying drug release and taste masking. Hot-

melt extrusion has been applied to prepare granules, pellets, tablets and films.

3.4.1 Granules and pellets

Sato et al. (1997) prepared control release granules of diclofenac by hot-melt
extrusion. They used a twin-screw extruder to prepare solid dispersion granules of
diclofenac with carnauba wax. Dissolution was carried out and compared with

hydroxypropylcellulose, methacylic acid co-polymer.
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Liu et al. (2001) prepared wax based granules by hot-melt extrusion.
Phenylpropanolamine hydrocholoride was an active ingredient. Carriers are Precirol
and SteoteX. Other excipients were microcrystalline cellulose, lactose and
Emcompas$. The result found that at the same amount of Précidiug release
from tablets decreased in the order of using microcrystalline cellulose (MCC), lactose
and Emcompress. When changing PreBimith SteroteX, the dissolution rates was
increased.

McGinity and Koleng (1997) prepared acetaminophen rapid release granules
by hot-melt extrusion process. The granules were compressed with excipients. The
results showed that drug release of tablets with 15% polyethylene glycol was
improved greater than 80% after 30 minutes.

Perissutti et al. (2002) prepared carbamazepine rapid release granules by ram
extruder. The excipients were polyethylene glycol 400 and lactose. Extrudate
disintegrated rapidly and dissolution rate was improved.

Hulsmann et al. (2000) prepared solid dispersion of 17-estradiol hemihydrate.
They used polymers such as polyethylene glycol 6000, polyvinylpyrrolidone or
vinylpyrrolidone-vinylacetate copolymer and excipients such as Sucrd&¥tet5 or
Gelucire® 44/14. Solid dispersion showed increased dissolution rate of pure drug and
physical mixture. The formulation containing 10% 17-estradiol hemihydrate, 50%
PVP and 40% Gelucifet4/14 showed 30-fold increasing dissolution rate.

Young et al. (2002) prepared spherical theophylline pellets by hot-melt
extrusion and spheronization process. Theophylline, microcrystalline cellulose and
polyethylene glycol 800 were blended and extruded by hot-melt extrusion. After that,
extrudate was spheronized by spheronizer. The pellets exhibited diffusion-controlled
drug release.

Miller et al. (2006) prepared micronized particles of itraconazole by hot-melt
extrusion stabilized with polyvinylpyrrolidone or hydroxypropyl methylcellulasd
extruded with poloxamer 407 and polyethylene oxide 200M. Dissolution rate of all

extrudate was improved.



19

3.4.2 Tablets

Zhang and McGinity (1999) prepared chlorpheniramine maleate matrix tablets
by single screw of hot-melt extrusion. Polyethylene oxide was a drug carrier.
Chlorpheniramine maleate was extruded in large diameter rods and cut into tablets.
Polyethylene glycol 3350 was plasticizer. They found that if concentration of
polyethylene glycol 3350 was increased, drug release form matrix tablets was also
increased.

Bruce et al. (2005) prepared 5-aminosalicylic acid using Eufr&jioo as
polymer. Triethyl citrate was used as the plasticizer to reduce glass transition
temperature of polymer. Triethyl citrate influenced the release rate of b5-

aminosalicylic acid from extruded tablets.

3.4.3 Films

Aitken-Nichol et al. (1996) prepared lidocaine hydrochloride films by hot-melt
extrusion process. EudraBitE100 was the polymer and triethyl citrate was
plasticizer. The authors found that lidocaine hydrochloride could act as a plasticizer.

Repka et al. (1999) prepared chlopheniramine malaate hydrocortisone
films by hot-melt extrusion process. Hydroxypropyl cellulose was a polymeric carrier.
These researchers found that chlopheniramine maleate extruded films were stable up
to 12 months but chemical stability of hydrocortisone was found to be function of

residence time and processing temperature in extruder (Repka, 1999).

4. Method to determine miscibility of drug and carrier

Several methods are available to characterize physical properties of solid
dispersion. In each method, there are advantage and disadvantage. Two or more
methods are required to combine to justify formation of solid solution or solid

dispersion. Some methods are listed as follows:
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4.1 Film casting

Film casting is used to predict miscibility between the drug and polymer.
Solubilization capacity was determined by film casting experiments using the drug
and polymers with or without plasticizer combinations. Polymers, having high
solubilization capacity, tend to be miscible to the drugs because large quantities of
drugs can be dissolved. The solubilization of the drug in the solid solutions of the

polymers was determined using film casting.

4.2 Solubility parameters calculation

Solubility parameters are used to predict the drug and carrier miscibility. The
concept of solubility parameter is based on cohesive energy density (CED). The CED
is the total attractive forces which hold the molecule of substances within a condensed
state material together. In addition, The CED represents in a term of energy which is
needed to separate the atoms or molecules of substance. The CED is the net energy of
the intermolecular interactions including Van der Waals interactions, covalent bonds,
ionic bonds, hydrogen bonds, electrostatic interactions, induced dipole and permanent
dipole interactions (Hancock et al., 1997).

The CED for a material can be used to predict whether the material is
dissolved in the other materials. Solubility parameters are developed by Hildebrand
and Scott (Hildebrand and Scott, 1950). The concept of solubility parameters is
originally developed from liquid mixtures. It is extended to complex mixture such as
gases, solid and supercooled liquid. It is based on non-polar molecules with weak
dispersion forces and polar molecules. The total solubility parameters are described
by Hansen (Hansen, 2007). The Hansen solubility parameters are calculated based on
chemical structures using the approaches of Hoftyzer/Van Krevelen (Van Krevelen,

1990). The solubility parameter was related to the CED according to equation 1.

&8 = JCED (1)
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The total solubility parameters are divided into three terms of
interatomic/intermolecular forces (hydrogen bond)) dispersion forcesod),

‘polar’ interactionsdp) according to equation 2 (Van Krevelen, 1990).

6t = +/6d? + 6p* + Oh? 2)

The calculation of Hansen solubility parameters were described by Hoftyzer
and Van Krevelen equation. The Hansen solubility parameters were determined by a
molecular functional group which was contributed to other functional groups. The
reference lists of functional group could be found in Barton’s handbook solubility
parameters (Barton, 1991). Hoftyzer and Van Krevelen calculation was calculated by
molar attraction constant due to dispersion componeit &Rd polar component
(F%i), the hydrogen bonding energyn{Eand the molar volume from Hildebrand
analysis (V). The relationship of Hoftyzer and Van Krevelen parameters were shown
in equation 3,4 and 5

ad_sz (3)
&}{
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-
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The calculations carried out for the drug and polymers. The Hoftyzer/Van
Krevelen values have been used to calcillattompounds with similas values are
expected to be miscible together which can be grouped into three categories using the
difference between the solubility parameters of the compouki)s Categories 1,
compounds having\d below 7.0 MP#?, are likely to be miscible and tend to form

glass solutions. Categories 2, compounds hawigoetween 7.0-10.0 MP3 are
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likely to show some miscibility. And Categories 3, compounds hawagver 10
MPa'’?, are likely to be significantly immiscible and are not expected to form glass

solution (Forster et al., 2001).

4.3 Thermal analysis

Thermal analysis is one of common approaches to study interaction between
two or more compounds. This technique relies on the principle of changing thermal
energy to investigate miscibility. The behavior of active ingredient was present in
crystalline or amorphous state. If two compounds are miscible, it consists of single
homogenous phase. Crystallization leads to immiscible and separate into two phases.
Miscibility is important thing in solid dispersion. Thermal analysis is an approach to
identify how many phases are present. If two phases are present, two glass transition

temperatures are observed.

Cooling-curve method

Physical mixtures are heated to get homogeneous melt. The temperature is
recorded as a function of time to plot a temperature-time curve in the phase diagram.
This method has some disadvantages. It is time-consuming. It also uses a large
guantity of samples. This method cannot be used to characterize the sample which is
decomposed after melting. In addition, it is difficult to detect the samples which have

low content.

Thaw-melt method

Physical mixtures are gradually heated in capillary tube to thaw point which is
referred to the temperature between the solid state and liquid state. This method uses
stirring device in capillary tube to attain the homogenous system. This method has
some disadvantages as it depends upon subjective observation at thaw point by
researcher. Therefore, it is not highly reproducible.
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Thermomicroscopic method

Physical mixtures are heated in polarized microscope by a hot-stage controller.
Physical mixtures are placed on a glass slide with a cover slid. Physical mixtures are
heated until they are completely liquid. The melting point is determined by
observation under polarized microscope. It uses only a small amount of samples.
However, it has some disadvantages such as subjective observation, limitation of

thermal stability compounds and inhomogeneous by mixing (Lloyd, et al., 1997)

Differential thermal analysis (DTA)

DTA is one of an effective thermal analysis method to check miscibility of
compounds. The differential temperature is recorded as a function of temperatures and
time between pure substance and inert material substance. Phase transition or
chemical reaction is found by absorption of heat. Changing of sample such as melting,
evaporation, sublimation and desolvation is observed. The advantages of this method
are highly reproducible in constructing phase diagram. A small amount of sample is
used in this method. However, there are some disadvantages of this method. DTA
thermograms is influenced by heating rate and thermal conductivity of sample

container.

Differential scanning calorimetry (DSC)

DSC is a common technique to evaluate miscibility of two phase systems. The
presence of singleglsignal refers to miscibility. However, the presence of more than
oneTy signal refers to lack of miscibility.

DSC is a thermal analytical technique by which the difference in the amount
of heat required to increase the temperature of a sample and reference is measured as
a function of temperature. By using this technique, it is possible to observe melting
point depression, enthalpy of fusion and glass transition temperature (Paul, 1998).
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4.2 Spectroscopic Method

X-ray powder diffraction method (XRPD)

X-ray diffraction or reflection intensity is recorded as a function of diffraction
angles. X-ray diffraction is one of tools to study the physical nature of substance. It is
used to characterize solid dispersion systems. In amorphous solid is halo
characteristic. It is also used to study quantitatively the concentration of crystalline
compound in mixture. The x-ray spectrum of solid dispersion is different from that of

pure substance.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR is a technique which is used to obtain an infrared spectrum of
absorption, emission, photoconductivity. Infrared studies are conducted to find out
interaction between drug and polymer in formulation of solid dispersion. Appearance
of some interaction peaks such as hydrogen bonding interaction indicates miscibility

between two compounds.

Solid-state nuclear magnetic resonance (SSNMR)

Solid-state nuclear magnetic resonance (SSNMR) is one of instruments which
can be used to characterize crystal habit of substance. SSNMR gives the detailed
information of molecular structure, dynamics and domain morphology in a molecule.
SSNMR is detection of°C. This methods have been used to evaluate a correlation
between the™*C line width of the drug and polymers. It enables prediction for
solubility of the drug in polymers. Multivariate analysis'd8€ SSNMR spectrum of
the solid dispersion is useful to predict recrystallization behavior of the drug.
Structure analysis of amorphous solid dispersion can be observE( [IBSNMR
spectrum. This method also focuses on molecular conformation of the drug with
hydrogen bond. Dipolar correlation methods can predict the interactions between

amorphous substance and small molecules by measuring of direct dipolar interaction
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spin diffusion and*C spin-lattice Tv) relaxation times:*C spin-lattice in polymers is

used to detect amorphous dispersions from spray-drying and hot-melt extrusion
process (Pham, 2010). TH&C spin-lattice detection is the detection '8€ spin
diffusion of aromatic protons which is commonly found in the drugs with dipolar
interaction. Miscibility between the drug and polymers in solid dispersion was
evaluated by this method. The distances of interfering aromatic groups between the
drug and polymer is used to determine whether solid dispersion state occurs. If the
distance of interfering aromatic group is in the range from 5-10 A, it is classified to
glass solutions. If the distance of interfering aromatic group is in the range more than
100 A, it is classified to suspension (Pham, 2010).
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5. Materials

5.1 Havirenz

N

Figure 2-3 Chemical structure of efavirenz [Online]. Available form:
(http://en.wikipedia.org/wiki/Efaviren2012,Septembe29]

Efavirenz, C;,HsCIFsNO,, IS a non-nucleoside reverse transcriptase inhibitor
(NNRTI) and used in part of highly active antiretroviral therapy (HAART) for
treatment of human immunodeficiency virus (HIV). It is practically insoluble in
water, freely soluble in methanol. Efavirenz is metabolized in the liver and inducer of
cytochrome P450 Cyp2B6 and 3A4. Peak plasma concentrations of lustvere
reached by 5 hours. The bioavailibity is increased by high-fat meals. Efavirenz
appears as white to slightly pink powder. It has molecular weight of 315.675 g/mol
and melting range of 139-141 °C.

Sathigariet al. (2009) prepared inclusion complexes of efawirgvith p-
cyclodextrin to improve the drug solubility. The results showed that inclusion
complexes of efavirenz was higher dissolution that pure efavirenz.

Madhavi et al. (2011) prepared efavirenz in solid dispersion by solvent
evaporation techniqgue method and PEGylation techniques by using polyethylene
glycol as the hydrophilic carrier. The results showed that dissolution of efavirenz was

improved by solid dispersion technique.
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5.2 Soluplug

Figure 2-4 Chemical structure of SolupfugSoluplu$ Technical Information, BASF,
2009)

Soluplu§ is a polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer. It appears as white to slightly yellowish granule with a free flowing
properties and has molecular weight of 90,0040,000 g/mol. The glass transition
temperature of Solupldsis approximately 70 °C. Solupfliss soluble in water,
acetone (up to 50%), methanol (up to 45%), ethanol (up to 25%) and
dimethylformamide (up to 50%). Solupfuss a polymeric solubilizer with an
amphiphilic chemical structure, which was developed as matrix polymer for solid
solutions. Moreover, Soluplfisis capable of solubilizing for poorly soluble
substance. Hence, it is used to increase the bioavailability of poorly soluble drug.
Soluplu€’ is a well extrudable polymer. The pure polymer can be extruded on a twin-
screw extruder. Soluplfisshowed no chemical degradation even after extrusion at
180 °C Incorporation of a drug can lead to lower extrusion temperatures to 120 °C.

Mendiratta et al. (2011) used Solupius enhance solubility of lansoprazole.
Solid dispersion of lansoprazole was prepared using Soluplus® by solvent
evaporation method. The results showed that the dissolution of lansoprazole in
distilled water was remarkably improved.

Nagy et al. (2012) used Solupfuso enhance solubility of spironolactone.
Electrospinning was performed to compare with extrusion process. The results
showed that Electrospinning and extrusion processes resulted significantly improved

dissolution of spironolactone.



28

5.3 Kollidon® VA-64

Figure 2-5 Chemical structure of Kollid6hVA-64 (Kollidon® VA-64 Technical
Information, BASF, 2008)

Kollidon® VA-64 is vinylpyrrolidone-vinyl acetate copolymers. It appears as
white or slightly yellowish with a free flowing properties and practically no taste and
has molecular weight of 45,000-70,000 g/mol. The glass transition temperature of
Kollidon® VA-64 is approximately 101 °C. It is dissolved in all hydrophilic solvents
such as water, ethanol, isopropanol, methylene chloride, glycerol and propylene
glycol. It is used in pharmaceutical and cosmetic industries. Koflidtk64 is
used as binder in tablets and granules by wet granulation process. It is also used as
excellent dry binder in direct compression process. It is suitable for application of
roller-compaction. It is a film former which are soluble at all pH values. Plasticizers
are not required in film coating of Kollid8rvA-64. It is used as a matrix material for
immediate release and sustained or controlled release dosage forms. It could be
freeze-dried and hot-melt extruded to produce granules, pellets and melted products.

Kadir et al. (2011) used Kollid§hVA-64 to enhance solubility of ibuprofen
by preparing solid dispersion by co-precipitation method. The results showed that
when the amount of Kollid6hVA-64 was increased, the dissolution of ibuprofen was
also improved.

Ranzani et al. (2011) used Kollid®nVA-64 to enhance solubility of
cannabinoid type 1 (CD-1) with solid solution system by hot-melt extrusion. Hansen'’s
solubility parameters were calculated to check miscibility between the drug and
Kollidon® VA-64. The results showed that the dissolution rate of CD-1 was

improved around 1.8-fold when compared with pure drug.
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5.4 Eudragit® EPO

CH; CH; CH,

Figure 2-6 Chemical structure of EudraiitEPO (Eudragft EPO Technical

information, Evonik industry, 2008)

Eudragi® EPO is poly(butyl methacylate-co-(2-dimethylaminoethyl)
methacrylate-co-methyl methacrylate) in a ratio of 1:2:1. It appears as white powder
with a characteristic amine-like odour and has molecular weight of 47,000 g/mol. The
glass transition temperature of Eudr8giPO is approximately 48 °C. Eudrdyit
EPO is dissolved in methanol, ethanol, isopropyl alcohol, acetone, ethyl acetate,
methylene chloride. EudrafitEPO is used in many applications such as pH-
dependent controlled drug release, protection of active ingredient from gastric fluid,
moisture protection of sensitive active ingredients, taste masking, smooth surfaces and
good color coating. Eudra§itEPO is used to prepared solid solutions/solid
dispersion by solvent evaporation method and hot-melt extrusion method.

Six et al. (2003) used EudrdyiEPO to enhance solubility of itraconazole
with solid dispersion system by using a co-rotating twin-screw hot-stage exiroder.
results showed that the extrudates of itraconazoleEandagi EPOwere completely
miscible and dissolution rate was significantly increased.

Tang et al. (2011) used Eudragit® EPO to enhance solubility of genistein,
isoflavone. Genistein were prepared in nanoparticle by precipitation technique using
Eudragit® EPQas carriers. The results showed that genistein namdpa has two
times greater dissolution rate than conventional capsules (Tang et al., 2011).
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5.5 Kollidon® K-30

Figure 2-7 Chemical structure of Kollid§hK-30 (Kollidon® Technical Information,
BASF, 9" Revision, 2008)

Kollidon® K-30 is vinylpyrrolidone. It appears as free-flowing white or
yellowish-white hydroscopic powders with very little taste and has molecular weight
of 60,000 g/mol. The glass transition temperature of Kolffd¢B0 is approximately
149 °C. Kollidon® K-30 is widely used in a various industry. KollidoK-30 is
dissolved in all hydrophilic solvents such as water, ethanol, isopropanol, methylene
chloride, glycerol and propylene glycol. It is soluble in water and organic solvents. It
has affinity to both hydrophobic and hydrophilic compound. Kollfl&r30 is used
as excellent binder in wet granulation process. Kollfitq30 is also used in dry
granulation and direct compression process. Kolffd#t30 is used to improve
dissolution rate and bioavailability of active ingredient by solid solutions/solid
dispersion systems by spray-drying, vacuum-drying, freeze-drying, cogrinding and
hot-melt extrusion.

Yu et al. (2010) used Kollid6hK-30 to enhance solubility of acetaminophen
usng electrospinning process. Solid dispersion was successfully prepared in this
process. The results showed that dissolution of acetaminophen was released 93.8% in
2 minutes. It showed dramatically better dissolution than pure drug.

Hasnian et al. (2012) used Kollid®di-30 to enhance solubility of ibuprofen
by solid dispersion technique. Solid dispersion were prepared by solvent evaporation
technique. The results showed that dissolution was improved. XRPD patterns showed

reduced crystallinity of the drug.
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5.6 Polyvinyl alcohol (PVA)

OH

Figure 2-8 Chemical structure of polyvinyl alcoh®harmaceutical excipients™3
Revision, 2006)

Polyvinyl alcohol (PVA) appears as water-soluble synthetic resin, odorless,
white to cream-colored granular powder and has molecular weight of high viscosity
about 130,000-200,000 g/mol, medium viscosity about 130,000 g/mol and low
viscosity about 20,000 g/mol. The glass transition temperature of PVA is
approximately 85 °C. PVA is dissolved in water, slightly soluble in ethanol, insoluble
in organic solvents.

PVA is used in topical pharmaceutical and ophthalmic formulations. In topical
lotions, PVA is used about 2.5% w/v in formulation. In ophthalmic solutions, PVA is
used about 0.25-3.00% wi/v. It is used as a stabilizing agent for emulsions in
concentration of 0.25-3.0% wl/v. It is also used as a viscosity enhancing agent. It is
used in artificial tears and contact lens solutions. It is also used in sustained-release
formulations for oral administration and transdermal patches.

Tapas et al. (2010) used PVA to enhance the dissolution rate of felodipine by
spherically agglomeration technique. The results showed that the spherical
agglomerates of felodipine with PVA were dramatically increased in dissolution rate.

Alanazi et al. (2011) used PVA to enhance the dissolution rate of albendazole
prepared as microparticles by spray dried technique. The results showed that the
dissolution rate of albendazole was improved extremely by spray dried microparticles

when compared with the physical mixtures.
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5.7 Hydroxypropyl cellulose (HPC)
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Figure 2-9 Chemical structure of hydroxypropyl cellulose [Online]. Available form:
(http://www.harke.com/index.php?id=1409 [20%2ptembeP9]

Hydroxypropyl cellulose (HPC) appears as white to slightly yellow-colored
powder, odorless and tasteless and has molecular weight of 50,000-1,250,000 g/mol.
The glass transition temperature of HPC is approximately 105 °C. HPC is dissolved
in 1:10 in dichloromethane, 1:2.5 in ethanol, 1:2 in methanol 1.5, in propan-2-ol, 1:5
in propylene glycol, 1:2 in water.

HPC is used as bindefiim-coating, controlled release matrix in tablet
formulations. HPC at concentrations of 2—-6% w/w is used as binder in wet
granulation, dry granulation and direct-compression tableting procd4Be€X. at
concentrations of 15-35% w/w is used as extended drug release control agent. The
release rate of the drug increases when viscosity of hydroxypropyl cellulose
decreases. HPC at concentrations of 5% w/w of hydroxypropyl cellulose in solution
preparation is used to film-coat tablets. HPC is also used in microencapsulation
processes, transdermal patches and ophthalmic preparations.

You et al. (2008) used HPC to enhance the dissolution rate of nitrendipine by
solvent evaporation method. The results showed that dissolution rate of nitrendipine
were greatly improved with HPC.

Onoue et al. (2010) used HPC to enhance the dissolution rate of cyclosporine
using high-energy amorphous solid dispersion system. This system was prepared with
wet-mill employing zirconia beads. The results showed that dissolution rate of
cyclosporine were improved with HPC (Onoue et al., 2010).
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EXPERIMENTAL

1. Materials

The following materials obtained from commercial sources were used.

1.1 Drugs and Excipients

Efavirenz (Batch No. 41031820, Hualian Pharmaceutical Factory,
Changzhou, China, supplied by Thailand Government Pharmaceutical
Organization)

Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer (Solupld§ Lot.No. 20777268E0, Ludwigshafen, Germany,
supplied by BASF (Thai) Ltd.)

Vinylpyrrolidone-vinyl acetate copolymers (Kollidon VA-84Lot.No.
28769724U0, Ludwigshafen, Germany, supplied by BASF (Thai) Ltd.)
Polyvinylpyrrolidone  (Kollidon K-38, Lot No. 15248888QO0,
Ludwigshafen, Germany, supplied by BASF (Thai) Ltd.)
Dimethylaminoethyl methacrylate, butyl methacrylate, and methyl
methacrylate copolymer (Eudragit EPOLot.No. G050731088, New
Jersey, United States of America, supplied by JJ Degussa (Thai) Ltd.)
Polyvinylalcohol, M.\W. = 22,000 (PVA, Lot No. AH512105, Chem
sources, Bangkok, Thailand )

Hydroxypropylcellulose , M.W. = 50,000 (HPC, Lot No. PD300936,
Chem sources, Bangkok, Thailand )

Ammonium dihydrogen phosphate (Lot no. 0912491, Ajax finechem,
Ontario, Canada)

Ortho-phosphoric Acid (Lot no. 1003346, Ajax finechem, Ontario,
Canada)

Acetonitrile  HPLC Grade (Lot No. L54A1H, Burdick&Jackson
Honeywell, Seoul, Korea)
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- Methanol HPLC Grade (Lot No. LBAG2H, Burdick&Jackson
Honeywell, Seoul, Korea)

- Deinoized water

- 95% Ethyl alcohol (Ayudthaya Spirit Factory, Excise Department,
Thailand)

2. Equipment

- Analytical balance (Model PB3002, Mettler Toledo, Zurich, Switzerland
and Model A200s, Sartorius Gmbh, Goettingen Germany)

- Hot air oven (Model UL 80, Memmert, Schwabach, Germany)

- Differential scanning calorimetry (Model PB822e, Mettler Toledo,
Zirich, Switzerland)

- Thermo gravimetric analyzer (TGA Model DSC/TGAL, Mettler Toledo,
Columbus, United States of America)

- Polarizing optical microscope (Model Eclipse E200, Nikon, Tokyo,
Japan)

- Digital camera (Model Coolpix4000, Nikon, Tokyo, Japan).

- Hot-stage microscope (Model FP82HT, Mettler Toledo, Columbus,
United States of America)

- Hot-melt extrusion (Model HAAKE MiniLab II Micro Compounder,
Thermo Scientific, Karlsruhe, Germany)

- X-ray diffractrometefModel Miniflex I, Rigaku, Tokyo, Japan)

- Fourier transform infrared spectroscopy (Model Spectrum 100, Perkin
Elmer , Massachusetts, United states of America)

- Dynamic vapor sorption analyzer (Model Intrinsic, SMS, London,
United Kingdom)

- pH meter (model Orion 210A+, Thermo Scientific, Karlsruhe, Germany)

- USP dissolution apparatus Il (Model VK 7000, Vankel, Maryland,
United states of America)

- High-performance liquid chromatography (LC-20AC, Shimatsu, Tokyo
Japan) with a reverse phase column Hypersil C-18 column (Thermo

Scientific, Karlsruhe, Germany)
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3. Methods

1. Solubility parameter calculation

The calculation of Hansen solubility parameters of efavirenz and polymers
were carried out by Hoftyzer and Van Krevelen equation (Hoftyzer et al., 1974) to
evaluate drug-polymer miscibility in this study. The calculations were carried out to
evaluate efavirenz and polymers miscibility. The solubility parameters were

calculated using Van Krevelen method (Hoftyzer et al., 1974). Van Krevelen equation
is according to equation 1

5t = J6d? + 6pZ + Sh? 1)

When 6t is total solubility parameterdd is contribution from dispersion

forces; 6p is contribution from polar forces anth is contribution of hydrogen
bondng;

Whereas;

8d = EI‘:‘** (2)
lE 2
F2
D e ©
—
sh= |2 @
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When ki is molar attraction constant due to dispersion component; Fyi is
molar attraction constant due to polar componentisthydrogen bonding energy and
V is molar volume.

For various terms, the values of, i, Eni, Ae, and V (molar volume) are
listed in literature. Compounds with similarvalues are expected to be miscible
which may be grouped into three categories according to the difference between the
solubility parameters of two compounds and drugs) ((Forster et al., 2001).
Compounds which havingd below 10.0 MP¥? are likely to be miscible or partially
miscibility and form solid solution. Compounds having over 10 MPH? are likely

to be significantly immiscible and are not expected to form solid solution.
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Figure 3-1 Chemical structures of (A) efavirenz (B) SoluSIu€) Kollidon® VA-64
(D) Eudragif EPO (E) Kollidoff K-30 (F) PVA (G) HPC
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2. Film casting

Efavirenz and polymers (SolupfisKollidon VA-64°, Kollidon K-30°,
Eudragit EPS, PVA or HPC) were dissolved in ethanol to obtain 10% w/v solution.
Then, the drug and polymer solutions were mixed in proportions of 10:90, 30:70,
50:50, 70:30, and 90:10 by volume, resulting in a clear mixtured solution. After
stirring and vortexing, the solution was casted on a 3x3 inches glass plate. Drying was
performed at 40 °C for 1 hour in a tray dryer and the glass plate was kept under
ambient condition for 24 hours. Observation was performed after 24 hours. Poorly

miscible mixture resulted in cloudy film. A solid solution resulted in clear film.

3. Preparation of physical mixture

Efavirenz and polymers (SolupfisKollidon VA-64°, Kollidon K-30°,
Eudragit EP®, PVA, and HPC) were accurately weighed in a proportional of 10:90,
30:70, 50:50, 70:30 and 90:10 and pulverized thoroughly in a mortar with a pestle.

The physical mixtures were kept in a desiccator for further investigation.

4. Hot-melt extrusion (HME)

Efavirenz and polymers in a proportional of 50:50 were accurately
weighed and blended in a mortar and pestle. The dry mixture was further mixed in a
plastic bag for about 5 min. HME was performed by double-cone hot-melt extruder at
the temperature 20 °C above each glass transition temperature of each polymer. The
screw speed was kept at 80 rpm. The extrusion was carried out at 5 grams per run.
The extrudate was cooled at ambient temperature and stored in a desiccator.
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5. Characterization of physical mixturesand products

5.1 Thermal Analysis

5.1.1 Thermogravimetric analysis (TGA)

The decomposition temperatures of efavirenz and polymers were
investigated by thermogravimetric analysis. The sample was heated from 25 to 280°C
at a heating rate of 10°C/min under a nitrogen purge at 60 ml/min.

5.1.2 Hot-stage microscope (HSM)

Thermal behavior of efavirenz, polymers and physical mixtures in a
proportion of 10:90, 30:70, 50:50, 70:30 and 90:10 was investigated using polarizing
optical microscope with attached digital camera. The sample about 5-10 mg was
placed between a glass slide 1x3 inch and a cover glass and then fixed on a hot-stage.
The sample was heated from 25 to 180 °C at a heating rate of 10 °C/min.

5.1.3 Differential scanning calorimetry (DSC)

Thermal behaviors of efavirenz, polymers and physical mixtures of the drug
and polymer in the proportions of 10:90, 30:70, 50:50, 70:30 and 90:10 and the
extrudate were investigated using DSC. The sample of 5-6 mg was weighed into a
DSC pan. The experiment was performed under a nitrogen purge at 60 ml/min. Glass
transition temperatureT{) of individual component and physical mixtures was
determined by heating the sample from 25 and 180°C at a heating rate of 10 °C/min.
After the sample was kept at 180 °C for 5 min, the melt was rapidly cooled to -20°C
at a cooling rate 20 °C/min. The cooled melt was kept at -20°C for 5 min before
reheated to 180 °C at a heating rate at 10 °C/min. If the drug and polymer were
completely miscible, one glass transition temperature would be found in third round
of DSC. For an immiscible mixture, two glass transition temperatuges éfavirenz
and polymer) would be found. Partial miscibility, glass transition temperature would
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also result in two glass transition temperatures where at least one is shifted (Forster et
al., 2001).

To investigate thermal behavior of the extrudate, the samples were ground
and heated in DSC pan. The samples were heated from 25 to 180 °C at a heating rate

of 10°C/min under a nitrogen purge at 60 ml/min.

5.2 X-Ray powder diffraction (XRPD)

Efavirenz, polymers, physical mixtures of the drug and each polymer were
blend in mortal and pestle. The extrudates were ground. Crystallinity of efavirenz,
polymers, physical mixtures and ground extrudate were investigated by X-ray powder
diffractometer with Cu-Koradiation. The experiments were performed from %280

ata rate of 1 degree/min.

5.3 Fourier transform infrared spectroscopy (FT-IR)

Efavirenz, polymers, physical mixture were blend in mortal and pestle.
Extrudates were crushed to be the powder. Fourier transform infrared spectroscopy
patterns of the physical mixtures and ground extrudate were investigated by using
potassium bromide disks. The detection was scanning at the range from 4000 to 400

nm.

5.4 Dynamic vapor sorption (DVS)

The moisture sorption analysis of extrudate were investigated by dynamic
vapour sorption (DVS). Extrudates were crushed to be the powder. The study was
carried out under humidity controlled with twin microbalance apparatus. Humidity
was controlled with nitrogen purge at 100 ml/min. Samples of approximately 15 mg
was placed on one side of pan. The temperature was set at 30 °C. The humidity was
set to start at 0% relative humidity (RH) in 10 minutes and then raised each step up to
90% RH with 10% RH interval. With each raising humidity time, the humidity was
set to hold at each %RH interval lbm/dt for completely equilibrium. In this
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experimentdm/dtwas set less than 0.05% in 30 seconds. The absorption/desorption
cycle was carried out from 0% RH to 90% RH and vice versa for four cycles on the

same sample.

6. Assay

6.1 High-performance liquid chromatographic technique for drug analysis

Chromatographic conditions

According to Indian Pharmacopoeia 2007 (IP), efavirenz can be analyzed by
high- performance liquid chromatographic (HPLC) technique. The HPLC system
used for method validation was Shimadzu model HPLC LC-20AC with one isocratic
pump. Analysis of efavirenz was carried out on a reverse phase column Hypersil C-
18 250 x 4.6 mm internal diameter. The mobile phase comprised a mixture of buffer
ammonium dihydrogen phosphate and acetonitrile in proportion of 50:50 v/v. The pH
of the mixture was adjusted to 3.0 with ortho-phosphoric acid. The ammonium
dihydrogen phosphate buffer was prepared by dissolving 8.6 g of ammonium
dihydrogen phosphate in one liter of filtrated ultrapure water. The mobile phase was
filtered through 0.45-micron membrane filter, degassed in ultrasonic bath and pumped
from the respective solvent reservoir to the column at a flow rate of 1.5 mL/min. The
column temperature was maintained at 40°C and the detection wavelength was 254
nm. The injection volume was 2Q.. The column was equilibrated for 60 min with
mobile phase prior to the injection of the drug solution

Preparation of standard solution
The standard stock solution of efavirenz 1.0 mg/mL was prepared by

dissolving efavirenz working standard in methanol. The standard solution of 0.1

mg/mL was prepared by dilution using stock standard solution in mobile phase.
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Preparation of sample solution

Efavirenz were weighed and transferred into a clean and dry mortar, which
was then ground. A sample equivalent to 12 mg of efavirenz was taken in 100 mL
volumetric flask with adding of 100 mL of methanol and then soniccated for 10 min
to final concentration of 0.12 mg/mL. All the experiments were conducted in

triplicate.

6.2 Validation for the quantitative deter mination of efavirenz

According to United States Pharmacopeia 35—National FormulafSP
35—-NF 30) the analytical methods were evaluated to ensure acceptability the criteria
of the United States of pharmacopeia. The analytical method was validated for

specificity, linearity, precision and accuracy.

6.2.1 Specificity

Specificity suggests that the signal measured comes from the substance of
interest, and that the peaks of other components i.e. polymers must not interfere with
the peak of efavirenz. The validation was made by comparing between the standard
efavirenz chromatogram and chromatograms of the physical mixture of efavirenz and
the polymers solution. In an attempt to develop a stability indicating assay method,
efavirenz was treated under different conditions. Heat degradation was carried out by
heating the drug at 110°C for 3 hours. Acidic degradation was carried out by adding 5
mL of 0.1IN HCI to 5 mL of sample solution of efavirenz. Basic degradation was
carried out by adding 5 mL of 0.1N NaOH solution to 5 mL of sample solution of
efavirenz. All the degraded drug solutions after appropriate dilutions (0.12 mg/mL)
with mobile phase were injected in the chromatographic system.
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6.2.2 Linearity

The linearity of efavirenz was verified at seven concentration levels ranging
from 0.05-0.15 mg/mL (0.05, 0.08, 0.09, 0.1, 0.11, 0.12 and 0.15 mg/mL). The
calibration curve was constructed by plotting mean area response (A) against
concentration (C). Linearity is determined by calculating the regression line using a
mathematical treatment of the results such as least mean sqfjafEh@Racceptance
criteria assay of least mean square should not be less than 0SRB5-NF 30)

6.2.3 Precision

Within run precision

Method repeatability (intra-day precision) was evaluated by analyzing in six
replicates (n=6) for each of three concentrations of efavirenz standard solution,
prepared on the same day. The percent coefficient of variation (%CV) and relative
standard deviation (%RSD), which is well within the acceptance criteria between 97.0
and 103.0% and RSD should be not more than 2.0%, was calcWJ&Bd36—NF 30)

Between run precision

Method repeatability (inter-day precision) was evaluated by analyzing in six
replicates (n=6) for one concentration of efavirenz standard solution, prepared on 2
days. The percent coefficient of variation (%CV) and relative standard deviation
(%RSD), which is within the acceptance criteria should be between 97.0 and 103.0%

and RSD should be not more than 2.0%, was calculated.

6.2.4 Accuracy

Accuracy was determined in three replication (n=3) by applying the

developed method to solutions which known amounts of each drug corresponding to
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80,100 and 120% of label claim had been added. Average recovery values (mean *
S.D.) for efavirenz from the mixture, which is within the acceptance criteria should be

between 98.0 and 102.0%, were calculated.

7. Dissolution studies

Dissolution profiles of efavirenz, the physical mixture between efavirenz and
soluplus in the propotional of 50:50 and the extrudates were carried out using USP
dissolution apparatus Il (Paddle). The stirring speed was set at 100 rpm. Dissolution
medium was 900 mL of distilled water of which the temperature at 37 °C maintained.
The sample equivalent to 50 mg of efavirenz was studied. 10 mL of sample was taken
at 0, 10, 15, 20, 30, 40, 45, 60, 75 and 90 minutes, respectively. And then, the sample
was replenished with 10 mL of distilled water. The sample was analyzed by High-
Performance Liquid Chromatography (HPL&t)254 nm. The study was carried out
in triplicates.



CHAPTER IV

RESULTS AND DISSCUSION

1. Solubility parameter calculation

Solubility paramerter were used to evaluate miscibility between efavirenz and
polymers. Results of solubility parameters are summarized in Table 4-1. Solubility
parameter of efavirenz is 24.55 MB4Sathigari, 2011). According to Forster et al.,
2001,they classified miscibility into 3 groups. A is less than 7, the drug and the
polymer is miscible. IfAd is between 7-10, the two compounds may be partially
miscible. If A is more than 10, they are immiscible. Solupjusollidon® VA-64,
Eudragif EPO and Kollidofi K-30 showed miscibility with efavirenz. However,

PVA and HPC showed immiscibility with efavirenz.

Table 4-1 Solubility parameters of drug and polymers

Drug and Polymers Solubility Parameters in MPay  Ad Interpretation result

by Hansen’s method

Efavirenz 24.55 (Sathigari, 2011)
Soluplué 19.43 (Maniruzzaman, 2012) 5.12 Miscible
Kollidon® VA-64 19.60 (Maniruzzaman, 2012) 4.95 Miscible
Eudragif EPO 20.55 (Chokshi, 2005) 4.00 Miscible
Kollidon® K-30 26.28 (Chokshi, 2005) 1.73 Miscible
PVA 41.12 (Chokshi, 2005) 16.57 Immiscible

HPC 11.6 (Choi, 1994) 12.95 Immiscible
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2. Film casting

Film casting is one of preformulation screening method to evaluate miscibility
between the drug and the polymers. Polymers which have high solubilization capacity
are suitable for preparing solid solution because large quantities of drugs can be
dissolved. In the present study, solubilization of the drug in the polymers was
determined using film casting.

When the amount of efavirenz was increased, the more cloudy film could be
observed. Solupl{fs Kollidon VA-64°, Eudragit EP® and Kollidon K-3§ showed
the solubilization capacity at 50% drug. While, PVA and HPC showed the
solubilization capacity at 30% drug. The results of film casting in drug/polymer
10:90, 30:70, 50:50, 70:30, and 90:10 are shown in Table 4-2 and an example of

casted film of efavirenz and Solupflis presented in Figure 4-1.

Table 4-2 Solubilization capacity of polymers

Polymer Efavirenz : Polymer
90:10 70:30 50:50 30:70 10:90

Soluplu$’ X X O ¢} O
Kollidon VA-64° X X o o o
Eudragit EP8 X X O O o
Kollidon K-30° X X O O o
PVA X X X O O
HPC X X X o o

x represents cloudy film
O represents clear film
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Figure 4-1 Film casting results of varied proportions of efavirenz and Sofuplus

3. Thermal analysis of raw materials and physical mixtures

Thermal analysis is one of many ways to investigate thermal behavior of raw
materials. Differential scanning calorimeffSC) was used to determine melting
temperature () of efavirenz and glass transition temperaturg @f pure polymers
and physical mixtures. Hot-stage microscopy (HSM) was employed to determine
whether the mixtures were miscible. Thermogravimetric analysis (TGA) was applied
to find out the decomposition temperature of the drugs and polymer. These methods

were carried out to suggest appropriate temperature in hot-melt extrusion process.
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3.1 Differential scanning calorimetry (DSC)

DSC and HSM can be used in conjunction to evaluate miscibility of efavirenz
and polymers (Forster et al., 2001). Miscibility was evaluated with DSC by glass
transition temperature {J of physical mixture and melting endotherm onset
temperature () of efavirenz. DSC data and thermogram of efavirenz and polymers

was shown in Table 4-3 and Figure 4-6.

Table 4-3 Glass transition temperaturg)(@ata of efavirenz and polymers

Drug : Polymer Tm Ty
Reported |, Measured Reported § Measured T
Tm Sample 1 Sample 2 Average
(n=2)
Efavirenz 137.7+0.1  138.67 37.3+0.2 36.15 36.05 36.10
(Kolter, 2007) (Kolter, 2007)
Soluplus - - 70 (Kalter, 2007) 72.19 68.21 70.20
Kollidon VA-64 - - 101 (Kolter, 2007) 105.18 105.98 105.58
Eudragit EPO - - 50 (Liu, 2012) 58.53 58.43 58.48
Kollidon K-30 - - 149 (Kolter, 2007) 155.64 155.25  155.45
PVA - - 85 81.28 81.49 81.39
(Strawhecker, 2000
HPC - - 105 105.52 106.53 106.03

(Prodduturi, 2006)
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Figure 4-2 DSC thermograms of A) efavirenz (first cycle); B) efavirenz (third cycle);
C) Soluplu§: D) Kollidon VA-64; E) Eudragit EPO; F) Kollidon K-30 G) PVA; H)
HPC

Thermal analysis indicated that miscibility of drugs and polymers could be
evaluated by decrease in melting endotherms onset temperatidrepresense of
only one glass transition temperaturg)({Forster et al., 2001). Thermal analysis of
physical mixture was investigated and summarized in Table 4-4 and Figure 4-3 to 4-8.
In first cycle of DSC thermogram, efavirenz showed a sharp melting peak at
138.67 °C. This indicated that the starting efavirenz was in crystalline form. The
polymer did not show sharp endotherm, hence, it was amorphous in nature.



50

Table 4-4 Data from heat-cool-heat DSC thermograms for various proportions of

drug/polymer mixtures

Substance Ratio Melting endotherm onset Heat of fusion
temperature (Tmo) 2 (°C) (AH) ? (J/g)
Sample 1 Sample ZAverage Sample1l Sample 2Average

(n=2) (n=2)
Efavirenz : 90:10 136.41 135.42 135.92 6.09 5.72 5.91
Soluplus 70:30 139.19 136.61 137.90 3.96 4.41 4.19
50:50 130.46 129.38 129.92 3.62 3.87 3.75
30:70 127.80 127.24 127.52 3.03 3.12 3.08
10:90 126.96 126.32 126.64 0.43 0.68 0.56
Efavirenz : 90:10 135.29 135.17 135.23 5.06 5.21 5.14
Kollidon" VA-64  70:30 130.82 131.13 130.98 2.85 3.25 3.05
50:50 124.37  124.02 124.20 2.34 2.46 2.40
30:70 124.15 124.52 124.34 1.27 1.18 1.23
10:90 106.75 107.88 107.32 0.60 0.74 0.67
Efavirenz : 90:10 135.81 135.73 135.77 3.80 4.62 4.21
Eudragit EPO  70:30 135.08 136.46  135.77 4.51 4.24 4.38
50:50 129.75 130.40 130.08 2.23 2.81 2.52
30:70 100.97 123.86 112.42 2.21 2.63 2.42
10:90 115.64 117.14 116.39 0.24 0.82 0.53
Efavirenz : 90:10 135.57 132.94 134.26 8.03 7.32 7.68
Kollidon® K-30  70:30 134.15  130.87 13251 6.97 6.27 6.62
50:50 129.49 129.60 129.55 1.41 0.82 1.12
30:70 132.07 130.66 131.37 0.12 0.41 0.27
10:90 131.56 130.44 131.00 0.04 0.13 0.09
Efavirenz : 90:10 138.30 134.99 136.65 2.62 4.93 3.78
PVA 70:30 137.20 134.80 136.00 4.88 3.92 4.40

50:50 137.11  133.16 135.14 3.51 3.56 3.54
30:70 135.73 132.72 134.23 3.54 3.24 3.39
10:90 136.13 132.49 134.31 1.29 1.46 1.38
Efavirenz : HPC  90:10 137.83 136.67 137.25 5.2 4.92 5.06
70:30 137.09 137.11 137.10 4.27 4.18 4.23
50:50 136.19 136.47 136.33 2.58 3.16 2.87
30:70 136.25 137.88 137.07 1.26 1.87 1.57
10:90 135.05 137.31 136.18 0.16 0.51 0.34

& determined from first cycle when the sample was melted
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Substance Ratio Glass transition temperature,f T (n=2)
Sample 1 Sample 2 Average
Efavirenz : 90:10 38.07 , 69.32 39.42,71.97 38.75,70.65
Soluplus 70:30 38.24 38.23 38.24
50:50 56.11 56.21 56.16
30:70 61.67 61.67 61.67
10:90 65.03 64.88 64.96
Efavirenz : 90:10 37.57,107.51 39.98, 106.05 38.78 , 106.78
Kollidon" VA-64  70:30 57.99, 106.28 57.19, 106.84 57.59 , 106.56
50:50 71.51 70.83 71.17
30:70 86.15 68.59 77.37
10:90 102.32 102.51 102.42
Efavirenz : 90:10 38.84,52.14 37.20,53.86 38.02,53.00
Eudragit EPO  70:30 39.15 39.76 39.46
50:50 41.16 40.80 40.98
30:70 41.98 42.05 42.02
10:90 4551 44.53 45.02
Efavirenz : 90:10 38.08 , 150.62 38.68 , 149.79 38.38, 150.21
Kollidon® K-30 70:30 48.31,151.38 49.03, 149.21 48.67 , 150.30
50:50 95.04 95.09 95.07
30:70 111.17 110.87 111.02
10:90 123.35 123.74 123.55
Efavirenz : PVA 90:10 35.54 , 80.25 37.45,81.77 36.50, 81.01
70:30 37.47 ,82.91 38.49,81.76 37.98,82.34
50:50 38.47 38.46 38.47
30:70 38.57 36.52 37.55
10:90 66.38 66.26 66.32
Efavirenz : HPC 90:10 38.02, 102.14 38.78, 101.3538.40 , 101.75
70:30 38.97,101.61 39.14,97.10 39.06, 99.36
50:50 38.34 39.47 38.91
30:70 38.15 38.56 38.36
10:90 46.31 46.31 46.31

® determined from third cycle when the sample was reheated
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DSC was used in conjunction with HSM, which allows observation, to
evaluate miscibility. The melting endotherm onset temperaturg) (&nd heat of
fusion AH) were used to investigate miscibility (Forster @t 2001). DSC
thermograms showed thaf,dand heat of fusionAH) was decreased when increase
amount of Soluplu®, Kollidon® VA-64, Eudragi? EPO and Kollidofi K-30. These
showed that efavirenz began to dissolve in molten Solfiplésllidon® VA-64,
Eudragif® EPO and Kollidofi K-30 well before the melting point of efavirenz.
Decreasing of 1, indicated that efavirenz and SoluplusKollidon® VA-64,
Eudragif® EPO or Kollidoff K-30 were miscible. HSM results supported these
findings. (Figure 4-10).

PVA and HPC at the entire ratio found thaf, vas unchanged when increase
amount of polymer. These indicated that PVA and HPC were immiscible with

efavirenz. This evidence was also supported by HSM (Figure 4-11).
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Figure 4-3DSC thermograms of efavirenz and Soluflpaysical mixture in various
proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90
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Figure 4-4 DSC thermograms of efavirenz and KollitlafA-64 physical mixture in
various proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90
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Figure 4-5 DSC thermograms of efavirenz and Eudfag®O physical mixture in
various proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90
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Figure 4-6 DSC thermograms of efavirenz and Kollila&-30 physical mixture in
various proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90
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Figure 4-7 DSC thermograms of efavirenz and PM#ysical mixture in various
proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90
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Figure 4-8 DSC thermograms of efavirenz and HPC physical mixture in various

proportions A) 90:10; B) 70:30; C) 50:50; D) 30:70; E) 10:90

Glass transition temperature is one of evidence to evaluate miscibility. Only

one Ty which between J of drug and polymer is an evidence for miscible system

(Forster et al., 2001).

DSC thermogram obtained from heating the cooled melt indicated that
efavirenz/Soluplu$ and efavirenz/Eudra§itEPO showed two glat only proportion
of 90:10; while the mixture of efavirenz and KolldfowA-64, Kollidon® K-30, PVA
or HPC remained two glat the drug/polymer proportion of 90:10 and 70:30.

A single Ty was found if the mixture between the drug and polymer in each

proportion was miscible. This phenomenon showed that there was single phase in the

systems (Forster et al., 2001). The phase diagram plotting was shown in Figure 4-9.

When the amount of efavirenz was increased, the glass transition temperature of

physical mixture would be reduced close to efavirenz.
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Figure 4-9 Glass transition temperatures of efavirenz/polymer physical mixtures,

determined by heat-cool-heat cycles of DSC
3.2 Hot-stage microscope (HSM)

Hot-stage microscope is a helpful instrument which allows visualization of
melting event. Analysis of melting endotherm onset temperatuwewas used in this
study to investigate miscibility in hot stage microscope process. Decreasing in T
indicated that efavirenz and polymers were miscible~dff@mained unchanged, this
phenomenon indicated a lack of miscibility between efavirenz and polymers. These
findings were supported with the HSM results from Forster et al.’s work (Forster et
al., 2001).

HSM showed that change in the physical mixture of Sol(pl#®llidon®
VA-64, Eudragi® EPO and Kollidofi K-30 was observed at the temperature of 90
°C, 115 °C, 65 °C and 125 °C, respectively. The drug started to melt but remained
mainly crystalline. The crystalline drug completely melted at 135 °C which was
closed to melting point @]) of the drug at 138.67 °C (Figure 4-10). The results agree
with melting endoterm onset temperature of the physical mixture of drug and these
polymers, which were lower than 135 °C. However, physical mixture of PVA and
HPC at the temperature of 135-140 °C was not completely melted which is melting

point of efavirenz (Figure 4-11).
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Figure 4-10 | Hot-stage photomicrographs of efavirenz and Solfip(@®:50)
mixtures at A) 30 °C; B) 90 °C; C) 135 °C; Il Hot-stage photomicrographs of
efavirenz and Kollidofi VA-64 (50:50) mixtures at A) 30 °C; B) 115 °C; C) 135 °C;
Il Hot-stage photomicrographs of efavirenz and EudfagRO (50:50) mixtures at

A) 30 °C; B) 65 °C; C) 135 °C; IV Hot-stage photomicrographs of efavirenz and
Kollidon® K-30 (50:50) mixtures at A) 30 °C; B) 125 °C; C) 135 °C.



58

. 7.
R 't-'ﬂ.

35°C

Figure 4-11 | Hot-stage photomicrographs of efavirenz and PVA (50:50) mixtures at
A) 30 °C; B) 85 °C; C) 135 °C; Il Hot-stage photomicrographs of efavirenz and HPC
(50:50) mixtures at A) 30 °C; B) 105 °C; C) 135 °C

3.3 Thermogravimetric analysis (TGA)

To ensure that the temperature that extrusion process was carried out would
not cause degradation of the drug, thermal stability of the drug was investigated. The
result from thermogravimetric profile showed that efavirenz was stable up to 247°C
(Figure 4-12 and 4-13). The degradation temperaturgy)(of polymers was
summarized in Table 4-5. This suggested that extrusion process could be performed

without causing drug degradation at the temperature akbpetpblymers 20 °C.
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Table 4-5 Degradation temperaturedg of pure polymers

Measured Jeq (°C)

Polymer Reported Jeq (°C)
Soluplus® 250 (Kolter, 2007) 268.38
Kollidon VA-64° 230 (Kolter, 2007) 262.97
Eudragit EPO® Above 250 (Liu, 2012) 262.15
Kollidon K-30® 175 (Kolter, 2007) 192.45
PVA Between 300-325 (Strawhecker, 200 above 280
HPC Between 200-250 (Prodduturi, 2006 227.32
B Efavierz-8Blank
Efavienz, 84151 mg
o mo 63.07%
=
X

T
40
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Figure 4-12 Thermogram of efavirenz by thermogravimetric analysis (TGA)
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Figure 4-13 Thermogram of efavirenz by (A) Differential scanning calorimetry

(DSC) (B) Thermogravimetric analysis (TGA)

Film casting technique, solubility parameters and thermal analysis was
suggested to predict miscibility of the drug and polymers (Forster et al., 2001, Kolter,
2007). Overall, Solupls Kollidon® VA-64, Eudragi® EPO and Kollidofi K-30
could be miscible with the drug and maximum solubilization capacity was 50% drug
loading. Difference in the solubility parameter of efavirenz and that of the polymers
(AS), Soluplu§, Kollidon® VA-64, Eudragi® EPO and Kollidofi K-30 were 5.12,
4.95,4.00 and 1.73, respectively which were below 7. HSM of physical mixtures
showed completely melted at 135 °C.

In opposition, PVA and HPC showed poor miscibility due to solubilization
capacity was 30% drug loading. Difference of total solubility paramat@retween
efavirenz and PVA and HPQ§) were 16.57 and 12.95 which were above 10. HSM

of physical mixtures were not completely melted at 140 °C.
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Table 4-6 Summary table of the drug and excipients miscibility

Excipients Solubility Film Maximum drug to HSM at Extrudate
parameters Casting polymer ratio that 135-140°C

showed single

Soluplu$’ Miscible 50:50 70:30 o) Transparent
Kollidon® VA-64  Miscible 50:50 50:50 ®) Transparent
Eudragi® EPO  Miscible 50:50 70:30 o) Translucent
Kollidon® K-30  Miscible 50:50 50:50 o) Transparent
PVA Immiscible 30:70 50:50 X N/A

HPC Immiscible 30:70 50:50 X White
Opaque

& maximum drug to polymer ratio that which caused clear film
O represents miscible
X represents immiscible

4. Hot-melt extrusion

Hot-melt extrusion could be performed under below the melting point of the
drug. The amount of polymer should be at least 20% w/w in hot-melt extrusion
process (Lakshman, 2008). Hot-melt extrusion should be performed at temperature
about 15-60 °C above theig ©f polymers (Prodduturi, 2006, Crowley, 2002). At
these temperatures the polymers would be in rubbery state. This condition was
carried out to ensure that the polymer allowed the crystalline drug to be easily
dispersed in the structure (Khatry, 2011, Ghebremeskel, 2006, Jagtap, 2012).

In this study, hot-melt extrusion of 50:50 drug to polymer ratio was carried out
at 20 °C above glof polymers and below the drug degradation temperature, 247.54 °C,

determined by TGA. The extrusion temperatures were summarized in Table 4-7. The
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mixture of the drug and polymers studied except for PVA could be extruded at the
designated temperatures. When extrusion was carried out at 20 °C above melting point
of efavirenz, the extrudate of drug/PVA was not possible to produce through die cell

of extrusion.

Table 4-7 Extrusion temperature for the mixture of drug and polymer in the

propotion of 50:50

Polymer Extrusion temperature (°C)
Soluplu$ 92
Kollidon VA-64° 125
Eudragit EPS 79
Kollidon K-30° 176
PVA 101
HPC 126

The extrudate of drug/solupflisappeared as transparent glass, while the
extrudate of drug/Kollidofi VA-64 or Kollidon® K-30 appeared to be yellowish and
transparent. The extrudate of drug/Eudragit EPO was translucent. This suggested that
the drug was completely solubilized in the polymers, resulting in solid solution. The
extrudate of drug/HPC appeared to be white and opaque. This indicated that the drug
was not completely solubilized in the polymers at the ratio of 50:50 and the extrudate

was solid dispersion.
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Raw Material Extrudate

Figure 4-14 Raw materials and extrudates of 50:50 drug/polymer from hot-melt
extrusion; A) Soluplud B) Kollidon® VA-64; C) Eudragit EPO; D) Kollidor? K-
30;E) HPC
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5. Characterization of extrudates

Characterization of extrudate was carried out to evaluate miscibility between
the drug and the polymers. Miscibility between drug and polymers suggests solid
dispersion system. If the drug and the polymer are miscible, it leads solid solution
extrudate.

The characterizations of extrudate were carried out with differential scanning
calorimetry (DSC), X-ray powder diffractometry (XRPD), Fourier transform infrared
spectroscopy (FT-IR) and dynamic vapour sorption (DVS).

5.1 Differential scanning calorimetry (DSC)

DSC thermograms of the extrudates of efavirenze and various polymers,
Soluplu€ , Kollidon® VA-64, Eudragif EPO, Kollidorf K-30 and HPC showed
absence of melting endothermic peak of the drug and the presence of only gingle T
endotherm at 57.85 °C, 69.55 °C, 44.25 °C, 71.41 °C and 63.91 °C, respectively. The
results suggested complete miscibility of the drug molecules within the polymer
(Figure 4-15 to 4-19). JTof extrudate was summarized in Table 4-8. The result of
single Ty for drug/HPC extrudate which was opaque in character of solid dispersion
may be due to that heat introduced by DSC could be efficiently transferred to an

extrudate sample allowing the drug to be miscible in the polymer.

Table 4-8 Glass transition temperaturg)(@f extrudate of various polymers

Extrudate T4 (°C)
Sample 1 Sample 2 Average (n=2)
Soluplus® 53.51 53.78 53.65
Kollidon VA-64° 69.55 62.05 65.80
Eudragit EPO® 44.25 44.03 44.14
Kollidon K-30® 71.41 72.64 72.03

HPC 63.91 59.07 61.49
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Figure 4-15 DSC thermograms of A) efavirenz in first cycle when the sample was
melted; B) efavirenz in third cycle when the cooled melt was reheated; C) S8Juplus
D) physical mixture of efavirenz/ Solupfi€50:50); E) extrudate.
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Figure 4-16 DSC thermograms of A) efavirenz in first cycle when the sample was
melted; B) efavirenz in third cycle when the cooled melt was reheated; C) K8llidon

VA-64; D) physical mixture of efavirenz/ KollidSnvA-64 (50:50); E) extrudate.
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Figure 4-17 DSC thermograms of A) efavirenz in first cycle when the sample was
melted; B) efavirenz in third cycle when the cooled melt was reheated; C) Efidragit

EPO; D) physical mixture of efavirenz/ EudrdgEPO (50:50); E) extrudate.
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Figure 4-18 DSC thermograms of A) efavirenz in first cycle when the sample was
melted; B) efavirenz in third cycle when the cooled melt was reheated; C) K8llidon

K-30; D) physical mixture of efavirenz/ Kollid8rk-30 (50:50); E) extrudate.
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Figure 4-19 DSC thermograms of A) efavirenz in first cycle when the sample was
melted; B) efavirenz in third cycle when the cooled melt was reheated; C) HPC; D)
physical mixture of efavirenz/HPC (50:50); E) extrudate.
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Figure 4-20 Comparison of glass transition temperature of 50: 50 physical mixtures
and extrudates
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5.2 X-ray powder diffractometry (XRPD)

XRPD pattern of efavirenz showed diffraction peaks indicating crystalline
morphology. All polymers had halo characteristic without any sharp jpedikating
amorphous nature. XRPD patterns of the 50:50 physical mixtures of the drug and the
polymers were similar to combined diffractograms of the efavirenz and polymer,
indicating efavirenz remained crystalline in the physical mixture. It was found that
XRPD pattern of the extrudates produced from 50:50 drug-polymer mixtures showed
absence of efavirenz crystalline peaks indicating amorphous structure where the

crystal lattices of the drug were destroyed (Figure 4-21 to Figure 4-25).
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Figure 4-21 X-ray power diffraction patterns of the A) efavirenz; B) SoluPjus

C) physical mixture; D) extrudate
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Figure 4-22 X-ray power diffraction patterns of the A) efavirenz; B) KollitiaA-64;

C) physical mixture; D) extrudate
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Figure 4-23 X-ray power diffraction patterns of the A) efavirenz; B) EudPagRO;

C) physical mixture; D) extrudate
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Figure 4-24 X-ray power diffraction patterns of the A)
C) physical mixture; D) extrudate
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Figure 4-25 X-ray power diffraction patterns of

C) physical mixture; D) extrudate
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71
5.3 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of efavirenz, polymer, physical mixtures and extrudate were
investigated to evaluate interactions between the drug and polymer. Efavirenz showed
characteristic peaks with alkyne at around 2250,081F stretching at around 1000—
1400cm*, N-H stretching at around 3300—-3400 tmnd C-H stretching at around
2850-3000 m™.

Soluplug®, Kollidon® VA-64 and Eudragft EPO showed characteristic peaks
with C=0 stretching at around 1750 ¢nSoluplu$, Kollidon® VA-64 and Kollidor?

K-30 also showed =N- stretching band at 3070-3350.dm addition, HPC also
atributed to O-H stretching at around 3400 tnThese chemical groups of the
polymers could form intermolecular hydrogen bonds with efavirenz in the extrudate.

IR spectra of the extrudates of efavirenz/Soluplusollidon® VA-64 and
Eudragif EPO showed the shoulder of absoption bands at around 1780 cm
corresponded to hydrogen-bonded carbonyl group. The carbonyl group had potential
to form intermolecular hydrogen bonds with efavirenz. These results suggested that
Soluplu€, Kollidon® VA-64 and Eudragit® EPO had interaction with efavirenz
(Figure 4-26 to 4-28). The N-H stretching bands could also form hydrogen bonding.
The N-H stretching bands around 3300-3400" ah Soluplu$, Kollidon® VA-64
and Kollidon® K-30 extrudates were shift to lower wavenumber when compared with
physical mixture (Figure 4-26, 4-27, 4-29). These results suggested that Sluplus
Kollidon® VA-64 and Kollidor? K-30 had interaction with efavirenz through proton
donding groups (N-H). The extrudate of HPC also showed hydroxyl band shifted to
lower wavenumbers at around 3350 %rimdicating an interaction with the drug.



%T

%T

Figure 4-26 FT-IR patterns of the A) efavirenz; B) SoluBtu€) physical mixture;

D) extrudate
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Figure 4-27 FT-IR patterns of the A) efavirenz; B) KollifoWA-64; C) physical
mixture; D) extrudate
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Figure 4-28 FT-IR patterns of the A) efavirenz; B) EudrdgEPO; C) physical

mixture; D) extrudate
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Figure 4-29 FT-IR Spectrum of A) efavirenz; B) Kollid6hK-30; C) physical

mixture; D) extrudate
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Figure 4-30 FT-IR Spectrum of A) efavirenz; B) HPC; C) physical mixture; D)
Extrudate

5.4 Dynamic vapour sorption (DVS)

Dynamic vapour sorption can be used to characterize crystallinity of
powder (Buckton, 1995). Extrudates of Soluflugudragi® EPO and HPC showed a
little difference between weight gain in first sorption process and weight gain in the
later process (Figure 4-31, Figure 4-33 and Figure 4-35). Otherwise, Extrudate of
Kollidon® VA-64 and Kollidorf K-30 showed a significantly difference between
weight gain in first sorption process and weight gain in the later process (Figure 4-32
and Figure 4-34).
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Figure 4-31 Sorption and desorption isotherms for 4 repeated cycles on the extrudate
of Soluplu$
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Figure 4-32 Sorption and desorption isotherms for 4 repeated cycles on the extrudate

of Kollidon® VA-64
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Figure 4-33 Sorption and desorption isotherms for 4 repeated cycles on the extrudate
of Eudragif EPO
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Figure 4-34 Sorption and desorption isotherms for 4 repeated cycles on the extrudate
of Kollidon® K-30
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Figure 4-35 Sorption and desorption isotherms for 4 repeated cycles on the extrudate
of HPC

6. Assay

One hundred milligrams of the extrudate of Solufjukollidon® VA-64,
Eudragif EPO, Kollidor? K-30, HPC contained efavirenz 46.23, 45.23, 44.01, 44.87
and 45.51 mg, respectively. % Label amount of efavirenz in SoffjpKisilidon®
VA-64, Eudragi? EPO, Kollidorf K-30 extrudate was 92.46, 90.46, 88.02, 89.72 and
91.02, espectively.

7. Dissolution study

Dissolution profiles of the drug alone and the physical mixture of efavirenz
and Soluplu€ dissolved slowly and maximum drug release in 90 min was 2.4% and
20.9% respectively. The physical mixture showed better dissolution than pure

efavirenz, possibly because Solufiiusas the solubilizing function of the polymer.
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Dissolution profiles of extrudate of Solupfyskollidon® VA-64, Eudragif EPO,
Kollidon® K-30 and HPC is showed in Figure 4-24. The maximum drug release from
the extrudate of Soluplfis Kollidon® VA-64, Eudragi® EPO, Kollidorf K-30 and

HPC was 74.06%, 66.38%, 71.86%, 61.9%, and 64.16%, respectively. It signified
that the dissolution of efavirenz was greatly improved. The dissolution was improved
by forming solid dispersion or solid solution. Some of extrudate were solid solution,
i.e. the extrudate of SolupftisKollidon® VA-64, Kollidon® K-30 and Eudragft

EPO. The extrudate of HPC were solid dispersion due to opaque appearance

indicating that the drug was not completely dissolved in the polymer.
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Figure 4-36 Dissolution profile of efavirenz, physical mixture of efavirenz/Soluplus
extrudates of Solupl{s Kollidon® VA-64, Eudragif EPO, Kollidorf K-30, HPC.
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8. Effect of water sorption on properties of extrudate

Extrudate was treated under accelerate condition by DVS. After the same
extrudates were treated with 4 repeated cycles of water sorption, the samples were

investigated using DSC, XRPD and dissolution test.
8.1 Differential scanning calorimetry (DSC)

The treated extrudate tended to raise glass transition temperature. The
extrudate of Soluplfsand Kollidor VA-64 showed very little increase in glass
transition temperature at about 5 °C. EudfagiPO showed a little increase in glass
transition temperature at about 10 °C. Kolliiéc30 and HPC showed increase in
glass transition temperature at about 10-20 °C.

Water sorption of extrudate affected on molecular rearrangement in the chain
of polymer. Water sorption made polymer to be more flexible, allowing molecular
rearrangement of efavirenz in the extrudates to be in more order. This led to increase

glass transition temperature.

Glass Transition
Onset 47.16 °C
Midpoint  53.51°C

Glass Transition
- Onset 55.24°C
Midpoint  59.80 °C

Temperature (°C)

Figure 4-37 DSC thermograms of Solupfiextrudate: A) untreated extrudate; B)

treated extrudate
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Figure 4-38 DSC thermograms of KollidBn/A-64 extrudate: A) untreated

extrudate; B) treated extrudate
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Figure 4-39 DSC thermograms of EudragiEPO extrudate: A) untreated extrudate;

B) treated extrudate
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Figure 4-40DSC thermograms of Kollid6hK-30 extrudate: A) untreated extrudate;
B) treated extrudate
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Figure 4-41 DSC thermograms of HPC extrudate: A) untreated extrudate; B) treated

extrudate
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Figure 4-42 Glass transition temperatures of untreated extrudate and treated extrudate

8.2 X-ray powder diffractometry (XRPD)

The extrudate subjected to four cycles of water sorption and desorption. The
XRPD pattern showed halo characteristic without any sharp peaks. The patterns were
similar to the diffractograms of the untreated extrudate. They showed absence of
efavirenz crystalline peaks of efavirenz indicating amorphous structure where the
crystal lattices were destroyed. For the conclusion, extrudate showed good stability

with under of water sorption process.
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Figure 4-43 X-ray power diffraction patterns of Soluplusxtrudate: (A) untreated

extrudate; (B) treated extrudate
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Figure 4-44 X-ray power diffraction patterns of KollidBrvA-64 extrudate: A)

untreated extrudate; B) treated extrudate
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Figure 4-45 X-ray power diffraction patterns of Eudr&giEPO: A) untreated

extrudate; B) treated extrudate
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Figure 4-46 X-ray power diffraction patterns of Kollid®nk-30 extrudate: A)

untreated extrudate; B) treated extrudate
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Figure 4-47 X-ray power diffraction patterns of HPC extrudate: A) untreated

extrudate; B) treated extrudate

8.3 Dissolution study

Dissolution profiles of treated extrudates was not significantly different
comparing those of the untreated. The results indicated that moisture did not affect

dissolution behavior of the extrudate.
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Figure 4-48 Dissolution profiles of untreated and treated Sol(ipusrudate
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Figure 4-49 Dissolution profiles of untreated and treated Kollfthgi-64 extrudate
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Figure 4-50 Dissolution profiles of untreated and treated Eudt&fO extrudate
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Figure 4-51 Dissolution profiles of untreated and treated Kollf&r30 extrudate
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Figure 4-52 Dissolution profiles of untreated and treated HPC extrudate



CHAPTER YV

CONCLUSION

Miscibility of efavirenz and the polymers (Solupfyskollidon VA-64%,
Eudragit EP®, Kollidon K-30°, polyvinyl alcohol and hydroxypropyl cellulose
(HPC)) could be predicted by solubility parameter calculation, film casting, hot-stage
microscopy (HSM) and differential scanning calorimetry (DSC). Overall, the results
indicated that the drug and the polymers studied, except for HPC, were miscible.

The 50:50 drug/polymer mixtures, except for polyvinyl alcohol, could be
extruded by conical twin screw extruder at the temperature 20 °C above glass
transition temperature {1 of the polymers.

Characterization of the extrudates with DSC and X-ray powder diffractometry
(XRPD) indicated that they were solid solution, except for efavirenze/HPC extrudate.
The DSC thermograms showed absence of melting endothermic peak of efavirenz and
the presence of only singleq TXRPD patterns showed absence of efavirenz
crystalline peaks and the presence of board halo characteristics. IR spectra implied
that there were interactions between the drug and polymers.

The results of dynamic vapor sorption technique (DVS) suggested that
miscible drug in all extrudates was stabilized against stressed condition induced by
moisture. However, the DSC thermograms showed gradual increagefith€ solid
solution due to possible molecular rearrangement in the chain of polymer during the
sorption/desorption cycles.

As for efavirenze/HPC extrudates, they also exhibited the same charactertistics
obtained by various solid state analytical techniques, i.e. DSC, XRPD, FT-IR and
DVS, as previously described. However, it could not be concluded that
efavirenze/HPC extrudate was a solid solution due to the extrudate’s opaque
appearance. The extrudate was found to be a dispersion of efavirenz in the HPC
matrix.

The dissolution profile of the drug alone and that of every extrudates were
significantly different. This signified that the dissolution of efavirenz was greatly
enhanced by forming solid solution of the polymer studied or solid dispersion in the
case of HPC.
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Analysis of efavirenz and HPLC method validation
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1. High-performance liquid chromatographic technique for drug analysis

The quantitative analysis of efavirenz was carried out by HPLC technique
according to Indian pharmacopoeia 2007 (IP). Analysis method was validated for
specificity, linearity, precision and accuracy according to acceptance criteria of
United States Pharmacopeia 35—-National Formulary 30 (USP 35-NF 20).

HPLC chromatogram of efavirenz found retention time at 12.084 minutes.
(Figure 1A)
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Figure 1A The retention time of efavirenz was found at 12.084 minutes

2. Validation for the quantitative determination of efavirenz

The validation process result are described in table 1A
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Table 1A Analytical method validation parameter of HPLC for efavirenz

Parameter Result value Limit
1. Specificity No other peak No other peak interfere
interfere major peak major peak

2. Linearity

(Correlation coefficient) 0.9997 >0.9995
3. Precision

3.1 Within Run (%RSD) 0.459% <2.00%
3.2 Between Run (%RSD) 0.452% <2.00%
4. Accuracy

4.1 Recovery (%) 101.99% 98-105%
4.2 % RSD 1.335% <2.00%

1.1 Specificity

HPLC chromatogram of efavirenz has a good resolution. The comparisons
were taken out between efavirenz solution 100 mg/mL and efavirenz 100 mg/mL with
polymer (Soluplu§, Kollidon VA-64°, Eudragit EP®, Kollidon K-33° and HPC)
solutions in a concentration of 100 mg/mL. The area under the curve of efavirenz
solution was not significantly different with efavirenz and Soluplullidon VA-
64°, Eudragit EP®, Kollidon K-30° and HPC (p-value = 0.297, 0.201, 0.140, 0.249,
0.352,respectively). There was no other peak interfere the major peak at 12.084
minute. The degradation study was performed at temperature SC1fbd 3 hours,

0.1 N HCI and 0.1 NaOH. It was shown that heat, acid and base did not affect to

stability of efavirenz. The results were summarized in Table 1C.
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Table1C Specificity validation of efavirenz

Concentration (mg/mL) Sample Peak area

Efavirenz 100 mg/mL 1 36542530
35432487
35634185
36457482
36757534
35345975
36253185
36324538
36123581
36543982
36434861
35935275
36133254
36234539
36135378
35723576
36137942
36437381
36135742
36048982
36095234
36234237
35934789
35683424
35937650
35801769
36135752

Efavirenz + Soluplu$

Efavirenz + Kollido/f VA-64

Efavirenz + Eudragft EPO

Efavirenz + Kollidorf K-30

Efavirenz + HPC

Efavirenz (110C, 3 hours)

Efavirenz + 0.1 N HCI

Efavirenz + 0.1 NaOH

W N P W N PP WODN P WODNPFP WODNPFP ODNPFP WODNPFP WODNP LOONDN
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1.2 Linearity

Linearity of efavirenz was validated with concentration of the standard
solutions of 150, 120, 110, 100, 90, 80, 50 mg/mL. The correlation coefficiént (R

between average of area under the curve and concentrations were 0.9997. The results

were summarized in Table 1D and Figure 1B.

Table1D Linearity of analytical method of efavirenz

Concentration Peak Area Average
(mg/mL) 1 2 3
150 51344605 47821936 48611561 49259367.33
120 41548772 41546441 40475080 41190097.67
110 38842998 39365936 36529820 38246251.33
100 36598605 36212867 35039012 35950161.33
90 32311744 33661658 32518838 32830746.67
80 31916617 29282096 29877842 30358851.67
50 22978494 22439054 21703145 22373564.33
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Figure 1B The calibration curve of efavirenz
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Precision of efavirenz was validated under within run and between run

conditions. Within run condition was validated with concentrations of the standard

solution at 110, 100 and 90 mg/mL. The percentage relative standard deviation for the
concentration of 110, 100 and 90 mg/mL was 0.617, 0.367 and 0.392, respectively.

Between run condition was validated with concentrations of the standard solution at

100 mg/mL on 2 days. The percentage of relative standard deviation for day 1 and day

2 was 0.535 and 0.344, respectively. The results were summarized in Table 1E and

Table 1F.

Table 1IE Within run precision of analytical method of efavirenz

Concentration Peak Area Average SD % RSD
(mg/mL) 1 2 3
110 38622481 38159116 38478789 38420128.67 237186.76 0.617
100 36609977 36480002 36342294 36477424.33 133860.11 0.367
90 32747111 32995579 32931310 32891333.33 128967.78 0.392
Average 35929628.78 166671.55 0.459
Table1lF Between run precision of analytical method of efavirenz
Day Peak Area Average SD % RSD
1 2 3
Day 1 38507939 38318581 38098210 38308243.33 205060.02 0.535
Day 2 38176903 38387664 38419665 38328077.33 131894.94 0.344
Average 38318160.33 167875.50 0.452
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Accuracy of analytical method was validated with concentrations of the

standard solution at 80, 100 and 120 mg/mL. Recovery percentage of the standard
solution at 80, 100 and 120 mg/mL was 103.54, 103.68 and 98.76, respectively. The

percentage of relative standard deviation for the standard solution at 80, 100 and 120

mg/mL was 1.626, 1.400 and 0.980, respectively. The results were summarized in

Table 1G.

Table 1G Accuracy validation of analytical method of efavirenz

Conc Area Average SD % RSD %
(mg/mL) Recovery
80 1 25499791 25906757 421349 1.626 103.54
2 26341149
3 25879331
100 1 31916617 32429255.33  454096.5 1.400 103.68
2 32780995
3 32590154
120 1 36956709 37068110 363091.3 0.980 98.76
2 37473850
3 36773771
Average 31801374.11 412845.6 1.335 101.99
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