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1 

CHAPTER 1 

Introduction 

  

Itraconazole (ITZ), a triazole antifungal agent, has a broad spectrum over 

many kinds of opportunistic infectious microorganisms in Human Immunodeficiency 

Virus (HIV) infected patients, for instance, Aspergillus species, Candida albicans, 

Cryptococcus neoformans, Coccidioides immitis, Histoplasma capsulatum, 

Paracoccidioides brasiliensis, and Sporothrix schenckii. ITZ has a molecular formula 

C35H38Cl2N8O4 and molecular weight of 705.64. It is a weak basic drug (pKa = 3.7), 

which is virtually ionized at only low pH, possessing extremely low water solubility 

(about 1 ng/mL at neutral pH and about 6 μg/mL at pH 1). The log partition 

coefficient of ITZ in a system of n-octanol and aqueous buffer solution of pH 8.1 is 

5.66, indicating a very high lipophilicity.  It is classified in biopharmaceutical 

classification system (BCS) as a class II drug, which means that the drug has very 

poor water solubility but high permeability. Therefore, the dissolution rate of ITZ is 

the rate limiting step of drug absorption in gastrointestinal tract.  

Several methods have been used to enhance solubility and oral absorption of 

poorly dissolved drug, for example, complexation, solubilization using cosolvent 

approach, salt formation, particles size reduction, alteration of crystalline state of drug 

substances, and small particle preparations. The solubility enhancement can be 

separated into two major approaches, i.e, alterations of solid state properties and 

formulation of suitable delivery systems. Alterations of drug crystalline state, 

polymorphs, solvates and hydrates, and amorphous forms of drug substances have 

been used to change the thermodynamics driving force for dissolution. Among several 

techniques based on this approach, the simplest one is recrystallization. This 

technique could affect crystal properties such as habit, polymorphism, particle size, 
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solubility, and also dissolution rate by re-formation of drug molecules into crystal or 

amorphous solid.  

 In the formulation approach, there are several techniques used to enhance 

solubility and improve dissolution properties of poorly water-soluble drugs, such as 

cosolvent systems, microemulsions, micelles or liposomes formation, and 

nanoparticle formations. Nanotechnology plays an important role in drug delivery due 

to its usefulness in targeting, controlling drug release and enhancing drug absorption. 

Nanoformulations offer increased dissolution rates due to expansion of drug surface 

area as described by Noyes-Whitney equation. Moreover, drug absorption could be 

improved by increasing of small drug particle uptake in the intestine. Many studies 

reported the use of natural and synthetic polymers as carriers in nanoparticle 

formation using various techniques (Chapter 2).  

 The overall objective of this study is to enhance the dissolution of ITZ by 

recrystallization or formulation of nanoparticles. This includes the preparation, 

physicochemical characterization, drug dissolution and in-vivo absorption studies. To 

achieve these aims, the study has been divided into three main parts. 

Part I: Preparation of ITZ crystals by recrystallization  

This part consists of the preparation of recrystallized ITZ and its 

characterizations. Three major methods, i.e., cooling crystallization, crystallization by 

antisolvent addition, and evaporative crystallization, have been used to prepare of ITZ 

crystals. Several characterizations, including thermal properties, drug crystalline state, 

crystal morphology, and dissolution properties have been carried out (Chapter 3 and 

Chapter 4).  

Part II: Preparation of nanoparticles from nanoemulsion template 

This part describes the preparation of nanoparticles. ITZ-loaded, pectin-based 

nanoemulsions have been prepared by simple homogenization (Chapter 5) and high-

pressure homogenization (Chapter 6). After removal of solvent, dried nanoparticles 

have been formed. The resultant nanoparticles were characterized for their size, zeta 

potential, thermal properties, crystalline state, morphology and dissolution properties. 
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Part III: Absorption of ITZ in animals 

Part III describes in-vivo absorption of selected samples obtained from this 

study. The samples showing good dissolution properties from in-vitro dissolution 

experiments have been selected to investigate in-vivo absorption. The experiment has 

been done using male Wistar rats to confirm effectiveness of the formulations in-vivo

(Chapter 7).  

In the final chapter (Chapter 8), a summary and general conclusions on overall 

preparation techniques and the formulation effectiveness is provided. Moreover, the 

application of poorly water-soluble drug delivery system for oral use is discussed and 

some suggestions for the future work are outlined. 
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CHAPTER 2 

Literature review 

  

2.1 Poorly water-soluble drugs 

 2.1.1 Biopharmaceutics classification system (BCS)

2.1.2  Factors affecting dissolution of poorly water-soluble drugs 

2.2 Techniques used for enhancing oral absorption of poorly water-soluble drugs 

2.2.1 Chemical modification of drug molecules  

 2.2.1.1 Salt formation 

 2.2.1.2 Prodrugs 

 2.2.1.3 Complexation 

2.2.2 Alteration of solid state of drug substances 

2.2.3 Formulation approaches 

 2.2.3.1 Cosolvent system 

2.2.3.2 Micelles and liposomes 

 2.2.3.3 Polymeric nanoparticles 

 2.2.3.4 Emulsions and microemulsions 

2.3 Itraconazole 

 2.3.1 Physicochemical properties of ITZ 

 2.3.2 Techniques used for enhancing oral absorption of ITZ 
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2.1 Poorly water-soluble drugs 

A number of new drug candidates is increasing due to the high throughput 

receptor-based screening and combinatorial chemistry approach. These techniques 

can design compounds, which offer great receptor affinity and selectivity. These 

compounds tend to get high lipophilicity, depending on nature of receptors, which 

usually hydrophobic or water insoluble (Lipinski, 2000). Many problems in 

formulation process have been reported and discussed (Stella and Nti-Addae, 2007; 

Stegemann et al., 2007).  

Among routes of administration, oral route is preferred for drug delivery due 

to the advantages of pain avoidable, inexpensive, and convenient in dose adjusting. 

After taking drugs into gastrointestinal tract, the drugs will pass main processes which 

are dissolution, permeation, enzymatic metabolism and first pass metabolism before 

reach at effective sites. Water solubility of drug molecules is necessary for absorption 

and distribution process while lipophilicity is also needed in absorption through 

membranes. Drugs molecules have to had an appropriate ratio of ionized and 

unionized molecules to achieve a great efficiency. Amidon and coworkers (1995) 

have classified drug substances given orally into four classes according to their 

solubility and permeability.  

2.1.1 Biopharmaceutics classification system (BCS) 

The BCS was developed by Amidon and coworkers in 1995 before the US 

Food and Drug Administration uses it as a guideline for waiver of in-vivo

bioavailability and bioequivalence studies for immediate-release solid oral dosage 

forms. The BCS is based on two parameters controlling drug absorption, which are 

drug dissolution and gastrointestinal permeation. Drugs substances are separated into 

four classes, which are:  

Class I:  high solubility - high permeability drugs (i.e., diazepam, 

chlopheniramine, lidocaine, etc.) 

Class II: low solubility - high permeability drugs (i.e., itraconazole, 

lovastatin, naproxen, etc.) 
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Class III: high solubility - low permeability drugs (i.e., acyclovir, 

amoxicillin, cimetidine, etc.) 

Class IV: low solubility - low permeability drugs (i.e., ciprofloxacin, 

hydrochlorothiazide, methotrexate, etc.)  

The boundaries of this classification can be described as three parameters, 

which are solubility, permeability, and dissolution. A drug substance is defined as 

highly solubility when the highest dose strength is soluble in 250 mL or less in 

aqueous media over the pH range of 1-7.5. Highly permeable drug is identified by the 

extent of absorption in humans that should be 90% or more of an administration dose. 

Finally, for a rapidly dissolving drug, not less than 85% of the labeled amount of the 

drug substance dissolves within 30 minutes using USP apparatus I or II in a volume of 

900 mL buffer solutions.

From the BCS, drugs in class II are defined as poorly soluble drug but highly 

permeability. In this case, permeation is not the main obstacle for the absorption while 

dissolution of the drug in gastrointestinal tract plays an important role. Therefore, 

improvement of dissolution properties of the class II drugs can enhance its 

bioavailability.  

2.1.2  Factors affecting dissolution of poorly water-soluble drugs 

Dissolution is controlled by an affinity between solid and solvent and also 

some conditions, for instance, temperature, surface area, solubility and solvent used. 

Noyes-Whitney equation defines the dissolution rate (dC/dt) according to the function 

of diffusion coefficient, surface area, thickness of water layer and concentrations of 

the drug at surface and bulk medium (Noyes and Whitney, 1897). The Equation is as 

follow: 

where k is a constant, C is concentration at a time, and Cs is saturation solubility. 

From this Equation, dissolution rate is varied depending on the difference between the 

saturate concentration and instantaneous concentration. 

(2.1) 
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 In 1904, Nernst and Brunner proposed new equation by adjusting term k from 

Equation 2.1 to DS/Vh based on the diffusion layer concept and Fick’s second law. 

This Equation is known as Nernst-Brunner equation. 

In this Equation, D is diffusion coefficient, S is surface area, h is thickness of 

diffusion layer, and V is the volume of the dissolution medium. From Nernst-Brunner 

equation, dissolution rate mainly depends on surface area and the saturate 

concentration or solubility of the drug, therefore, increasing of particles surface area 

and solubility of the drug substances is an assuring method to enhance dissolution of 

poorly soluble drugs. Several studies on increasing dissolution in order to enhance 

oral absorption of poorly soluble drugs are discussed below. 

2.2 Techniques used to enhance oral absorption of poorly water-

soluble drugs  

Absorption of the poorly water-soluble drugs is limited by dissolution rate in 

gastrointestinal tract. Therefore, to reach therapeutic level in the blood stream, 

solubility and dissolution properties of the active compounds must be concerned. 

Many techniques to increase dissolution have been developed in this era. Three major 

principles of formulation, to enhance solubility of drug molecules by alteration of 

solid properties and to generate suitable delivery systems by formulation approach, 

are reviewed in this Chapter.

2.2.1 Chemical modification of drug molecules 

Poor solubility of drugs can be improved by changing or adding some 

chemical identities into their molecules. The chemical modification can make changes 

in solubility properties, stability, and pharmacokinetics of parent drugs. The methods 

to modify drug molecules can be separated into three techniques, which are salt 

formation, prodrugs, and complexation.

(2.2) 
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2.2.1.1 Salt formation

 Many poorly water-soluble drugs are weak acidic or weak basic molecules, 

which dissolution depends on pH. The dissolution of the drugs can increase when the 

drugs are in suitable pH condition, which is strong acidic or basic condition that not 

exists in human body. Therefore, to dissolve in gastrointestinal and blood stream, the 

drugs should be soluble in neutral or weak acidic or basic condition (Neau, 2000a). 

Pharmaceutical salt can improve dissolution of poorly soluble drugs by increasing 

ionization of drug molecules by forming drug acidic or basic salt which usually more 

soluble than nonionized form in an aqueous medium. 

Pharmaceutical salt is separated into two major groups which are inorganic 

and organic salt. Solubility of inorganic salt depends on the salt-forming agent, such 

as acids to form salts of basic drug and bases to form salts of acidic drugs. The salt-

forming agents affect solubility of salt by exerting common-ion effect in the solution. 

Sodium and potassium salts are the most common choice for acidic drugs, while 

chloride, sulfate, phosphate, and solfonate salts are suitable for basic drug (Berge et 

al. 1977).  

 The organic salt formations, such as mesylate salt, ammonium salt, and 

salisylate salt, provide benefits of low toxicities and higher aqueous solubility than 

inorganic salt formations. Selection of the proper salt form is necessary to 

development of pharmaceutical salt as a commercial product. Engel et al. (2000) 

studied on solubility and bioavailability of the hydrochloride and mesylate salt of 

LY333531, a new protein kinase C -inhibitor developed for a treatment of diabetic 

complications. LY333531 is a free base with very low aqueous solubility, therefore, 

the salt form of the drug was required in order to enhance solubility and increase 

bioavailability. The solubility of LY333531 mesylate salt is five-time higher than its 

hydrochloride salt while the solubility of the free base in water is below the limit of 

detection. The mean maximum plasma concentration (Cmax) of the mesylate salt in 

beagle dogs is also two-times higher than the hydrochloride salt. Now, the LY333531 

mesylate is a product of Eli Lilly, United State of America, called roboxistaurin 

(Wheeler, 2003).  

   ส
ำนกัหอ

สมุดกลาง



9

2.2.1.1 Prodrugs

 Prodrug is a compound which has to pass biological change before its 

pharmacological effects can appear (Stella and Nti-Addae, 2007). The uses of 

prodrugs to overcome poor water solubility in oral drug delivery can be done by 

addition of hydrophilic functionalities or decreasing of crystal packing.  

Addition of hydrophilic functional group is a conventional method to enhance 

drug solubility. Common esters employed to increase the aqueous solubility of drugs 

bearing a hydroxyl group are hemisuccinates, phosphates, dialkylaminoacetates and 

amino acid esters (Neau, 2000b). For drugs with a carboxylic acid group, ester 

formation with the alcohol of choline or -dimethylaminoethanol or amide formation 

with the amine has been successful in the preparation of prodrugs for enhanced 

solubility (Amidon, 1981). However, the use of prodrugs in the industrial is limited 

because the prodrugs formation results in a new compound. Therefore, many clinical 

studies have to be done before it could be marketed as a new drug.  

2.2.1.2 Complexation 

Complexes consist of a certain number of substrate and ligand. They are 

substrate-to-ligand stoichiometry that can be formed in an equilibrium process, in 

solution, and in the solid state. There are only two types of them can increase water 

solubility which are stacking and inclusion complexes. 

The stacking complexation can form by the interaction between the planer 

hydrophobic regions of complexing agent and the drug. The stacked arrangement is 

one where the exposure of the hydrophobic regions of water is reduced. This type of 

complex can form easily when there is high concentration of the drug in the solution 

and the hydrophobic parts of the drug molecules are large. The preferable ligand are 

benzoic acid, salicylic acid, and caffeine. The study of Sanghvi and coworkers (2007) 

indicate the use of nicotinamide as a stacking complex former for enhance solubility 

of eleven poorly soluble drugs which are widely in term of their physicochemical 

properties such as, phenobarbital, carbendazim, griseofulvin, and amiodarone. 

Complezation with nicotinamide can enhance drug solubility of carbendazim for 17.8-

   ส
ำนกัหอ

สมุดกลาง



10

fold, and griseofulvin for 32.7-fold, higher than using cyclodextrin, which can 

enhance drug solubility for 7.2 and 5.0-fold, respectively. 

In case of inclusion complexation, the complexes can form by one of the 

molecules called “host” forms or possess a cavity into which it can admit a guest 

molecule. After complexation, the water-attaching surfaces of hydrophobic molecules 

are decreased. To obtain the great efficiency, the host and the guest molecule have to 

fit to each other. A good example of the host of inclusion complexes is cyclodextrin. 

It is cyclic oligosaccharides consisting of a variable number of D-glucose residues 

attached by -(1,4) linkages. The three most important types are -, -, and - 

cyclodextrins, which respectively consist of six, seven, and eight D-glucose units.  

Besides the solubility enhancement, cyclodextrin can also alter lipid barrier of the 

absorption sites, therefore, bioavailability of drugs can be increased. Ling and 

coworkers (2007) studied on complexation of tanshinone IIA with 2-hydroxypropyl-

-cyclodextrin for enhancing solubility, dissolution rate, and intestinal absorption of 

the drug. The complex formed can increase solubility of the drug to 17 folds, and can 

enhance intestinal absorption in duodenum, jejunum, and ilium. However, using 

cyclodextrins is limited by their toxicity. Although, the use of 2-hydroxypropyl- -

cyclodextrin has been shown the well tolerated in human, with the main adverse effect 

is diarrhea, but the lung, liver, and kidney toxicity in animals should be considered 

(Gould and Scott, 2005).    

2.2.2 Alteration of the crystalline state of the drug substance  

 Solubility is equilibrium constant for the dissolution of the solid into the 

solvent and also depends on the competition of solute: solvent interactions and solid: 

solid interaction. Alteration of the solid drug substance can influence its solubility and 

dissolution properties by affecting the molecular interactions in the solid.  

A crystal with high free energy will yield higher solubility than lower energy 

crystal form of the same molecule structure. The solid: solid interaction between drug 

molecules of lower energy crystal tends to have more affinity than solute: solvent 

interaction therefore, the solubility will be low. To change the thermodynamic force 

of drug crystal, the stable form of crystal is altered to metastable form, for example, 

crystalline polymorphs, solvates and hydrates, and amorphous solids. These methods 
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will not provide change in solvent environment or chemical identity but only in drug 

solid state. The metastable solids always face stability problems because they can turn 

to the stable form easily. To hold the metastable solids through shelf-life in the 

market, suitable formulations should be concerned. Some techniques used to alter 

drug solid state are discussed. 

The drug solid state can be separated into two groups, amorphous solid and 

crystalline solid, which are different in molecular arrangement and free energy of the 

molecules. 

 Amorphous solid consists of disordered arrangement molecules and do not 

possess a distinguishable crystal lattice. It has higher free energy and entropy than  the 

crystal solid of the same molecules, so presents higher solubility. However, the high 

free energy leads to physicochemical instability, the amorphous solids can turn to be 

crystalline solid easily in suitable conditions. To prepare amorphous solid, many 

methods were developed, for example, melt quenching, lyophilization, spray drying, 

rapid crystallization, temperature increasing, and particle size reduction. 

 Crystalline solid has an order arrangement of molecules, leading to low 

entropy and low free energy. The crystalline solids have lower solubility but higher 

stability than amorphous solids of the same molecules. The crystalline solids 

consisting of one type molecules can appear as polymorph, while those consisting of 

the solvent and drug molecules can form solvates. 

Polymorphisms are different crystalline forms with different arrangements 

and/or conformations of the molecules in the crystal lattice of the same drug 

substance. The polymorphisms can occur when the drug molecules are in suitable 

crystallization conditions. The different arrangements of molecules lead to alteration 

of drug physicochemical properties and, thus, affect bioavailability of drug 

substances. The loose-molecules arranged polymorphs tend to have high solubility 

than the tighter one however, lower stability should be concerned. There are several 

methods to change the polymorphic forms such as recrystallization, temperature 

increasing, particle size reduction, and increasing of percent relative humidity. 
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impurities may briefly attach in growing lattice but they soon leave when more 

suitable compounds come to take their places.  

 Crystallization from solution using an anti-solvent is commonly applied in 

pharmaceutical industry in which solute is crystallized from a primary solvent by the 

addition of a second solvent, which solute is relatively insoluble. Typically, a solution 

of the solute in a solvent which is often saturated or close to saturation is initially 

formed. Then, an anti-solvent that is miscible with the primary solvent is added. 

Sometimes, multiple solvents or anti-solvent are used to produce a more desirable 

crystal shape or polymorph. 

In solvent evaporation technique, the supersaturation of the solution can be 

achieved by removal of solvent (Mullin, 1995). Normally, a slow evaporation 

crystallization of pure drug will not provide the amorphous substance due to the 

sufficient time for drug molecules to arrange orderly as crystalline solid. However, the 

polymorphic form of drugs can be changed after the crystallization using some 

additives (Tian et al., 2009). Vacuum evaporation can reduce pressure in a liquid-

filled container to be below the vapor pressure of the liquid, causing the liquid to 

evaporate at a lower temperature than normal. The crystallization occurs rapidly, 

leading to amorphous solid formation which gave better solubility and dissolution 

than its crystal form (Gupta and Sehrawat, 2011).  

2.2.3 Formulation approaches 

2.2.3.1 Cosolvent system 

 Cosolvent system is a mixture of solvents and aqueous prepared to achieve 

higher solubility of poorly water-soluble drugs. The solvents used in this method 

should be miscible with water and can dissolve the drug easily. Cosolvents can 

increase the solubility of a poorly water-soluble drug up to several folds compared to 

its aqueous solubility. However, the cosolvent systems also have limitations. When 

solubilization of a drug is achieved by use of a cosolvent, the cosolvent must be non-

toxic, compatible with blood, non-irritating, physically and chemically stable and 

inert.  
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Moreover, several studies reported the application of cosolvent in 

nanosuspension system (Douroumis and Fahr, 2007). Cosolvent techniques have been 

proven capable of providing in-situ nanosuspension. It creates highly saturate 

systems, which tend to crystallize by spontaneous nucleation 

2.2.3.2 Micelles and liposomes 

Surfactants are well-known in their ability to increase solubility of poorly 

soluble compounds in aqueous solution. Enhancement of the aqueous solubility by 

surfactants occurs as a result of the nature of their molecules. Surfactants usually 

contain hydrophobic and hydrophilic regions which allow them to orient at polar/non-

polar interfaces. If there is no foreign non-polar substances which provide an 

interface, surfactants self-associate to form micelles. In micellar system, hydrophobic 

parts of surfactants are shielded from aqueous contact by hydrophilic parts. This 

creates a hydrophobic environment suitable for solubilization of hydrophobic 

compounds.  

 The benefits of micellar solutions as drug delivery vehicles arise mainly from 

the elimination of solid dissolution as a rate limiting step in absorption. However, 

there are disadvantages of formulating with surfactants such as their toxicity and low 

achievable drug loading. Some of these limits are being addressed by the development 

of polymeric surfactants, which have lower toxicity, ability to prevent the adsorption 

of proteins, ability to prevent adhesion of the drug vehicle onto the surface of 

phagocytes, and ability to extend the circulation time of a drug (Kwon and Kataoka, 

1995). 

 Liposomes are phospholipid vesicles, which arrange themselves spontaneously 

into bilayer structures when they are in aqueous solutions. Their hydrophobic tails are 

shielded from the water by hydrophobic heads. Liposomes are amphiphilic, so they 

can encapsulate drugs with widely varying polarities. Hydrophilic drugs can be 

entrapped in the aqueous spaces while lipophilic drugs can be incorporated into the 

lipid membranes. Liposomal formulations can be applied to be a targeting drug 

delivery system by the variation of the liposome properties such as composition, size, 

and surface charge of liposomes (Harashima and Kiwada, 1996). From these 

advantages, liposomes are expected to optimize pharmacology effects and toxicities 
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of encapsulated drugs. There are several studies in liposomal targeting delivery 

system, for instance, targeting to liver (Watanabe et al., 2007), tumor cells (Gabizon, 

2004), and macrophage (Ahsanet al., 2002). 

2.2.3.3 Polymeric nanoparticles 

Size reduction is a fundamental unit operation having important applications 

in pharmacy. It helps to improve bioavailability and solubility, reducing toxicity, 

enhancing release, and providing better formulation opportunities for drugs. Major 

advantages of nanosizing include increased surface area, enhanced solubility, 

increased rate of dissolution, increased oral bioavalability, leading to less amount of 

dose required. 

 Nanosizing refers to a reduction of the active pharmaceutical ingredient 

particle size down to sub-micron range. Physicochemical properties of drugs, polymer 

and site of absorption should be considered in nanoparticle preparation (Kreuter, 

1994). Polymeric nanoparticles are usually prepared as colloidal system, which 

consists of 10 to 1,000-nm solid particles dispersed in various solvents. The 

nanoparticles can be matrix type of dense polymer spheres, called nanospheres, or 

vesicle systems in which drug is confined to a cavity consisting of an inner liquid core 

surrounding by a polymeric membrane, called nanocapsules (Couvreur et al., 1995). 

Formulation of polymeric nanoparticles is a promising method to improve 

solubility, dissolution profile and absorption of poorly water-soluble drug due to 

expansion of drug surface area and increasing of small drug particle uptake in the 

intestine. Particle size and surface charge are critical factors in particle absorption 

(Bhardwaj and Kumar, 2006). Particles in the size range of 40-120 nm were 

translocated both transcellularly and paracellularly. Moreover, a size-dependent 

phenomenon exists in the gastrointestinal absorption of particles. The amount of 100-

nm particles taken up was 2.5 and 6 times more than 1- and 10-μm particles, 

respectively. The nature and surface characteristics of the particles affect particle 

uptake also. Hydrophobic particles are absorbed more readily than hydrophilic ones. 

Adsorption between particles and mucosal surface of gastrointestinal tract is also 

important factors for particles absorption. Mucoadhesion can increase the transit time 

of the particles in the gastrointestinal tract, allowing the particles to be present at the 
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surface of absorptive cells for a longer duration, and thereby increases and maintains 

local concentration gradient at the absorption site. 

 Many methods have been developed for preparing nanoparticles. These 

methods can be classified into two catagories according to whether the formulation 

requires a polymerization reaction or is achieved directly from a macromolecule or 

preformed polymer (Couvreur et al., 1995).  

The nanoparticles obtained by polymerization could be separated into 

emulsion and interfacial polymerization. In this method, monomers are dispersed in 

an emulsion or dissolved in an internal phase then initiated by different polymerize 

mechanisms to obtain nanoparticles. However, the main disadvantage of this method 

is the use of organic solvents always required. Elimination of solvents represent time 

consuming and difficult procedure.  

The nanoparticles obtained directly from a macromolecule or preformed 

polymer can be prepared without polymerization process. The emulsion templates are 

commonly used in preparation of nanospheres and nanocapsules. Solid lipid 

nanoparticle (SLN) preparation is a typical method to achieve nanospheres. The SLN 

are commonly defined as nanoscale lipid matrices, consist of drugs dissolved or 

dispersed in lipid base. They are solid at physiological temperatures and stabilized by 

surfactants. Both high-energy production and low-energy production are also used for 

generating solid-matrix lipid nanosphere. These techniques are based on 

microemulsions or melting/sonication methods. For nanocapsule preparation, many 

methods have been developed to obtain a solid wall and remove solvents such as 

solvent evaporation, solvent displacement, solvent diffusion, and salting out.  

Nanoparticles can be prepared using macromolecules, for example, albumin, 

gelatin, chitosan, alginate, and pectin. These natural polymers provide advantages of 

biodegradable and biocompatible, and decrease toxicity of synthetic polymer on 

human body. Among these biopolymers, pectin is one of the promising compounds 

for nanoparticle formation. The characteristics and properties of pectin are discussed 

later in Chapter 5. 
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2.2.3.4 Emulsions and microemulsions 

Emulsion system is widely used in the pharmaceutical field for ages. An 

emulsion can be defined as a mixture of two immiscible phases, especially oil and 

water, with an emulsifier added to stabilize the dispersed droplet (Davis et al., 1987). 

An emulsion can be characterized as oil-in-water (o/w) or water-in-oil (w/o), 

depending on the identity of the dispersed and continuous phases. By using 

emulsions, a poorly water-soluble drug can present in the internal phase and the 

interface. The emulsion system can contain many drugs with different properties. 

Highly lipophilic drugs can be dissolved in the internal phase (in case of oil-in-water 

emulsion) while in the case of drug with marginally soluble in oils, the solubility can 

be improved by excipients. A drug, which is soluble in neither oil nor water can be 

retained at the interface as same as in case of liposomes or micelles (Gupta and 

Cannon, 2000). Therefore, emulsion is one of a potential system to deliver the poorly 

water-soluble drugs. 

Nanoemulsions are nanometric-size emulsions, typically exhibiting diameters 

of less than 1000 nm (Kreuter, 1994). Nanoemulsions are also known as 

miniemulsions, fine-dispersed emulsions and submicron emulsions (Solans et al., 

2005). Nanoemulsions can be prepared by two major techniques, i.e., high-energy and 

low-energy emulsifications. High-energy emulsification methods can prepare 

nanoemulsions by using devices to force the creation of huge interfacial areas. The 

factors influencing the formation of nanoemulsions by this method are quantity of 

energy, amount of surfactant and nature of the components. In contrast, low energy 

methods are governed by the intrinsic physicochemical properties and behavior of the 

systems. The devices for high-energy emulsification are rotor/stator type or simple 

homogenizer, ultrasound generator and high-pressure homogenizer. The simple 

homogenization do not provide a good dispersion in term of droplet size and 

monodispersity (Anton et al., 2008) compared with those prepared by other methods. 

Ultrasound generator causes ultrasound waves in liquid macroscopic dispersion, 

resulting in a succession of mechanical depressions and compressions, generating 

cavitation bubbles. This shock provides sufficient energy locally to form nanometric-

scale droplets. High-pressure homogenizer could decrease the internal phase droplet 
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size by forcing the macro-emulsion through narrow gaps by imposing high pressure. 

In general, high-energy emulsification methods present an advantage of directly 

controllable formulation parameters. However, high-energy methods may give rise to 

drug degradation or activity loss during processing. 

In the case of low-energy emulsification, a low quantity of energy is needed to 

generate nanoemulsions. The nanoemulsions may be obtained by diverting the 

intrinsic physicochemical properties of the surfactants, co-surfactants and excipients 

in the formulation. Two groups of method are used. The first one is spontaneous 

phenomenon, which uses the rapid diffusion of water-soluble solvent, solubilized first 

in the organic phase, moving towards the aqueous one when the two phases are 

mixed. This phenomenon is a result of initial non-equilibrium states of two bulk 

liquids when they are brought into contact without stirring. The second method is 

phase inversion temperature (PIT) method, which uses the specific properties of 

surfactants, usually polyethoxylated, to modify their affinity for water and oil as a 

function of temperature.  

Microemulsions are thermodynamically stable species with much smaller 

droplet diameter (less than 100 nm), and they are visually transparent or translucent. 

In addition to water phase, oil phase and surfactant, microemulsions contain a 

cosurfactant. The proportions of the components are chosen such that they are in a 

stable region of a phase diagram. Microemulsions could be formed spontaneously on 

mixing with little or no mechanical energy applied. However, the use of 

microemulsions was limited due to the toxicity concerns of high surfactant and 

cosolvent levels. 

Another technique used in emulsion scheme is self-emulsifying drug delivery 

system (SEDDS) which is oral dosage forms consisting of drugs, oils, surfactants and 

sometimes cosolvents. The system will spontaneously form an emulsion or 

microemulsion upon addition of water or dissolution in gastrointestinal tract and 

gentle agitation. This is due to the low oil-water interfacial tension arising from the 

high surfactant levels. SEDDS can provide an advantage of practical for oral use than 

the conventional emulsions as it is easy to be formulated into solid oral dosage form.   
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demethylation process, is bound by ITZ and the process is blocked. As a result, the 

impairment of ergosterol synthesis occurred leads to abnormalities in fungal 

membrane permeability, membrane-bound enzyme activity and the coordination of 

chitin synthesis (Gestel and Beule, 2001). 

Due to its lipophilicity, ITZ can tightly bound to blood cells and plasma 

proteins leaving only 0.2% of the unbound drug. ITZ also accumulates in tissues that 

are prone to fungal infection, such as skin, nails, lung, and female genital tract. The 

extensive protein binding of ITZ ensures that its concentration at the site of infection 

remains high. ITZ is metabolized primarily in the liver and produce more than 30 

metabolites. The major metabolite, hydroxyl-ITZ, also has antifungal activity. The 

terminal half-life of ITZ is approximately 20-24 hours after a single dose. The 

metabolites are eliminated through the bile and urine. The bioavailability of ITZ is 

known to be increased after a meal as compared with that found in the fasting state 

because the gastric acidity is needed for adequate dissolution. The bioavailability of 

ITZ relative to that after the full meal is 54% on an empty stomach and 86% after a 

light meal. However, its absolute bioavailability is only 56% under fed condition 

(Zimmermann et al., 1994). 

The commercial products of ITZ, Sporanox®, are produced by Janssens 

Pharmaceutica as capsules, oral solution, and intravenous formulation (Janssen-Ortho 

Inc., 2009). Sporanox® capsules contain ITZ coated on sugar spheres. Drug was 

layered onto the sugar beads by dissolving the drug and hydroxypropyl 

methylcellulose (HPMC) in an organic solvent of methylene chloride and ethanol. 

This solution upon coating (cosolvent evaporation) and controlled drying of coated 

beads produces a particulate dispersion of drug in HPMC that produces quickly 

dissolved drug upon reaching the stomach. Since the bioavailiability of poorly water-

soluble drugs can be influenced by interactions with food or by the physicochemical 

conditions in the gastrointestinal tract, Sporanox® capsules are commonly prescribed 

to be administered according to a fixed dosing schedule, especially, to be immediately 

taken after meals. The oral bioavailability of ITZ is maximum when Sporanox®

capsules are taken with a full meal. Oral solution and injection dosage form of ITZ as 

Sporanox® solution and injection, respectively, are prepared by complexation with -
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cyclodextrin (U.S. Food and Drug Asministration, 2007). However, the use of these 

preparations is limited due to side effect of norsea, vomitting and nephrotoxicity from 

-cyclodextrin (Willems et al., 2001). Moreover, Spherazole™, which is formulated 

by using bioadhesive polymer, was in the clinical trial since 2004 (Jacon et al., 2005). 

ITZ was classified in biopharmaceutics classification system (BCS) as a class 

II drug, which means that the drug has very poor water solubility but high 

permeability (Amidon et al., 1995). Therefore, the dissolution rate of ITZ is the rate 

limiting step of drug absorption in gastrointestinal tract. Several methods have been 

used to enhance solubility and oral absorption of poorly-dissolved drug, for examples, 

complexation (Sanghvi et al., 2007), solid dispersion (Chawla and Bansal, 2008), 

pharmaceutical salts (Engel et al., 2000), particles size reduction (Liversidge and 

Cundy, 1995), and alteration of crystalline state of drug substances (Nokhodchi et al., 

2005).  

2.3.2 Techniques used for enhancing oral absorption of ITZ

 There are many attempts to improve dissolution and absorption of ITZ. The 

formulation of solid dispersions is generally accepted as a method to enhance the 

dissolution characteristics of poorly water-soluble drugs. The distribution of drug in 

carrier, sometimes at molecular level, together with the enhanced wettability created 

by the carrier may increase both solubility and dissolution rate. 

Jung and colleagues (1999) prepared solid dispersion of ITZ by spray-drying 

method. ITZ is dispersed in various pH-independent and pH-dependent hydrophilic 

polymers, then tableting by wet granulation process. Solid dispersion of ITZ in 

aminoalkyl methacrylate copolymers (Eudragit® E100) and polyvinylacetal 

diethylaminoacetate (AEA®) shows about 250-time greater solubility over ITZ 

powder. Moreover, the drug dissolution rate is faster for solid dispersion system, with 

90% release within 5 minutes as compared to 5% determined for commercial product. 

In later study (Yoo et al., 2000) , the solid dispersion of ITZ in AEA® was brought to 

in-vivo study. The oral absorption of ITZ from solid dispersion tablets was determined 

in rats and rabbits and compared with that from Sporanox® capsules. Despite the rapid 

in-vitro release characteristics of ITZ from the prepared tablets, the in-vivo absorption 
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of ITZ is comparable to that of Sporanox® capsules, with no difference in Cmax, Tmax

and AUC in both animal species. 

 In another study by Rambali and coworkers (2003), ITZ is dispersed in 

hydroxypropyl- -cyclodextrin (HP- -CD) and HPMC by melt extrusion method. The 

optimal ITZ formulation consists of 40% (w/w) ITZ, 45% (w/w) HPMC and 15% 

(w/w) HP- -CD. In this ratio, solubility of ITZ in 0.1N hydrochloric acid can be 

improved about 11 times over the physical mixture formulation. 

 Solid dispersion of ITZ in HPMC was also studied by Verreck and coworkers 

(2003), using melt extrusion method. The results obtained from this study indicated 

that melt extrusion of ITZ and HPMC (40:60 by weight) shows an amorphous solid 

dispersion whereby the polymeric carrier prevents crystallization of the drug during 

cooling. Although the dissolution rate of ITZ prepared by this method significantly 

increases, another report by Six and coworkers (2003) revealed that these systems are 

not homogeneous. 

 Kollicoat IR® was evaluated as a carrier in solid dispersion of ITZ (Janssens et 

al., 2007). A rapid dissolution is obtained and supersaturation is maintained for a 

period of 4 hours. The miscibility of ITZ and Kollicoat IR® is sufficiently high for 

drug load up to 30%. However, an increase in crystallinity of Kollicoat IR® when 

exposed to heat and shear force during the extrusion process might be a drawback for 

the use of melting method to prepare solid dispersion. In the study of Overhoff et al. 

(2007), ultra-rapid freezing technique is used to prepare solid dispersion of ITZ in 

enteric polymers, hydroxypropylmethyl cellulose phthalate and Eudragit® L100. This 

method may solve the problem from heat occurred during production. 

 Although the use of solid dispersion has been reported, very few marketed 

product rely on the solid dispersion strategy. The main reason is physical instability of 

drugs, which are often metastable. The use of combined polymers in solid dispersions 

for ITZ was studied to fix this problem (Six et al., 2004). PVP A64 (copolymer of 

vinylpyrrolidone with vinylacetate), a fast-dissolved polymer, was combined with 

Eudragit® E100, a relative slow-dissolved polymer, in order to increase gas transition 

temperature of the system. However, there is no report about long-term stability of the 

solid dispersion prepared by this method. 
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 Solid dispersion can reduce drug particle size to nearly molecular level or 

transform the drug from crystalline to partially amorphous while in solid solution 

system, the drug is completely molecular disperse and drug has no crystal structure. In 

the study of Kapsi and Ayres (2001), various grades of polyethylene glycol (PEG) 

were used as a carrier for preparing ITZ solid solution. Bioavailability comparison of 

solid solution with Sporanox® was done in 12 healthy human volunteers. The average 

mean plasma concentration versus time curves obtained from both formulae under 

fasted and fed state are similar. However, average of individual Cmax for solid solution 

is higher than that seen in Sporanox®. These two formulations were not bioequivalent. 

 Salt formation is often used to increase the solubility and dissolution rate of 

poorly water-soluble drugs. Tao and coworkers (2009) prepared ITZ as 

dihydrochloride salt to improve solubility and dissolution rate of ITZ. 

Dihydrochloride salt formation can improve the solubility of ITZ in simulated gastric 

fluid. The solubility of ITZ is about 11 μg/mL in simulated gastric fluid at 37 ºC 

while its dihydrochloride salt shows 6 times more soluble than ITZ. However, in 

solubility study of ITZ dihydrochloride, bulk drug precipitates were observed. The 

dissolution rate of ITZ dihydrochloride is quite low, so -cyclodextrin ( -CD) was 

used as a disperser and solubilizer. The dissolution profile of ITZ dihydrochloride/ -

CD physical mixture is improved. More than 94% of ITZ dissolved from ITZ 

dihydrochloride/ -CD (1:3 by weight) while only 87.8% of ITZ dissolved from 

Sporanox®. Inclusion complexes between ITZ and -CD, were prepared as Sporanox®

solution and injection (U.S. Food and Drug Administration, 2007) but there is 

limitation for some patients because of side effects from -CD as mentioned above. 

 Nanoparticle formulation of ITZ for oral use was produced by Vaughn and 

coworkers (2006). Amorphous nanoparticulate ITZ compositions were produced 

using the particle engineering technology, spray freezing into liquid (SFL). The 

nanoparticles consisted of ITZ, PEG 8000, poloxamer 188, and sorbitan monooleate 

80 in a 1:1:2:1 ratio. ITZ and excipients were dissolved in an acetonitrile/ methylene 

chloride co-solvent system and atomized through a 63-μm polyether-ether-ketone 

(PEEK) nozzle via an HPLC pump at 20 mL/min below the surface of liquid nitrogen. 

The frozen nanostructured aggregates were then separated from the liquid nitrogen 
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and the solvent was removed by lyophilization. In-vivo study was carried on male 

Spague-Dawley mice. The pharmacokinetic parameters of ITZ in blood and in lung 

tissue from nanoparticles oral dosing, nanoparticles pulmonary dosing and Sporanox®

oral solution were compared. The Sporanox® oral solution serum concentrations were 

significantly greater than the other groups since first three days after administration. 

However, mortality of the mice associated with toxicity of the Sporanox® oral 

solution occurred on day seven of dosing. Moreover, it should be noted that no size 

and size distribution of the nanoparticles was observed in this study. 

 PLGA nanocapsules containing ITZ were prepared by solvent displacement 

technique (Prakobvaitayakit and Nimmannit, 2003). The accurate content of PLGA, 

benzyl benzoate, and ITZ were dissolved in a 10-mL acetone. The organic phase was 

added at a constant flow rate (0.3 mL/min) under mechanical stirring at 750 rpm to 25 

mL of an aqueous phase containing 0.25% of nonionic surfactant (Pluronic® F68). 

The resulting mixture turned milky instantaneously because of the formation of 

nanocapsules by interfacial polymer deposition. Acetone was removed by evaporation 

under vacuum. The effect of three components on particle size, the amount of ITZ 

entrapped in nanocapsules and encapsulation efficiency was observed by 23 factorial 

design. The concentration of PLGA, benzyl benzoate, and ITZ had significant effect 

on the particle size of the nanocapsules, and the amount of ITZ entrapped in the 

nanocapsules. The PLGA nanocapsules containing ITZ prepared by 10 μg/mL of 

PLGA, 16.94 μg/mL of benzyl benzoate and 1001.01 mg/mL of ITZ were the 

optimum formulation. The size range of nanocapsules in all formulation is between 

190 and 550 nm. However, there is no report about solubility or dissolution rate of 

ITZ from nanocapsules on this study. 

 To enhance the dissolution and oral absorption of ITZ, self emulsifying drug 

delivery system (SEDDS) composed of oil, surfactant and cosurfactant for oral 

administration was formulated (Hong et al., 2006). Homogeneous mixtures of 

Transcutol® and Pluronic®  L64 in varying ratios (Smix) were blended with tocopherol 

acetate in different weight ratios. ITZ was dispersed into the mixture of tocopherol 

acetate and surfactants to obtain a good blend of oil–Smix mixture at a liquid state. 

When this premicroemulsion reach the gastrointestinal tract, the emulsion will 

   ส
ำนกัหอ

สมุดกลาง



25

disperse. The size of self-emulsifying formulation after dispersed was also 

investigated. The smallest particle size of microemulsions (246 nm) was obtained at 

the 6:1 ratio of Smix to oil. Since ITZ is stable in acidic condition, all SEDDS 

formulations formed smaller particle in simulated gastric fluid than in simulated 

intestinal fluid. The advantage of SEDDS formulation over Sporanox® capsule was 

dissolution of ITZ in simulated intestinal fluid. While Sporanox® capsule can not 

dissolve in simulated intestinal fluid, the dissolution of ITZ from SEDDS formulation 

was not influenced by pH. Moreover, an in-vivo absorption study of ITZ loaded 

SEDDS was undertaken in male Spague-Dawley mice. The results showed that ITZ 

from SEDDS was rapidly dissolved regardless of food intake, while dissolution of 

ITZ from Sporanox® capsule was limited by lipidic food. 

 Recently, dissolution enhancement of ITZ prepared by a modified spray 

freezing into liquid process with template emulsion has been reported in the 2008 

AAPS Annual Meeting and Exposition (Chow et al., 2009). Oil-in-water emulsions 

containing ITZ was prepared by ultrasonication. ITZ and lecithin were dissolved in 

chloroform while sucrose stearate and polyvinylpyrrolidone (Plasdone® K17, K90, or 

VPVA) were dissolved in water phase. The emulsions were processed by spray 

freezing into liquid and then lyophilized to obtained dry powder. Characterization of 

the freeze-dried powder by scanning electron microscope revealed highly porous, 

nanostructured aggregated with particle sizes of 100-600 nm. The surface areas and 

area under dissolution curve of the powder were also increased, compared with 

crystalline ITZ. The results revealed that emulsion templates can be used for 

preparing nanosized particles with high surface area, which can improve the 

dissolution of ITZ. 

 Dissolution rate enhancement of ITZ by crystallization or precipitation has 

been reported. Evaporative precipitation of drug substance into aqueous solution 

(EPAS) is one of techniques used to precipitate ITZ. This technique can prepare 

submicron- to micron-sized drug particles stabilized by surfactants or polymers and 

dispersed in an aqueous medium. In the study of Sinswat and coworkers (2005), the 

organic solution consisted of ITZ and stabilizer dissolved in methylene chloride was 

sprayed through an atomizing nozzle into aqueous solution of hydrophilic stabilizer to 
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produce an aqueous dispersion. Then, the dispersion was centrifuged and the 

precipitate particles were lyophilized. The dissolution profile of ITZ EPAS powders 

was greater than that of the bulk ITZ. Especially, in the formulation using polysorbate 

80 and poloxamer 407 as the stabilizer, the dissolution of ITZ was very fast due to 

their absorption onto the particles surface. 

 Advanced evaporative precipitation into aqueous solution has been reported 

by Nagao and coworkers (2005). ITZ and lecithin were dissolved in methylene 

chloride while sodium deoxycholate was dissolved in water. Both phases were then 

emulsified to form an oil-in-water emulsion by sonicating at room temperature for 5 

minutes. The emulsion was injected into purified water maintained at 80 ºC. Different 

stabilizers were added to the aqueous receiving volume (polysorbate 80, poloxamer 

188, poloxamer 407 and PVP-K15). The ITZ nanoparticles produced by the emulsion 

templating and evaporative precipitation into aqueous solution process had a median 

diameter of 290 nm. However, the solubility and dissolution profile of these 

nanoparticles have not been yet reported. 

 Gas anti-solvent technique is another technique used to increase the 

dissolution rate of poorly water-soluble drug. A dense gas is a fluid above or near its 

critical point and includes both supercritical and subcritical conditions. The main 

advantages of using dense gas technology in pharmaceutical processing are reduction 

of solvent used, subsequent reduction in residual solvent levels in the final product 

and ability to create particles with a small particle size distribution. In the study of 

Barrett and coworkers (2008), dense gas anti-solvent techniques, namely the gas anti-

solvent process and aerosol solvent extraction system, were used to produce ITZ and 

ITZ/PEG composite. The precipitation of ITZ by both methods did not show 

significant effect on the particle morphology of the drug. Coprecipitation of ITZ with 

PEG showed two different types of particle precipitated. Firstly, there were the 

rectangular prism-shaped particles similar to that formed by the dense gas 

precipitation of ITZ. Secondly, there were semi-spherical shaped particles of PEG. 

The SEM image suggests that the coprecipitation of the drug and polymer resulted in 

two compounds being precipitated separately. However, the crystallinity of ITZ was 

lost after precipitated, suggesting that there is some shift towards the processed drug 
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being amorphous. The particle size of ITZ produced by gas anti-solvent processes was 

significantly affected by the choice of solvent, the operating temperature, pressure and 

choice of process. The smallest average crystal size was decreased from 13.8 μm in 

ITZ powder to 6.9 μm. The dissolution rate of ITZ was also improved when PEG was 

used as coprecipitant. However, the increased dissolution of ITZ may be due to PEG 

residuals in the precipitation process.  

 Two methods for preparing polymorph of ITZ were reviewed in U.S. patent 

(Werling et al., 2007). In method A, ITZ was first dissolved in the water miscible 

solvent to create a first solution. The drug can be added from about 0.1% w/v to about 

50% w/v depending on the solubility of the drug in the first solvent. Heating of the 

concentrate from about 30 °C to about 100 °C may be necessary to ensure total 

dissolution of the compound in the first solvent. A second aqueous solution was 

provided with one or more optional surface modifiers such as surfactant or biological 

surface active molecule. The first solution was then added to the second solution. 

Typically, for a small-scale laboratory process (preparation of 1 liter), the addition 

rate is from about 0.05 mL/min to about 10 mL/min. During the addition, the 

solutions should be under constant agitation. It has been observed using light 

microscopy that amorphous particles, semi-crystalline solids, or a supercooled liquid 

were formed to create a pre-suspension on this step. Then, energy was added through 

sonication, homogenization, counter current flow homogenization, microfluidization, 

or other methods of providing impact, shear or cavitation forces. Method B differs 

from Method A that a surfactant or combination of surfactants was added to the first 

solution.  

A crystalline polymorph of ITZ obtained from these methods gave the x-ray 

diffractogram that can be characterized by peaks at values of 2  of approximately 7.3, 

19.9, 21.9, 26.1, and 32.2 degree, while the x-ray diffraction peak at values of two 2

of formal ITZ was at 17.45 and 17.95 (doublet), 20.30, and 23.45 degree. Moreover, 

the authors also revealed that the particle size of the new polymorphic form ITZ was 

reduced to nanosize while the size of formal ITZ powder was vary from 2 to 70 μm 

(Barrett et al., 2008). 
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Another U.S. patent disclosed an amorphous form of ITZ exhibiting an 

improved solubility. The amorphous form was prepared by dissolving ITZ in an 

organic solvent followed by dissolution-induced drying of the mixture with a spray 

dryer, fluid-bed granulator, or a centrifugal granulator. The amorphous particles 

formed by this process had a particle diameter of 0.5 to 10 m and exhibited an 

improved bioavailability (Cha et al., 2002). 
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3.1 Introduction 

Crystallization is concerned with the evolution from solution or melt of 

crystalline state (Blagden et al., 2007). The formation of crystals consists of 

nucleation and crystal growth. Nucleation is the molecular assembly process, in which 

the molecules of the particular element start combining together. Nucleation occurs 

via the formation of small embryos of the new phase inside the large volume of the 

metastable old phase. Nucleation can occur with or without foreign substance, so 

called homogeneous and heterogeneous, respectively (Fievet et al., 1989). 

Homogeneous nucleation will take place when there is no special object inside a 

phase which can cause nucleation. For instance, the nucleation can be created by 

slow-moving atoms bonding together when the temperature is decreased. On the other 

hand, heterogeneous nucleation occurs when there are objects inside a phase which 

can cause nucleation, including the scratching on the sides and bottom of glassware. 

Normally, heterogeneous nucleation can occur more rapid since the foreign objects 

act as a scaffold for the crystal to grow on. 

Once the nucleation has been achieved, crystal growth is the dominated 

process, leading to evaluation of the embryonic crystals into a crystal form of defined 

size and shape. A morphology can be geometrically constructed by drawing planes 

with an orientation {h k l} having a distance from the origin proportional to the 

growth rate. The central volume enclosed by the set of planes is the growth form. A 

face with larger growth rates is positioned far from the origin, and thus its surface area 

will be small. In contrast, a face with a small growth rate will be closed to the origin 

and have a large surface area. This means that the morphology is determined by the 

slowest growth faces (Horst et al., 2001). The factors influencing the crystal size and 

shape are the crystal lattice of the molecular solids and solvent and additive presented 

in the system. The solvents used in crystallization strongly affect the habit of 

crystalline material. However, the role played by solvent interactions in enhancing or 

inhibiting crystal growth is still not completely understood (Lahav and Leiserowitz, 

2001). The mechanism of solvent affecting crystal growth and morphology is 

explained by Bennema and coworkers (1973). They proposed that  favorable 

interactions between solute and solvent on specific faces leads to reduced interfacial 
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tension, causing a transition from the smooth to a rough interface and a concomitant 

faster surface growth. In contrast, preferential adsorption at specific faces can inhibit 

their growth as removal of bound solvent acts as additional energy barrier for 

continued growth. 

The difference in crystal faces affects the nature of each crystal habit which 

influences the wettability and subsequent dissolution of a drug (Heng et al., 2006). A 

number of examples in the literature demonstrated the effect of crystal morphology on 

in-vitro dissolution rate, with potential for improving bioavailability. Adhiyaman and 

Basu (2006) reported that the dissolution enhancement of dipyridamole correlates to 

alteration of the drug habit by crystallization using different solvents, additive and 

crystallization conditions. The dissolution rate of rod-shaped particles crystallized 

from benzene is notably more rapid than that of rectangular needle-shaped crystals 

produced using methanol. The effect of crystal habit on tolbutamide dissolution was 

also suggested (Keraliya et al., 2010) The smallest particle size, plate-like shape 

crystals adopted from solvent-change method using methanol and ethanol show 

higher dissolution rate. The additives in crystallization processes are found to affect 

the crystal habit and dissolution of carbamazepine due to increasing of wettability of 

drug particles (Nokhodchi et al., 2005). The change in surface area was also reported 

to enhance the dissolution of phenytoin without changing of drug polymorphism 

(Nokhodchi et al., 2006).  

 Crystallization can also cause the changing in internal structure of a 

compound, leading to polymorphism. The addition rate and initial concentration are 

important factors affecting the nucleation of the crystals, leading to development of 

polymorph and solvate (Kitamura and Sugimoto, 2003). However, there is only one 

thermodynamical stable phase for a pressure and temperature. Metastable crystalline 

phase will often transform to the stable phase. In general, the solubility of the 

metastable forms will be higher than that of the stable form (Bennema et al., 2008). 

There are numerous reports demonstrating the influence of polymorphic and 

crystalline form on dissolution rate and oral bioavailability of drugs, e.g., 

carbamazepine (Kobayashi et al., 2000; Tian et al., 2007), phenobarbital (Kato et al., 

1984) and spinorolactone (Salole and Al-Sarraj, 1985).  
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Many crystallization methods have been used in pharmaceutical sciences, i.e., 

melt crystallization (Chung et al., 2011), cooling crystallization (Nokhodchi et al., 

2005), anti-solvent crystallization (Di Martino et al., 2007) gas anti-solvent 

crystallization (Barrett et al., 2007) and evaporative crystallization (Tian et al., 2009). 

In this Chapter, the cooling and anti-solvent crystallization are demonstrated. 

 Cooling crystallization is one of the most common crystallization is in which 

supersaturation is generated by decreasing of the temperature. Cooling crystallization 

occurs when a solution containing solute is cooled at a constant concentration of 

dissolved crystals. Figure 2 demonstrates the phase diagram of cooling and anti-

solvent crystallization. Once the solubility curve is crossed, crystallization can occur. 

A similar process occurs for anti-solvent crystallization, instead of cooling the system, 

anti-solvent is added to the original solvent. Sometimes the dissolved compound fails 

to crystallize from the solvent on cooling. In this case, the crystallization can be 

induced by add a small crystal of the desired compound, so called a seed crystal, to 

the solution (Widenski et al., 2009). 

Figure 2 Phase diagram for unseeded batch cooling and anti-solvent 

crystallization (Brown and Ni, 2011). 
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The rate of temperature decreasing affects the solubility curve and also crystal 

properties (Widenski et al., 2009). Faster cooling rate provides smaller size of crystal 

(Nokhodchi et al., 2003; Abidin et al., 2009) due to incomplete growth of a large 

number of small crystals. This pretends larger surface area and may cause higher 

solubility. Both yield and purity from the slower cooling is higher compared to that 

from the faster cooling. The main advantage of the cooling crystallization is no 

additional material needed, avoid impurities and low operating cost.  

 In the anti-solvent crystallization, so-called drowning-out crystallization, a 

secondary solvent known as anti-solvent or precipitant is added to the solution, 

resulting in the reduction of the solubility of the solute in the original solvent and 

consequently generating a supersaturation driving force (Mostafa Nowee et al., 2008). 

Many studies reported the effect of various operating conditions. The different 

concentrations of aqueous and anti-solvent solutions affect crystal shape and 

distribution (Takiyama et al., 1998). The rate of supersaturation generation in anti-

solvent crystallization is highly dependent on the anti-solvent addition rate. Both 

supersaturation and solvent composition are also important factors affecting crystal 

size and habit. Holmback and Rasmuson (1999) reported that a decreased mean 

particle size of benzoic acid correlates with an increased rate of supersaturation 

generation. At the constant feed rates, high initial bulk concentration causes the 

formation of small platelets while long needle-shaped particles are found in case of 

low initial bulk concentration. However, when the supersaturation level is very high, 

agglomeration occurs (Takiyama et al., 1998). Yu and coworkers (2005) also 

suggested that high feeding rate causes more fines and a higher degree of 

agglomeration, which can be disrupted by elevation of agitation. 

The advantage of anti-solvent crystallization method includes the use of low 

operation temperature, which is important for thermal sensitive products. Another 

advantage is that the solvent composition also changes significantly, hence, this 

approach can have more profound effect on the crystal morphology or polymorphic 

form than the case of the cooling crystallization (Nagy et al., 2008). Disadvantages of 

the anti-solvent crystallization approach include the higher supersaturation gradients 

within the solution in larger scale systems, the additional costs associated with the 
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solvent separation and the larger capital costs required due to the often higher 

operating volumes. Moreover, this method is highly dependent on mixing, which the 

poor mixing regime exists, high local supersaturation at anti-solvent induction zone 

occurs, leading to extra-primary nucleation and consequently resulting in fine crystal 

particle formulation that easily tends to agglomerate (Takiyama et al., 1998). 

3.2 Experimental methods 

3.2.1 Materials  

 Itraconazole (ITZ) used in this study was purchased from Nosch Labs Private 

(India). Chloroform (lot number K40141945 924, Merck, Germany) and methylene 

chloride (lot number D3056-1-2501 94556-1112, QReC, New Zealand) were used as 

crystallizing solvent in halide group while methanol (lot number I520407 004, Merck, 

Germany), ethanol (lot number R:11S:1-16, Liquor Distillery Organization, 

Thailand), and isopropanol (lot number K40861440 010, Merck, Germany) were used 

as crystallizing solvent in alcohol group. Polyethylene glycol (PEG) 200 (lot number 

1294947 51807087) and PEG 400 (lot number 1366280 34407P06) were from Fluka 

(Germany). Distilled water was used as an anti-solvent in recrystallization of ITZ 

from alcohols and PEGs while hexane (lot number 09 08 1092, Labscan, Thailand) 

was used as an anti-solvent for water-immiscible solvents. 

3.2.2 Solubility studies 

 Solubility of ITZ was determined in water and various solvents by adding ITZ 

in 1 mL of a pure solvent in Pyrex culture tubes. The drug suspension was 

equilibrated at 25 °C in a thermostatically controlled bath for 48 hours. After 

equilibration, the tubes were centrifuged at 3,500 rpm for 15 minutes and the clear 

supernatants were analyzed for ITZ with high performance liquid chromatography, 

HPLC (Agilent, USA) using AlltimaTM C18 column (5 μm, 4.6x250 mm) (Alltech, 

Italy). The mobile phase consist of 63:37:0.05 acetonitrile:water:diethylamine 

adjusting pH to 2.45 with phosphoric acid and was filtered through a membrane filter 

(0.22 μm), and degassed in a sonicator bath before use. The flow rate was 1.0 

mL/minute, and the UV detection wavelength was 263 nm. 
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3.2.3 Recrystallization of ITZ 

ITZ was recrystallized by two methods in order to alter crystal habit or 

crystalline state of the drug.  Three groups of solvents, that is, alcohols (methanol, 

ethanol and isopropanol), polyethylene glycols (PEG 200 and PEG 400) and halide 

solvents (chloroform and methylene chloride) were used.  

3.2.3.1 Cooling crystallization 

ITZ was recrystallized in three groups of solvents as described above. 

Supersaturation was achieved by changing the solution temperature. An appropriate 

drug amount was dissolved in a particular solvent volume at 40.0±0.5 °C. Solution 

was cooled in water bath to 10.0±0.5 °C under continuous stirring, at the cooling rate 

of about 0.25 °C/minute. Crystals were recovered by vacuum filtration, washed with 

distilled water for three times, dried at room temperature for 24 hours, and then kept 

in a desiccator.  

3.2.3.2 Crystallization by anti-solvent addition. 

A solution of ITZ was supersaturated by adding an anti-solvent to reduce the 

solubility of the drug in the solution. The anti-solvent should be miscible with the 

solvent at any proportion, and the solute should be relatively insoluble in it. Thus, for 

this method, two anti-solvents were selected. Hexane is used when solvent used in 

recrystallization is water-immiscible. Distilled water is used in the case of water-

miscible solvents. An appropriate drug amount was dissolved in a particular solvent 

volume at 40.0±0.5 °C. Crystallization was started in the warm solution, maintained 

under continuous stirring, by adding an anti-solvent in a ratio of 2:1 (anti-solvent: 

ITZ) solution. After beginning of crystallization, the liquid was cooled down to 

10.0±0.5 °C under continuous stirring. Then, the crystals were filtered, dried and kept 

in the same conditions as mentioned above. 

3.2.4 Morphology examination 

 ITZ crystals were investigated by a scanning electron microscope (SEM; 

Maxim-2000, CamScan Analytical, England), under an accelerating voltage of 15 

keV. Crystal samples were fixed on SEM stubs with double-sided adhesive tape and 

then coated in a vacuum with thin gold layer before investigation. 

   ส
ำนกัหอ

สมุดกลาง



36

3.2.5 Surface area measurement 

Crystal samples were degassed for at least 3 hours at 200 °C under a light 

vacuum (0.013 Torr) to remove physisorbed material such as water from the particle 

surface. Nitrogen gas adsorption and desorption isotherms were collected using a 

surface area analyzer (Nova 2000e, Quantachrome, USA) at 77 K. The specific 

surface area was calculated using Brunnaur, Emmett and Teller (BET) theory, for 

three to five adsorption points in the relative pressure range of 0.05 to 0.30 using 

ultrahigh-purity nitrogen (cross-sectional area 16.2 Å2) as the adsorbate. 

3.2.6 Differential scanning calorimetry (DSC)  

The thermal properties of ITZ after treatment in various conditions were 

observed by a Sapphire DSC (Perkin Elmer, Germany). An acculately weighed 

amount of sample was placed inside standard crimped aluminum pan and heated from 

25 to 250 °C at a heating rate of 10 °C/minute under 30 mL/minute nitrogen flow. 

3.2.7 Powder x-ray diffractometry (PXRD)

Powder x-ray diffraction (PXRD) analysis was used to investigate the effect of 

recrystallization condition on the crystalline state of ITZ. PXRD patterns of ITZ 

crystals were obtained using the x-ray diffractometer (JDX-3530, JEOL, Japan) at 30 

kV, 40mA over the range of 5° - 40° 2  by the scanning speed of 2 degree/minute 

using Cu K  radiation wavelength of 1.5406 Å. 

3.2.8 Dissolution test

Dissolution studies of ITZ crystals were performed in triplicate at 37±0.5 °C 

employing USP apparatus I (basket, 100 mesh) with a speed of 100 rpm (DT70, 

Erweka, Germany). The dissolution medium, simulated gastric fluid (SGF), was 

prepared by dissolving 2 g of sodium chloride and 7 mL of hydrochloric acid into 

distilled water and adjusting volume to 1000 mL, pH to 1.2. ITZ crystals of 0.3 mg 

were used to ensure the sink condition in dissolution medium. Samples were 

withdrawn from the dissolution vessels at 5, 10, 20, 30, 60, 90, and 120 minutes and 

passed through 0.45-μm cellulose membrane. Then, the analysis of ITZ content was 

done by high performance liquid chromatography (HPLC) assay. 
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3.2.9 High performance liquid chromatography (HPLC) assay 

After dissolution test, the sampling medium was immediately analyzed by 

HPLC (JASCO PU-2089plus quaternary gradient inert pump, and a JASCO UV-

2070plus multiwavelength UV–vis detector, Jasco, Japan) at a wavelength of 263 nm 

using a Cosmosil 5C18-MS-II (4.6x250 mm) column. The system was operated under 

isocratic flow at 1 mL/minute using a mobile phase consisting of acetonitrile:water: 

diethylamine, 63:37:0.05 (v/v), adjusting pH to 2.45 with phosphoric acid and was 

filtered through a 0.22-μm membrane filter, and degassed in a sonicator bath before 

use. Samples collected from dissolution test were injected in the volume of 100 μL. 

Data were collected and analyzed by ChromNav program (Jasco, Japan). The 

retention time of ITZ was approximately 5 minutes. 

3.3 Results and discussion 

3.3.1 Solubility of ITZ in various solvents 

 ITZ has very low solubility in water. This is because the predominant 

nonpolarity of the drug molecules. ITZ cannot effectively break into the lattice 

structure of water, hence, the solubility of the drug in deionized water was only 2.8 

μg/mL, as shown in Table 1. Solubility of ITZ was found to be fairly high in 

methanol and PEGs. Among alcohols, solubility decreased with increasing chain 

length while in the PEG group, increasing of chain length increased solubility of the 

drug. Very high solubility of ITZ has been observed in organic solvents, i.e., 30,720, 

28,400, and 18,600 μg/mL for chloroform (CHCl3), methylene chloride (CH2Cl2), and 

carbontetrachloride (CCl4), respectively.  
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Table 1 Solubility of ITZ in various solvents (n=3). 

Type of solvent Solubility of ITZ (μg/mL) 

Deionized water 

SGF 

2.8* 

5* 

Hexane (C6H14) 440* 

PEG 400 347±3 

PEG 200 560±14 

Isopropanol (C3H7OH) 96±4 

Ethanol (C2H5OH) 
Methanol (CH3OH) 

Methylene chloride (CH2Cl2) 

Chloroform (CHCl3) 

380±7 
745±35 

28,400±792 

30,720±226 

 * n = 1 

Polarity of the solvent is an important factor governing the solubility of the 

drug. However, it is not the only factor involved. Among alcohols, solubility did not 

increase with a decrease in polarity. At 25 °C, dielectric constants of methanol, 

ethanol and isopropanol are 33.77, 24.35 and 19.45, respectively (Wohlfarth, 2008a, b 

and c). The solubility was maximum in methanol and decreased with an increase in 

the chain length of alcohol. This effect indicated that the ability of the solvent to form 

hydrogen bonds with hetero-atom in the drug molecule is another important factor 

that influenced solubility of the drug in alcohols (Seedher and Bhatia, 2003). As the 

alkyl chain length in alcohols increased, their ability to form hydrogen bonds with the 

drug molecules decreased especially, for alcohol with branched methyl group, hence, 

the solubility decreased (Aida et al., 2010). For the same reason, in case of PEGs, 

even though the polarity of PEG is less than ethanol (Sengwa et al., 2000), the 

solubility of the drug could be higher because of extensive hydrophobic interactions 

with the solvents of long nonpolar part in PEG molecules. 

3.3.2 Crystal morphology 

 ITZ crystals were columnar in shape with a wide range of size, between 5 and 

20 μm (Figure 3). After recrystallization, the crystal morphology was changed 
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depending on both types of solvent and recrystallization methods. Figure 4 shows the 

morphology of ITZ crystals obtained from cooling crystallization. 

Figure 3 SEM image of untreated ITZ crystals. The magnification is 1000×. 

Supersaturation in cooling crystallization process is a result from decreasing of 

the solution temperature. During the cooling process, nucleation occurred and solute 

molecule could rest on the crystal surface. After the cooling crystallization process, 

there was no crystal observed from the PEG 200 and PEG 400 systems. This may be 

due to lack of nucleation occurred in PEG in the crystallizing temperature (Swanson, 

1977).  The influence of crystallization solvent on habit modification of ITZ crystals 

was clearly shown. Cooling crystallization process in methanol (Figure 4a) and 

ethanol (Figure 4b) provided needle-shaped crystals. The use of isopropanol (Figure 

4c), which has lower polarity, as crystallizing solvent resulted in larger irregular 

needle-shaped crystals. Using methylene chloride and chloroform as crystallizing 

solvent provided different crystal habits. Small plate-shaped crystals were obtained 

from cooling crystallization in methylene chloride (Figure 4d) but the thin needle-

shaped crystals were obtained after crystallization in chloroform (Figure 4e). 

Comparing SEM images of crystals obtained from chloroform with those obtained 

from other solvents, the crystal shape of ITZ was significantly changed to the plate 

shape, which is quite different from the previous needle shape. The variation in face 
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dimension or the appearance or disappearance of some faces could be the cause of 

change in morphology of ITZ crystals using different solvents in recrystallization 

(Lahav and Leiserowitz, 2001). The results also showed the difference in size of 

recrystallized crystals compared to the untreated ITZ. 

                 

                                                   

                       

Figure 4 SEM images of ITZ crystals obtained from cooling crystallization in 

(a) methanol, (b) ethanol, (c) isopropanol, (d) methylene chloride, and 

(e) chloroform. The magnifications are 1000×. 

   

(a) (b) 

(c) 

(d) (e) 

10 μm 
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 The morphology of ITZ crystals obtained from anti-solvent addition method is 

shown in Figure 5. For crystallization by anti-solvent addition in alcohols, higher 

polarity alcohol tended to provide more flaky crystal than lower polarity one. In 

methanol, the crystals became plate-like (Figure 5a) while in other alcohols, ITZ 

crystals turned to needle shape with more flakes (Figures 5b and 5c). Anti-solvent 

crystallization of ITZ in methylene chloride resulted in long and thin needle-shaped 

crystals (Figure 5d). Using chloroform as crystallizing solvent, irregular shape and 

flaky crystals were observed (Figure 5e), similar to those in the case of using PEGs 

(Figures 5f and 5g). 

The growth of one set of crystal faces can be inhibited or the other set of faces 

can be induced to grow faster when particular solvents are used (Lahav and 

Leiserowitz, 2001). In this study, using higher polarity alcohol tended to provide the 

plate-shaped crystals while needle-shaped crystals occurred when using the lower 

polarity one. This can be explained by the interaction between the solvent molecules 

and different crystal faces, which is believed to change the crystal morphology 

(Berkovitch-Yellin, 1985). It is suggested that polar solvents were adsorbed by polar 

faces and non-polar solvents by the non-polar faces. Since the interaction of methanol 

is stronger than isopropanol, the growth of crystal from the polar faces was more 

inhibited and the crystal growth was continued from other sides (Nokhodchi et al., 

2003). 
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Figure 5 SEM images of ITZ crystals obtained from anti-solvent addition 

crystallization in (a) methanol, (b) ethanol, (c) isopropanol, (d) 

methylene chloride, (e) chloroform, (f) PEG 200, and (g) PEG 400. 

The magnifications are 1000×. 

(a) (b) 

(c) 

(d) (e) 

(f) (g) 
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3.3.3 Surface area 

 Reduction of particle size or increase in surface area of the drug is a widely 

used method to increase dissolution rates, under the Noyes-Whitney equation 

(Equation 2.1). The surface area of ITZ crystals is shown in Table 2. The untreated 

ITZ provided the lowest surface area of 4.17 m2/g while all processed crystals showed 

an increase in the surface area. The crystals prepared by anti-solvent crystallization in 

PEG 200 demonstrated the highest surface area of 524.90 m2/g, which is 125-fold 

higher than the untreated ITZ. Therefore, the improvement of ITZ dissolution by anti-

solvent recrystallization in PEG 200 is expected. The crystals obtained from cooling 

crystallization were not included in this study due to the very low amount of crystal 

samples. 

Table 2 Surface area of ITZ crystals. 

Method Surface area (m2/g) 

Untreated ITZ 4.17 

Methanol anti-solvent 12.22 

Ethanol anti-solvent 8.60 

Chloroform anti-solvent 12.59 

Methylene chloride anti-solvent 

PEG 200 anti-solvent 

PEG 400 anti-solvent 

9.43 

524.90 

24.03 

3.3.4 Thermal properties of ITZ crystals 

The polymorphs always have different levels of thermodynamics stability and 

an unstable, so called metastable form, can melt at a temperature less than the melting 

point of stable form (Bennema et al., 2008). Therefore, the DSC was used as primary 

screening of ITZ polymorph that may be occurred during crystallization. Figures 6 

and 7 show the DSC thermograms of ITZ crystals recrystallized by cooling 

crystallization and anti-solvent addition, respectively.  
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Figure 6 DSC thermograms of ITZ crystals recrystallized by cooling 

crystallization; (a) untreated ITZ, ITZ recrystallized from (b) methanol, 

(c) isopropanol, (d) methylene chloride, and (e) chloroform. 

An endothermic peak of untreated ITZ appeared at approximately 168 °C 

indicating the melting point of the drug (Figures 6a and 7a). It should be noted that 

the DSC thermogram of all crystals showed only small variation. According to the 

study of Viseras and coworkers (1995), changes of more than 2 degrees in peak 

temperatures are usually associated with new crystalline forms or extreme changes in 

the growth of crystals. Therefore, the crystal obtained by this method may not provide 

significant change in crystalline form.  
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Figure 7 DSC thermograms of ITZ crystals recrystallized by anti-solvent 

addition; (a) untreated ITZ, ITZ recrystallized from (b) methanol, (c) 

ethanol, (d) isopropanol, (e) methylene chloride, (f) chloroform, and 

(g) PEG 400. 

The onset melting temperature and enthalpy ( H) of recrystallized ITZ 

crystals are given in Table 3. It is observed that there was a noticeable reduction in the 

enthalpy of the obtained crystals in comparison with untreated ITZ. Crystals obtained 

from crystallization by anti-solvent addition in methanol showed the lowest enthalpy 

of 92.63 J/g along with a lower onset temperature. A decrease of onset melting 

temperature of the obtained crystals may be due to the decreasing of drug crystallinity 

or residual solvent presented as impurities in the drug crystal. 

From the results, it is clear that there are alterations of thermal properties of 

ITZ crystals recrystallized by various solvents and conditions. To check the drug 

polymorphism, PXRD was used (discussed later). Due to very low yield obtained and 

very high amount of solvent required in preparation of drug crystals by cooling 

crystallization, it may be not practical to use in pharmaceutical industry. Therefore, 
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the experiments on this technique were excluded. The further experiment focused on 

anti-solvent addition technique which could alter crystal habit and also yield high 

amount of crystals. 

Table 3 Onset melting temperature and enthalpy of ITZ crystals (n=3). 

  

Onset melting 

temperature (ºC) 

Enthalpy,  

H (J/g) 

ITZ untreated 166.47 ± 0.96 125.60 ± 19.11 

Methylene 

chloride 

Cooling crystallization 164.93 ± 0.74 109.70 ± 19.86 

Anti-solvent addition 165.27 ± 0.33 108.73 ± 8.10 

Chloroform 
Cooling crystallization 163.47 ± 0.34 122.33 ± 6.16

Anti-solvent addition 165.83 ± 0.04 119.37 ± 22.67 

Methanol 
Cooling crystallization 160.77 ± 0.38 119.33 ± 16.05 

Anti-solvent addition 162.80 ± 0.08 92.63± 11.56 

Ethanol 
Cooling crystallization N/A N/A 

Anti-solvent addition 163.67 ± 0.33 108.33 ± 6.27 

Isopropanol 
Cooling crystallization 166.00* 128.00 

Anti-solvent addition 162.27 ± 1.03 100.20 ± 4.14 

PEG 200 
Cooling crystallization N/A N/A 

Anti-solvent addition 164.53 ± 0.19 107.00 ± 7.18 

PEG 400 
Cooling crystallization N/A N/A 

Anti-solvent addition 161.83±0.87 110.33±10.68 

N/A = not applicable 

Note: * only one measurement was performed according to limited amount of 
samples. 

3.3.5 Crystalline state of ITZ crystals 

Figure 8 shows the PXRD pattern of untreated ITZ crystals. There are many 

peaks associated with crystallinity. However, the most intense peak was located at the 

same position of ITZ reported in the previous study (Overhoff et al., 2007) in which 
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the PXRD peaks at values of 2  were at 17.45 and 17.95 (doublet), 20.30, and 23.45. 

A polymorphic form of ITZ was proposed in 2007 (United States Patent 7,193,084 

B2). A crystalline polymorph of ITZ obtained from this study demonstrated the 

PXRD pattern that could be characterized by peaks at values of 2  of approximately 

7.3, 19.9, 21.9, 26.1, and 32.2. 

Figure 8 Powder x-ray diffraction pattern of untreated ITZ crystals. 

  

Even though DSC thermograms of recrystallized ITZ showed the shift of the 

onset melting temperature, indicating the possible polymorphic formation, the PXRD 

patterns of these crystals were not different from that of untreated ITZ. The PXRD 

patterns still showed the sharp peaks with straight base lines referred to crystallinity. 

However, a decrease in intensity was observed in case of anti-solvent addition 

crystallization using alcohols and PEGs as primary solvent, as shown in Figures 9 and 

10, respectively. This may be due to the decreasing of crystallinity of ITZ or the 

presenting residual solvents. However, the residual PEGs was not found according to 

the PXRD patterns in the Figure 10. 
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Figure 9 Powder x-ray diffraction patterns of ITZ crystals recrystallized by anti-

solvent addition; (a) untreated ITZ, ITZ recrystallized from (b) 

methanol, (c) ethanol, and (d) isopropanol. 

Figure 10 Powder x-ray diffraction patterns of ITZ crystals recrystallized by anti-

solvent addition; (a) untreated ITZ, ITZ recrystallized from (b) PEG 

200, (c) PEG 400 and (d) untreated PEG. 
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The PXRD patterns of ITZ crystals recrystallized by anti-solvent addition 

using methylene chloride (Figure 11b) and chloroform (Figure 11c) as the 

crystallizing solvent showed high intensity and sharp peaks similar to untreated ITZ, 

indicating no change in the polymorphism. It is suggested that, in these cases, only the 

change in crystal habit occurred. 

Figure 11 Powder x-ray diffraction patterns of ITZ crystals recrystallized by anti-

solvent addition; (a) untreated ITZ, ITZ recrystallized from (b) 

methylene chloride and (c) chloroform. 

3.3.6 Dissolution properties 

Calibration curve of ITZ was obtained by plotting the concentration of ITZ 

standard solution versus the peak area.  The calibration curve was found to be a 

straight line with coefficient of determination (r2) of 0.9997.  Beer’s law was obeyed 

and presented as Equation 3.1:
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y = 198127 x + 1705.8                        (3.1) 

where y was the peak area and x was the concentration of ITZ (ng/mL).

The dissolution of untreated ITZ was about 6% in 2 hours while most of the 

prepared crystals showed a higher drug dissolution. Crystals obtained from anti-

solvent crystallization using PEG 200, which provided the highest surface area, 

showed the highest drug dissolution of about 10%. The amount of drug dissolution 

from anti-solvent addition could be ranked as PEG 200 > methanol > chloroform > 

PEG 400 > isopropanol > ethanol > methylene chloride. The amount of drug 

dissolution from anti-solvent addition using methylene chloride was less than that of 

untreated drug. This may be due to reduction of melting point, enthalpy and also the 

change in surface area and morphology of the crystals.  

Figure 12  Dissolution profiles of ITZ crystals obtained from anti-solvent addition 

crystallization. 
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 The relationship between dissolution rate and enthalpy of the crystals obtained 

from various conditions is demonstrated in Figure 13. Decreasing of enthalpy tended 

to increase the drug dissolution. However, deviation is found for crystals with high 

enthalpy which showed a large amount of drug dissolution. The non-related 

dissolution and enthalpy is demonstrated as (*) and (**) in Figure 13, which 

represented the crystals obtained from anti-solvent addition using isopropanol and 

PEG 200 as the crystallizing solvent, respectively. The amount of drug dissolution 

from crystals obtained from anti-solvent additon using PEG 200, which is plate-

shaped and high enthalpy, were more than those from anti-solvent additon using 

isopropanol, which is needle-shaped and lower enthalpy. Small flaky, plate-like 

crystals providing more surface area leaded to a higher drug dissolution, than a larger 

needle- or blade-like crystals. Keraliya and coworkers (2010) also reported the 

influence of crystal morphology on dissolution of tolbutamide crystals. The crystals 

with small plate-like shape showed higher dissolution rate than the large crystals with 

needle, cubic, and prismatic crystal habits. 

Figure 13 Relationship between dissolution rate and enthalpy of the crystals 

obtained from various conditions. (Deviation is observed for the 

crystals obtained from anti-solvent addition using isopropanol (*) and 

PEG 200 (**).)
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3.4 Conclusions 

 Different crystal habits of ITZ were prepared by cooling crystallization and 

anti-solvent addition techniques using various crystallizing solvents. There was no 

polymorphic form of ITZ observed from PXRD pattern, therefore, the change of 

crystals may result from the alteration of crystal habit and enthalpy. Dissolution rates 

of the crystals were also influenced by crystal habit and enthalpy. The dissolution 

rates of recrystallized ITZ showed almost linear relationship with the enthalpy, 

however, some exceptions were found. Although the enthalpy of the crystals prepared 

from anti-solvent addition using PEG 200 was high, they could enhance the drug 

dissolution by 2 folds, compared to the untreated ITZ, which was the highest amount 

in this study. This may be due to their small plate-like morphology which could 

provide high surface area. Thus, the dissolution of the drug could be enhanced more 

than larger crystal habit. Recrystallization is a promising technique to alter 

physicochemical properties of the poorly water-soluble drugs. The change of 

recrystallizing methods and conditions also alters the properties of drug crystals.
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CHAPTER 4 

Dissolution enhancement of itraconazole by evaporative recrystallization 
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4.1 Introduction

Evaporative crystallization is one of the simple crystallization methods. The 

supersaturation of the drug solution can be achieved by removal of some of solvent 

(Mullin, 1995). The evaporation can be performed by various methods, e.g., fusion-

cooling (Viseras et al., 1995), spray-drying (Lorenz et al., 2010), rotary evaporation 

(Priyanka et al., 2008), lyophilization (Elgindy et al., 2010) and evaporation at 

ambient conditions (Tian et al., 2009).  Vacuum evaporation can reduce pressure in a 

liquid-filled container to be below the vapor pressure of the liquid, causing the liquid 

to evaporate at a lower temperature than normal. The crystallization occurs rapidly, 

leading to amorphous solid formation, which give better solubility and dissolution 

than its crystal form (Gupta and Sehrawat, 2011).  

As discussed in Chapter 3, the polymorphs can improve only 2-3 folds of 

dissolution of a substance, which is relatively small difference, therefore, the 

amorphous form is prepared for higher drug dissolution. Amorphous drugs have 

higher free energy and enthalpy than the crystalline counterpart (Zhou et al., 2009). 

The enhancements of dissolution and in-vivo absorption by pharmaceutical 

amorphous solid are reviewed in numerous articles (e.g. Sarkari et al., 2002; 

Papageorgiou et al., 2006; Overhoff et al., 2007). Amorphous drugs are formed either 

by prevention of crystal lattice formation (rapid solidified or phase separation) or by 

disruption of an existing crystal structure (possessing energy or desolvation) 

(Jozwiakowski, 2000). For example, cooling of the melt can produce the amorphous 

form of drugs. When a crystalline solid is heated beyond its melting temperature and 

cooled back, the liquid will become amorphous at temperatures below its melting 

point if sufficient time is not allowed for nucleation to occur. As reported by Six and 

coworkers (2001a), the glassy ITZ was formed by cooling from the melt. In contrast 

to their advantage in dissolution enhancement, amorphous solids have low stability. 

The amorphous solids, which are not thermodynamically stable, can recrystallize into 

crystalline form during the storage (Jozwiakowski, 2000). Therefore, a stabilization 

system is necessary to maintain the amorphous drug through shelf-life. Binary 

amorphous dispersions of poorly water-soluble drug with polymeric carriers have 

been used to improve drug dissolution, stability and bioavailability (Blagden et al., 
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2007). However, as the amorphous phase is metastable, compared to crystalline state, 

it should be noted that there is some risk of phase transformation during storage.  

The rotary evaporation is normally used for evaporating the solvents from a 

mixture. A rotary evaporator consists of a heated rotating vessel, which is maintained 

under a vacuum through a tube connecting it to a condenser. The temperature of 

rotating flask is controlled by partial emersion and rotating in a water bath, which 

provides a good heat transfer and prevents the bumping caused by superheating of the 

liquid. The solvent vapors leave the flask by the connecting tube and are condensed in 

the condenser part. The major advantages of this method are the ability to rapidly 

remove large quantities of solvent and recover the solvent. The report about using 

rotary evaporator for recrystallization is still limited, but it is generally suggested in 

solid dispersion preparations in order to prepare amorphous drug incorporated in 

carriers (Biswal et al., 2009).

Lyophilization, so-called freeze-drying, is carried out using sublimation 

process to remove solvent out of samples. Sublimation is the transition of a substance 

from the solid to the vapour state, without first passing through an intermediate liquid 

phase. Lyophilization is often used to prepare amorphous materials. In this case, 

extremely low temperatures are used to limit molecular mobility, and to prevent 

nucleation of the drug and the excipients, therefore, the condition of lyophilization 

can have a major influence on solid phase of the drug (Zhou et al., 2009). It is 

reported that using lyophilization in preparation of the solid dispersion provided 

higher drug dissolution than using rotary evaporation (Betagari and Makarla, 1995). 

Typically, a slow evaporative crystallization of pure drug will not provide the 

amorphous substance due to the sufficient time for drug molecules to arrange orderly 

as crystalline solid. However, the polymorphic form of drugs can be changed after the 

crystallization using some additives (Tian et al., 2009). In this Chapter, the 

evaporative recrystallization using rotary evaporation and lyophilization methods 

were demonstrated and used for preparing amorphous form of ITZ without carrier in 

order to improve the dissolution of the drug. The evaporative crystallization under the 

ambient conditions was also performed in order to compare the crystal properties with 

the prepared amorphous drugs. 
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4.2 Experimental methods 

4.2.1 Materials  

 The materials used in this Chapter were the same as in Chapter 3. (see 3.2.1) 

4.2.2 Evaporative recrystallization 

A proper amount of ITZ was dissolved in different solvents, e.g., chloroform,  

methylene chloride, methanol, ethanol, isopropanol, to get a saturated ITZ solution. 

The volatile solvent was then evaporated under three conditions i.e., ambient 

conditions, rotary evaporation and lyophilizaton. At the ambient conditions, solvent 

was evaporated by continuous stirring for 12 hours in a fume hood. The crystallizing 

temperature was 25±1 °C. By vacuum evaporation using rotary evaporator, a rotary 

evaporator (Rotavapor R-3, Buchi, Switzerland) was used to provide a low pressure 

condition of 100 mbar, 25 °C. The evaporation flask containing ITZ solution was 

rotated under vacuum until white crystals of ITZ appeared. The flask containing drug 

crystals were continuously rotated for 2 hours to ensure that there is no solvent left. In 

the vacuum evaporation using lyophilizer, ITZ solution was pre-frozen in liquid 

nitrogen and then placed in a lyophilizer (Freezone 2.5, Labconco, USA) for 24 hours 

in which solvent was evaporated under 0.29 mbar and -49 °C. The drug crystals were 

collected after drying and kept in a desiccator.

4.2.3 Morphology examination 

 The morphology of ITZ crystals were investigated using a scanning electron 

microscope (S-2500, Hitashi, Japan) under an accelerating voltage of 15 kV. Crystal 

samples were fixed on SEM stubs with double-sided adhesive tape and then coated in 

a vacuum with thin gold layer before investigation.

4.2.4 Hot-stage microscopy 

The thermal properties of ITZ after treatment by various conditions were 

investigated by hot-stage microscopy. The samples were heated by a hot-stage 

(FP82HT, Mettler Toledo, Switzerland) at the scanning speed of 1 °C/minute and 

observed under an optical microscope (CX41, Olympus, Japan). Changes in the 

morphology (melting or crystallization) were noted as a function of temperature. The 
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polarization properties of ITZ were also observed during the experiment using a 

polarized filter (CX-AL, Olympus, Japan) to investigate the crystal properties. 

4.2.5 PXRD analysis 

Conventional PXRD analysis was used to investigate the effect of 

recrystallization conditions to the crystalline characteristics of ITZ. PXRD patterns of 

ITZ crystals were obtained using the x-ray diffractometer (D8, Bruker, Germany) at 

30 kV, 40mA over the range of 5° - 45° 2  using Cu K  radiation wavelength of 

1.5406 Å. 

4.2.6 Simultaneous PXRD-DSC analysis

A PXRD-DSC measurement instrument (Rigaku, Japan) was also used to 

compare the changing of PXRD patterns and DSC profiles upon temperature change. 

The PXRD was run using Cu K  radiation wavelength of 1.5406 Å generated at 40 

kV and 40 mA. Profile intensities in 2 -range of 5° to 40° were step-scanned at 

scanning speed of 2°/minute. The DSC was run from 30 to 250 °C at the rate of 10 

°C/minute. 

4.2.6 Dissolution test

The dissolution test and analysis of drug amount were done as described in 

previous chapter (section 3.2.8 and 3.2.9). 

4.2.7 Stability studies 

The stability of amorphous ITZ was determined after 1-year storage at 

ambient conditions. PXRD pattern of ITZ crystals were obtained using a desktop 

powder x-ray difffractometer (Miniflex II, Rigaku, Japan), at 40 kV, 40 mA over the 

range of 5° - 45° 2  using Cu K  radiation wavelength of 1.5406 Å. The dissolution 

tests were also done as described in section 4.2.6.
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4.3 Results and discussion 

4.3.1 Crystal morphology 

ITZ is typically fine white powder. Under the SEM, untreated ITZ was 

observed as columnar crystals made up of irregular shaped regtangular prisms with a 

wide size distribution (Figure 14a) (Barrett et al., 2008). Evaporative recrystallization 

was used to transform crystalline to amorphous phase. After slow evaporation of 

solvents at the ambient conditions, the drug crystals were observed. The crystals 

obtained from chloroform maintained the same size and morphology as the untreated 

ITZ (Figure 14b) while those from methylene chloride were slightly changed to the 

smaller size (Figure 14c). In contrast, the ITZ particles prepared by vacuum 

evaporation using lyophilizer showed a difference in morphology. Both the particles 

prepared from chloroform and methylene chloride showed a smooth, film-like 

structure (Figures 14d and 14e) This is probably due to rapid evaporation which 

causes disorder arrangement of drug molecules, leading to transition of crystalline to 

amorphous solid (Jozwiakowski, 2000).  

Alcohol could not be evaporated at the ambient conditions when it was used as 

crystallizing solvent due to their low vapor pressure. The crystals prepared by vacuum 

evaporation using lyophilizer were crystalline solid. Using isopropanol resulted in 

blade-shaped crystals, similar to those obtained from cooling crystallization (Figure 

15c). Crystallization from methanol also provided the blade-like structure crystals, 

while the aggregated sheet-like crystals were formed in ethanol. The results suggested 

that crystal habit of ITZ highly depended on the type of solvent used in 

recrystallization. 
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Figure 14 SEM images of (a) untreated ITZ and ITZ crystals prepared by 

evaporative crystallization at ambient temperature in (b) chloroform 

and (c) methylene chloride, and by vacuum evaporation using 

lyophilizer in (d) chloroform and (e) methylene chloride. The 

magnifications are 2500×. 

(a) 

(b) (c) 

(d) (e) 
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Figure 15 SEM images of ITZ crystals prepared by vacuum evaporation using 

lyophilizer in various crystallizing solvents; (a) methanol, (b) ethanol, 

and (c) isopropanol.  

4.3.2 Thermal properties of crystals under hot-stage microscopy   

The hot-stage microscopy was used to investigate the change of ITZ under 

alteration of temperature and screen for drug crystallinity. Untreated ITZ was 

crystalline solid with the melting point of approximately 169 °C. From the hot-stage 

microscopy of untreated ITZ under different temperatures (Figure 16), the first 

structural change was at 167.2 °C and the second structural change was at 171.1 °C, 

indicating the narrow range of melting process of crystalline solid.  

ITZ crystals prepared by evaporation at ambient conditions using chloroform 

(Figures 17a-17c) and methylene chloride (Figures 17d-17f) showed the crystalline 

properties, which started to melt at the temperature close to that of untreated ITZ, 

indicating no change in drug crystalline state. This is due to a slow rate of 

evaporation, which allowed the drug molecules to arrange orderly as the stable 

crystalline structure ITZ.  

(a) (c) (b) 
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Figure 16 Hot-stage microscopic images of untreated ITZ, collected at the 

different temperatures; (a) 25 °C, (b) 167.2 °C and (c) 171.1 °C. 

   

   

Figure 17 Hot-stage microscopic images of ITZ crystals prepared by evaporation 

at ambient conditions. The images of crystals prepared using 

chloroform, collected at (a) 25 °C, (b) 165.4 °C and (c) 170.0 °C, and 

those using methylene chloride collected at (d) 25 °C, (e) 163.8 °C and 

(f) 170.3 °C. 

   

(a) (c) (b) 

(a) (c) (b) 

(d) (f) (e) 
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Figure 18 shows the hot-stage microscopic images of ITZ crystals prepared by 

vacuum evaporation using lyophilizer, in chloroform. A decrease of temperature that 

could induce structural change was also observed. The first structural change was 

observed at 70.4 °C while the second change was at approximately 90 °C. The ITZ 

started to recrystallize at 105 °C before all drug turned to crystalline solid at 115 °C 

and melted at approximately 167 °C, indicating the melting point of ITZ.  

   

   

Figure 18 Hot-stage microscopic images of ITZ crystals prepared by vacuum 

evaporation by lyophilizer. The images of crystals prepared using 

chloroform, collected at (a) 25 °C, (b) 70.4 °C, (c) 90.0 °C, (d) 105 °C, 

(e) 115 °C and (f) 167 °C. 

Figure 19 shows the hot-stage microscopic images of ITZ crystals prepared by 

vacuum evaporation using lyophilizer, in methylene chloride. A decrease of 

temperature that could induce structural change was also observed as same as 

crystallization in chloroform. The first structural change was observed at 70 °C while 

the second change was at approximately 90 °C. The ITZ started to recrystallize at 105 

(a) (c) (b) 

(d) (f) (e) 

   ส
ำนกัหอ

สมุดกลาง



63

°C before all drug turned to crystalline solid at 115 °C and melted at approximately 

167 °C, indicating the melting point of ITZ.  

   

   

Figure 19 Hot-stage microscopic images of ITZ crystals prepared by vacuum 

evaporation by lyophilizer. The images of crystals prepared using 

methylene chloride collected at (a) 25 °C, (b) 70 °C, (c) 90 °C, (d) 105 

°C, (e) 115 °C and (f) 167 °C. 

Figure 20 shows the hot-stage microscopic images of ITZ crystals prepared by 

vacuum evaporation using lyophilizer, in alcohols. Recrystallization of ITZ by this 

technique showed similar results as the untreated ITZ, indicating no change in thermal 

properties of the drug. Therefore, the change in drug crystalline state was not 

expected from this approach. 

(a) (c) (b) 

(d) (f) (e) 
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Figure 20 Hot-stage microscopic images of ITZ crystals prepared by vacuum 

evaporation using lyophilizer. The images of crystals prepared using 

methanol, collected at (a) 25 °C, (b) 165.3 °C and (c) 169.0 °C, those 

using ethanol, collected at (d) 25 °C, (e) 165.6 °C and (f) 170.0 °C and 

those using isopropanol, collected at (g) 25 °C, (h) 164.5 °C, (i) 171.9 

°C. 

Crystallization by vacuum evaporation in a rotary evaporator using chloroform 

as the crystallizing solvent caused dramatic change in thermal properties of ITZ. This 

is similar to that found in samples prepared by vacuum evaporation using lyophilizer. 

The first structural change was approximately at 71-74 °C while the second change 

was at 90 °C. Alteration of crystalline state from crystalline to amorphous solid was 

(a) (c) (b) 

(d) (f) (e) 

(g) (i) (h) 
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supposed. The recrystallization of ITZ crystals at 105 °C was also observed in this 

group of samples (data not shown). However, there were some polarizations observed. 

It is possible that crystalline drug was obtained in this group of samples. 

   

   

Figure 21 Hot-stage microscopic images of ITZ crystals prepared by vacuum 

evaporation using rotary evaporator. The images of crystals prepared 

using chloroform, collected at (a) 25 °C, (b) 71.6 °C and (c) 90.0 °C 

and those using methylene chloride, collected at (d) 25 °C, (e) 71.8 °C 

and (f) 90.0 °C. 

 The temperature causing the structural change of recrystallized ITZ observed 

from hot-stage microscopy is shown in Table 4.1. The ITZ crystals obtained from 

evaporative crystallization using lyophilization, in alcohols, showed similar results to 

the untreated ITZ while those used chloroform and methylene chloride as crystallizing 

solvent showed the different phenomena as previously discussed. 

(a) (c) (b) 

(d) (f) (e) 

   ส
ำนกัหอ

สมุดกลาง



66

Table 4 Temperature causing the structural change of recrystallized ITZ 

observed from hot-stage microscopy. 

  

First melting 

(ºC) 

Recrystallization 

(ºC) 

Second 

melting (ºC)

ITZ untreated 166.5 No No 

Methylene 

chloride 

Lyophilizer 70.4 105.0 166.4 

Rotary evaporator 71.6 105.0 166.6 

Chloroform Lyophilizer 70.0 105.0 166.8 

Rotary evaporator 71.8 105.0 165.7 

Methanol Lyophilizer 165.3 No No 

Ethanol Lyophilizer 165.6 No No 

Isopropanol Lyophilizer 164.5 No No 

4.3.3 Crystalline state of ITZ crystals 

The change in crystallinity of ITZ was clearly shown by conventional PXRD 

patterns (Figure 22). Untreated ITZ presented the sharp crystalline peaks at 17.45 and 

17.95 (doublet), 20.30 and 23.45 degree. Evaporation at ambient conditions using 

chloroform and methylene chloride did not affect the PXRD patterns of the drug, 

indicating no change of drug crystallinity. It is suggested that the ITZ crystallized 

slowly at ambient conditions was stable crystalline solid form. Vacuum evaporation 

by lyophilizer caused the significant change of PXRD pattern. The halo-pattern of 

amorphous solid was clearly shown for powders prepared using chloroform and 

methylene chloride. The crystalline state of ITZ powders obtained from rotary 

evaporator showed similar to that using lyophilizer (data not shown). However, from 

the hot-stage micrograph, the crystals were expected to be amorphous solid. Partial 

crystallines may be occurred as the powders showed some polarization. Thus, the use 

of vacuum evaporation by lyophilization was suggested for preparing the amorphous 

solid of ITZ.  
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Figure 22 PXRD patterns of untreated ITZ, ITZ crystals prepared by evaporation 

at ambient conditions and vacuum evaporation by lyophilizer. 

Chloroform and methylene chloride was used as crystallizing solvent. 

  

The PXRD-DSC measurements were performed to simultaneously investigate 

the change of PXRD patterns and DSC profiles when the temperature was increased. 

Figures 23 and 24 show PXRD-DSC patterns of ITZ crystals prepared by evaporation 

at ambient conditions using chloroform and methylene chloride, respectively. The ITZ 

crystals clearly showed sharp crystalline peaks at the temperature below its melting 

point. After melting process, the PXRD patterns turned to halo-shape, indicating the 

disappear of crystalline structure in the sample. These studies revealed that the 

evaporation of solvents at the ambient conditions could not alter the crystallinity of 

ITZ.  

5 15 25 35 45

2-theta (degree)

Vacuum evaporation by lyophilizer: 
chloroform 

Untreated ITZ 

Evaporation at ambient conditions: 
chloroform 

Evaporation at ambient conditions: 
methylene chloride 

Vacuum evaporation by lyophilizer: 
methylene chloride 
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Figure 23 PXRD-DSC patterns of ITZ crystals prepared by evaporation at 

ambient conditions. Chloroform was used as a crystallizing solvent. 

Figure 24 PXRD-DSC patterns of ITZ crystals prepared by evaporation at 

ambient conditions. Methylene chloride was used as a crystallizing 

solvent. 
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Figure 25 PXRD-DSC patterns of ITZ powders prepared by vacuum evaporation 

using lyophilizer. Chloroform was used as a crystallizing solvent. 

Figure 26 PXRD-DSC patterns of ITZ powders prepared by vacuum evaporation 

using lyophilizer. Methylene chloride was used as a crystallizing 

solvent. 
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Figures 25 and 26 show PXRD-DSC pattern of ITZ powders prepared by 

vacuum evaporation using lyophilizer in which chloroform and methylene chloride 

were used as a crystallizing solvent, respectively. The PXRD pattern showed the halo-

shape of amorphous solid until approximately 95 °C before the appearance of 

crystalline peak patterns. The DSC profiles also showed the first endothermic peak at 

around 59 °C corresponding to the glass transition temperature (Tg) of ITZ (Six et al., 

2001b). Moreover, there was a small endothermic peak appeared at around 70 °C 

indicating the rotational restriction of the molecules. This result is consistent with the 

results obtained from hot-stage microscopy. At the temperature of around 70 °C, the 

ITZ powders started to melt and completely turned to liquid at 95 °C. An exothermic 

peak was found at 105 °C, resulting from the recrystallization of ITZ to the crystal 

form. This related to the change of PXRD patterns from halo-shape of amorphous 

solid to crystalline-structure sharp peaks. At about 167 °C, a melting temperature of 

ITZ, there was the second endothermic peak of ITZ crystals presented before the 

crystals melted and the PXRD patterns turned to halo-shape, indicating no crystalline 

structure in the samples. These results were well correlated with the results observed 

by hot-stage microscopy (Table 4). 

The recrystallization by evaporation using methylene chloride was reported in 

the study by Six et al. (2001b). They found that ITZ was recrystallized by rapid 

solvent evaporation at 140 °C. The ITZ powders prepared was called glassy ITZ, 

which the glass transition temperature is 59 °C and also showed the endothermic and 

exothermic transition at the same position as found in this study. They also proposed 

that the transition at 70 °C was probably caused by rotational restriction of ITZ 

molecules while the transition at 95 °C represented the transition of the isotropic 

liquid to formation of a chiral nematic mesophase. 

4.3.4 Dissolution properties of ITZ crystals 

The calibration curve and equation used for calculation of percent drug 

dissolved are shown in section 3.3.6; Equation 3.1. The dissolution of untreated ITZ 

in SGF was limited due to its poor solubility. The dissolution profiles of all 

formulations and ITZ commercial product are shown in Figure 27. Only five percent 

of drug could be dissolved within 2 hours while the ITZ commercial product showed 
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a high amount of drug dissolved, i.e., one hundred percent of drug were dissolved 

from the formulation within 60 minutes. ITZ crystals prepared by vacuum evaporation 

using lyophilizer, in alcohols, still showed a poor dissolution. It is not surprising as 

the crystals collected from these formulations were definitely crystalline (as shown in 

the SEM images and hot-stage microscopy results). ITZ crystals prepared by 

evaporation from chloroform and methylene chloride at ambient conditions also 

presented a low amount of drug dissolved. From the PXRD studies, ITZ crystals 

prepared from this technique still remained crystalline solid. Therefore, the 

dissolution property of ITZ was not improved.  

The ITZ crystals prepared from vacuum evaporation using both rotary 

evaporator and lyophilizer showed a significant increase in drug dissolution. 

Evaporation of chloroform using lyophilizer caused 14-fold increase in drug 

dissolution within 2 hours while the evaporation of methylene chloride resulted in 8-

fold increase. 

Figure 27 Dissolution profiles of ITZ from commercial product, untreated ITZ, 

crystals prepared by different methods (n=3). 
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The vacuum evaporation using rotary evaporator could also increase the 

dissolution of ITZ but in a smaller amount than that using lyophilizer. This is because 

the difference in crystallinity of samples. In lyophilization process, extremely low 

temperatures could limit molecular mobility, therefore, the nucleation of the drug is 

prevented (Zhou et al., 2009), and crystallization cannot occur. Besides a lower 

temperature, the vacuum evaporation using lyophilizer was performed at the 

controlled pressure of 0.29 mBar, which was lower than the evaporation using rotary 

evaporator at 100 mBar. When the pressure decreased, evaporation could happen 

faster due to less of exertion on the evaporating surface, leading to an increase of 

evaporation rate (Rahimi and Ward, 2004). Thus, the lower pressure system provided 

more rapid evaporation rate and, then, the ITZ solution was quickly supersaturated 

before a quick recrystallized of drug. The drug molecules were forced to arrange 

rapidly into solid, resulting in formation of the amorphous solid. Therefore, the 

recrystallized ITZ prepared from the lyophilization, which processed in a lower 

pressure condition, may form the solid with less crystallinity.

4.3.4 Stability of amorphous ITZ 

The amorphous ITZ powders prepared by vacuum evaporation using 

lyophilizer and rotary evaporator were investigated for the crystallinity. Freshly 

prepared drug powders showed the clear halo-shape PXRD patterns of amorphous 

solid (Figure 22). After 1-year storage at ambient conditions, all samples tended to 

show more crystalline pattern (Figure 28). 
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Figure 28 PXRD patterns of powders prepared by vacuum evaporation using 

lyophilizer and rotary evaporator. Chloroform and methylene chloride 

were used as crystallizing solvent. 

 The powders prepared by vacuum evaporation using both rotary evaporation 

and lyophilizer showed strong crystalline peaks at approximately 17.50 and 18.00 

(doublet), 20.40, and 23.50, similar to untreated ITZ peaks (Figure 22). Although the 

crystallinity of each peak was not calculated, the difference in height of peaks from 

each preparation method was noticeable. Samples prepared by vacuum evaporation 

using lyophilization showed more halo-pattern than samples prepared by other 

methods. This may be due to the difference in crystallinity of the freshly prepared 

powders. It is suggested that a lower crystallinity was found in ITZ powders prepared 

by vacuum evaporation using lyophilization. 

Figure 29 shows the dissolution profiles of freshly prepared ITZ powders and 

ITZ powders recrystallized in chloroform after 1-year storage at ambient conditions. 

Even though PXRD patterns showed the recrystallization of amorphous ITZ upon the 

storage (Figure 28), the stored powders still showed a higher amount of drug 
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dissolved than the untreated ITZ. After storage, the percent drug dissolved was 

decreased from 74 to 47% for ITZ powders prepared by vacuum evaporation using 

lyophilization, and from 34 to 21% for those using rotary evaporator.  

Figure 29 Dissolution profiles of ITZ from freshly prepared crystals and crystals 

after 1-year storage (n=3). 

Amorphous solids have significant advantage in dissolution of drugs with poor 

aqueous solubility. The high free energy, high solubility physical phase responsible 

for this enhanced activity is a metastable state, which tends to recrystallized to more 

stable, low energy state as crystalline solid. In order to stabilize the amorphous drugs, 

the molecular mobility of the drug should be decreased (Jozwiakowski, 2000). A 

strategy for stabilization amorphous solids is immobilization of drug molecules in 

rigid glass of the inert carriers by increasing the Tg of the carriers or using additional 

additives with high Tg, reduces the potential for crystallization of the drug substances 

(Yu, 2001). 
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4.4 Conclusions 

Recrystallization of ITZ by rapid evaporation could change the crystalline 

state of the drug from crystalline to amorphous solid, leading to the improvement of 

drug dissolution. In this Chapter, vacuum evaporation using both rotary evaporator 

and lyophilizer can increase the dissolution of ITZ. Vacuum evaporation using 

lyophilizer had the maximum effect on the drug dissolution of ITZ (14-fold higher 

than the untreated drug) when chloroform was used as a crystallizing solvent. The 

recrystallized drug powders were clearly identified as amorphous solid by PXRD. By 

using the evaporation at ambient conditions, the PXRD patterns showed strong 

crystalline peaks. Therefore, the ambient evaporation could not improve dissolution of 

ITZ due to no change in drug crystalline state occurred. Polymorphisms of ITZ were 

not found in this study. After 1-year storage at ambient conditions, the amorphous 

ITZ partially turned to be crystalline solid, leading to a decrease in drug dissolution. 

The stabilization of the amorphous ITZ is necessary to maintain the drug effectiveness 

through a long-term storage.

   ส
ำนกัหอ

สมุดกลาง



76 

CHAPTER 5 

Itraconazole-loaded pectin-based nanoparticles prepared by simple 

homogenization 

5.1 Introduction 

5.2 Experimental methods  

5.2.1 Materials  

5.2.2 Characterization of pectin 

5.2.3 Preliminary studies 

5.2.4 Preparation of pectin-based nonaparticles containing ITZ  

5.2.5 Morphology examination 

5.2.6 Measurement of droplet size  

5.2.7 Zeta potential measurement 

5.2.8 Small-angle x-ray scattering (SAXS) measurement 

5.2.9 Stability of nanoemulsions 

5.2.10 Thermal analysis 

5.2.11 PXRD analysis 

5.2.12 Fourier transform infrared spectroscopy (FT-IR) spectroscopy 

5.2.13 Redispersibility test 

5.2.14 Loading capacity and loading efficiency of nanoparticles 

5.2.15 Dissolution test 

5.2.16 Residual solvent 

5.2.17 Stability of dried nanoparticles  

5.3 Results and discussion 

5.3.1 Moisture content and viscosity of pectin
5.3.2  Preliminary studies 

5.3.3 Emulsion droplet morphology 

5.3.4 Emulsion droplet size 
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5.3.5 Zeta potential 

 5.3.6 SAXS experiment  

 5.3.7 Nanoemulsion stability 

 5.3.8 Effect of polysorbate 80 on CCT-based emulsions 

5.3.9 Morphology of nanoparticles obtained from lyophilization of nanoemulsions 

5.3.10 Thermal properties and crystalline state of ITZ in nanoparticles 

 5.3.11 FT-IR spectrum of nanoparticles 

 5.3.12 Redipersibility of nanoparticles 

5.3.13 Dissolution properties of ITZ from nanoparticles 
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5.1 Introduction

Nanoemulsions have received a growing attention as colloidal drug carriers for 

pharmaceutical applications. The use of nanoemulsions for oral administration to 

increase the bioavailability of poorly water-soluble drugs due to an enhancement of 

the intestinal absorption of the drug is well documented (Bates and Carrigan, 1975; 

Constantinides, 1995). It has been also found that the absorption in the gastrointestinal 

tract is improved by a small droplet size (Toguchi et al., 1990). Nanoemulsions are 

often referred to emulsions with droplet sizes in the nanometric scale, generally 100–

200 nm (Solans et al., 2005). Ultrafine emulsions, submicron-sized emulsions and 

miniemulsions are also used to describe emulsions with fine disperse droplets 

(Gramdorf et al., 2008 and Solans et al., 2005). Nanoemulsions can be prepared by 

two major techniques, i.e., high-energy and low-energy emulsifications. High-energy 

emulsification method includes high-shear stirring, high-pressure homogenization and 

ultrasound generators. It has been reported that the apparatus supplying the available 

energy in the shortest time and having the most homogenous flow produces the 

smallest sizes (Walstra, 1996). Although high-pressure homogenizer meets the 

requirements, the damaging of long chain molecules could occur when very high 

pressure was applied. The emulsification methods making use of the chemical energy 

stored in the components, also named low-energy emulsification methods, are 

receiving increased attention. In these methods, nanoemulsions are obtained as a 

result of phase transitions produced during the emulsification process (Sadurní et al., 

2005). In practice, a combination of high-energy and low-energy emulsification 

methods has proved to be an efficient way to obtain nanoemulsions with small and 

very uniform droplets (Nakajima, 1997).  

A simple homogenizer is a rotor/stator device system. The homogenizer 

consists of a rotor of two blades and a stator with either vertical or slant slots around 

the wall of homogenizer cell (Figure 30). The rotor is housed concentrically inside the 

stator. As the rotor rotates, it generates a vacuum to draw the liquid in and out, 

thereby resulting in circulation. One of two major forces which can reduce the size of 

the dispersed droplet is mechanical impingement against the wall due to high fluid 

acceleration. At high rotational speeds, the flow in this region is highly turbulent and 
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contains eddies of different scales. Obviously, homogenization intensity is primary 

parameter for controlling emulsion droplet size.  

Figure 30 Schematic representation of the configuration of a rotor/stator 

homogenizer (Maa and Hsu, 1996). 

5.1.1 Pectin as an emulsifying agent

The primary stabilizing mechanism may occur in the bulk aqueous phase or at 

the surface of the droplets, depending on the chemical nature of the particular 

ingredients involved. There are two broad classes of emulsifying agents, i.e., small-

molecule surfactants and macromolecular emulsifiers. For a polymer or biopolymer to 

be effective as an emulsifying agent, it must be surface-active. Particularly, it must 

have the capacity to lower the surface tension at the oil–water interface, both rapidly 

and substantially when it presents at the concentrations typically used during 

emulsification (Dickinson, 2003). 

Pectin, a natural polymer, is extracted from plant cell walls, especially in apple 

pomace, citrus fruits and sugar beet root. It has commonly been used as a gelling 

agent, a thickening agent and a colloidal stabilizer in food industry (Van Buren, 

1991). Its applications in the pharmaceutical industry are increased in the last decade 
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(e.g., Sungthongjeen et al., 2004; Sriamornsak et al., 2005; Sriamornsak et al., 2007a; 

Sriamornsak et al., 2007b). High-methoxyl pectin ( 50% degree of esterification or 

DE) forms gels under acidic conditions in aqueous media of high sugar content 

whereas low-methoxyl pectin (<50% DE) forms gels in the presence of calcium ions 

(Guo et al., 1998). The presence of surface-active molecules in pectin provides the 

emulsification properties. In addition, pectin is capable of reducing the interfacial 

tension between an oil phase and a water phase and can be effective in the preparation 

of emulsions (Sriamornsak et al., 2004; Sriamornsak et al., 2005). Dea and Madden 

(1986) reported that sugar beet pectin was more surface-active than commercial high-

methoxyl or low-methoxyl pectins due to the substantially hydrophobic character of 

the acetyl groups (2–9%), and hence to be readily capable of producing and 

stabilizing fine vegetable oil-in-water emulsions. Even with a low acetyl content 

(<0.8%), pectins from citrus fruits and apples can also exhibit good surface activity 

and emulsion stabilizing characteristics if the average molecular weight is reduced to 

<80 kDa (Mazoyer et al, 1999). Depolymerized pectin of molecular weight 70 kDa 

and 70% DE has been used to make highly stable fine oil-in-water emulsions, based 

on time-dependent changes in emulsion droplet-size distribution and serum 

separation, at a low pectin to oil ratio (1:5) (Akhtar et al., 2002). Emulsion stability 

was found to be reduced on increasing the pH from 4.7 to 7, or by substantially 

increasing (or decreasing) the pectin molecular weight. 

5.1.2 Lyophilization 

The nanoemulsions has many advantages in drug delivery. However, there are 

some limitations due to their physical instability such as aggregation or particle fusion 

and/or chemical instability like hydrolysis, drug leakage and chemical reactivity 

which are often observed when the nanoemulsions are stored for an extended period 

(Chacon et al., 1999). In order to improve the physical and chemical stability of the 

systems, water has to be removed. The most commonly used method to transform the 

suspensions or emulsions to powders is freeze-drying or lyophilization (Franks, 

1998). 

Lyophilization is a widely used process for drying and improving stability of 

various pharmaceutical products, including vaccines (Gowel et al., 2010), protein 
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(Povey et al., 2009), liposomes (Chen et al., 2010), emulsions (Corveleyn and Remon, 

1998) and nanoparticles (Ohshima et al., 2009). Freeze-drying cycle can be separated 

into three steps: freezing, ice sublimation (primary drying) and desorption (secondary 

drying). 

Freezing is the first step of freeze drying which the material is hardened by 

low temperatures. During this step, the liquid suspension is cooled and ice crystals of 

pure water forms. As the freezing process continues, more and more water contained 

in the liquid freezes. This results in increasing concentration of the remaining liquid. 

At this point, both concentration and viscosity of the solution have substantially 

increased, resulting in a rubber-like amorphous state that is a discrete phase adjacent 

to the crystalline ice. This highly concentrated and viscous liquid solidifies, yielding 

an amorphous, crystalline, or combined amorphous-crystalline phase (Abdelwahed et 

al., 2006). The small percentage of water that remains in the liquid state and does not 

freeze is called bound water. 

The sublimation phase or primary drying will follow when the frozen material, 

placed under vacuum, is progressively heated to deliver enough energy for the ice to 

sublimate (Rey, 2010). Then, the ice sublimes and the water vapor formed passes 

through the dried portion of the product to the surface of the sample. After that, the 

water vapor is transferred from the surface of the product through the chamber to the 

condenser, and the water vapor condenses on the condenser. At the end of sublimation 

step a porous plug is formed. Its pores correspond to the spaces that were occupied by 

ice crystals (Hottot et al., 2007). At last, the desorption phase or secondary drying 

starts when ice has been distilled away and that a higher vacuum allows the 

progressive extraction of bound water at above zero temperatures (Abdelwahed et al., 

2006). 

The physicochemical phenomena occurred on the freeze-drying cycle. Firstly, 

surrounding water in the external phase is frozen and force internal droplet to be 

closer (Saito et al., 1999), flavoring to droplet-droplet interactions. Moreover, the ice 

crystals formed during freezing can penetrate into the internal droplets and destroy the 

interfacial membrane, leading to more possibility to coalesce. Cooling may also cause 

some molecules in the emulsion droplets to crystallize, which may promote partial 
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coalescence due to penetration of a crystal from one droplet through the membrane of 

another droplet (Vanapalli et al., 2002). 

The stress of freezing and dehydration could destabilize nanoemulsions or 

colloidal suspension of nanoparticles. It is well known that, during the freezing of a 

sample, there is a phase separation into ice and cryo-concentrated solution. In the case 

of suspension of nanoparticles, the cryo-concentrated phase is composed of 

nanoparticles and the other components in the formulation such as free surfactants, 

buffers, and unloaded drugs. This high concentration of particulate system may 

induce aggregation and, in some cases, irreversible fusion of nanoparticles. 

Furthermore, the crystallization of ice may exercise a mechanical stress on 

nanoparticles, leading to their destabilization. For these reasons, the addition of 

cryoprotectants has been demonstrated to be effective in maintaining the initial 

formulation characteristics.  

 Pectin was also reported to be an effective cryoprotectant (Alvarez et al., 

2007; Solomina et al., 2010). Aoki and colleagues (2005) reported that pectin-

stabilized emulsions provide good stability across wide range temperature and freeze-

thawing processes. They proposed that the interfacial layer in the pectin-stabilized 

emulsions is thicker than that in the primary and the secondary emulsions which 

contained sodium dodecyl sulfate (SDS) and  SDS-chitosan membrane, respectively. 

Therefore, there will be a greater short-range steric repulsion between the droplets 

that prevents them from coming close enough to coalesce and also difficult for ice 

rupture.  

The objective of this study was to prepare nanoemulsions containing poorly 

water-soluble drug, ITZ, by using pectin as a polymeric emulsifier. Nanoemulsions 

were prepared by a simple homogenization to avoid high-pressure conditions. The 

influences of type of internal (oil) phase, type and concentration of pectin on the 

physicochemical characteristics of the pectin-based nanoemulsions were also 

examined. The obtained liquid formulations could be subsequently developed as a 

self-emulsifying drug delivery unit dose formulation. Pectin-based nanoemulsions 

containing ITZ were then lyophilized in order to get the solid formulations without 

other cryoprotectants. The dried products were characterized to investigate the drug 
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properties, including morphology, crystallinity state, thermal properties and 

dissolution. 

5.2 Experimental Methods  

5.2.1 Materials  

Pectins, namely low-methoxyl pectin (LMP; pectin classic cu701, lot number 

00412072) with DE of 38, amidated low-methoxyl pectin (ALMP; pectin amid cu020, 

lot number 00501034) with DE of 29 and degree of amidation of 20, and high-

methoxyl pectin (HMP; pectin classic cu201, lot number 00501087) with DE of 70, 

were a gift from Herbstreith & Fox KG (Germany), The molecular weight of LMP, 

ALMP and HMP was 70 kDa, 150 kDa and 200 kDa, respectively (Table 5.1).  

Caprylic/capric triglyceride (Miglyol® 812) was a gift from Sasol GmbH 

(Germany) and referred as CCT. ITZ was purchased from Nosch Labs Private (India). 

Chloroform was supplied by Carl Roth GmbH (Germany). Polysorbate 80 was from 

Ajax Finechem (New Zealand). Distilled water was used as an aqueous phase in all 

preparations. All other chemicals used in this study were of pharmaceutical grade and 

used as received without further purification. Simulated gastric fluid (SGF) used in 

this study was prepared based on USP guideline. Briefly, 7 mL of hydrochloric acid 

and 2 g of sodium chloride were dissolved in distilled water before adjusting the 

solution volume to 1 L. The pH of SGF was adjusted to 1.20±0.05.  

Table 5 Properties of pectins used in the study. 

Type of pectin Designation
Molecular 

weight (Da) 

Carboxyl 

group (%) 

Degree of 

esterification 

Low methoxyl pectin LMP 70,000 47 38 

Amidated low 
methoxyl pectin 

ALMP 150,000 35 43 

High methoxyl pectin HMP 200,000 20 70 
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5.2.2 Characterization of pectin 

The moisture content of all pectins was measured by a moisture analyzer 

(YTX 01L, Sartorius, Germany), at a controlled temperature of 105 °C. The 

measurement was performed in triplicate. Viscosity of pectin solution was 

investigated. Various concentrations of HMP solution were prepared by dispersing 

pectin powder into distilled water before measurement by a viscometer (Digital 

viscometer RVTD, Brookfield, USA).  

5.2.3 Preliminary studies 

The preliminary studies were performed to determine the suitable condition 

for emulsion preparations. All emulsions investigated in this study were prepared 

using HMP due to its excellent emulsifying properties (Aktah et al., 2002). Owing to 

the high viscosity of pectin solution, pectin stock solution (4% (w/w)) was prepared, 

the highest concentration of pectin in each formulation was limited to three percent. 

Four grams of HMP were dispersed in distilled water and adjusted to 100 grams to 

obtained 4% (w/w) stock solution then diluted with distilled water before 

homogenization with the oil phase (chloroform). The final pectin concentration of 

each formulation was 0.5, 1, 1, 2 and 3% (w/w). The amount of oil phase was fixed at 

20% (w/w) of all formulations according to the maximum internal phase 

concentration calculated when the maximum concentration of pectin used in the 

preparation.  

The effect of homogenizing speed on droplet size of HMP-based formulation 

(3% w/w) was determined using a simple homogenizer (Ultra-Turrax® T50 Basic, 

IKA, Germany) at varying speed of 8,000, 9,500, 13,500, 20,500, and 24,000 rpm. 

The experiments were done in an ice-bath at the controlled temperature of -10 °C. 

To study the effect of temperature on emulsion droplet size, emulsions 

containing chloroform as an oil phase were homogenized at 8,000 rpm for 20 minutes 

with or without an ice-bath. 
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5.2.4 Preparation of nanoemulsion-based nonaparticles containing ITZ by simple 

homogenizer 

Oil-in-water or chloroform-in-water emulsions were prepared by using simple 

homogenizer. ITZ was dissolved in either CCT or chloroform at different 

concentrations depending on its solubility in CCT or chloroform. Twenty percent of 

CCT or chloroform were mixed with pectin solution using homogenizer (Ultra-

Turrax® T50 Basic, IKA, Germany) at a speed of 24,000 rpm for 20 min in an ice-

bath to avoid over heating. Three types of pectin with different DEs were used in this 

study, i.e., ALMP, LMP and HMP. The effect of concentration of pectin (0.5–3.0% 

(w/w)) was also investigated in this study.  

The effect of polysorbate 80, a nonionic surfactant, on the properties of CCT-

based emulsions was also studied. The 3% (w/w) pectin solutions were 

homogeneously mixed with 5% (w/w) polysorbate 80 before homogenizing with ITZ 

in CCT before determination of droplet size, morphology and zeta potential of the 

formulation. The synergistic effect of pectin and polysorbate 80 was investigated and 

compared with the formulation using polysorbate 80 or pectin alone.  

Pectin-based nanoemulsions were dried by a freeze dryer (Freezone 2.5, 

Labconco, USA) to prepare the dried particles. The nanoemulsions were prefrozen by 

dipping in liquid nitrogen before placing in the freeze dryer in which solvent was 

evaporated under 0.29 mbar and -49 °C. The dried products were cut into small pieces 

before further characterization. 

5.2.5 Morphology examination

The morphology of all emulsions was investigated by a light biological 

microscope (Motic BA 300, Motic China Group, P.R. China). The emulsions were 

dropped on a glass slide and covered afterward with a coverslip, then the photos of the 

emulsion droplets were taken and investigated by the Motic Image Plus 2.0 program. 

Additionally, chloroform-in-water nanoemulsions were examined under transmission 

electron microscope (Tecnai G2-20 TEM, FEI Company, USA). Nanoemulsions were 

dropped and dried on the TEM copper grid, and then coated with carbon film under 

the ambient condition (22 °C). The samples were determined at 200 kV. 
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After lyophilization, the dried samples were observed under a light 

microscope (CX41, Olympus, Japan) at an accelerating voltage of 15 kV. The dried 

samples were also investigated by a scanning electron microscope (Maxim-2000, 

CamScan Analytical, England). Nanoparticles samples were fixed on SEM stubs with 

double-sided adhesive tape and then coated in a vacuum with thin gold layer before 

investigation. 

5.2.6 Measurement of the droplet size  

The size of emulsion droplets was investigated by two methods, a light 

microscopy and a static laser light scattering. For light microscopy, the emulsions 

were dropped on a glass slide and covered afterward with a coverslip. Fifty emulsion 

droplets were captured by a calibrated Motic Image Plus 2.0 program and the Martin 

diameter of droplets was measured, then median size was calculated. By static light 

scattering method, the emulsions were dispersed or diluted in deionized water with 

gentle stirring. The median particle size was measured with laser scattering particle 

size distribution analyzer (LA-950, Horiba, Japan), under continuous stirring. The 

measurements were done on at least three batches of emulsions. 

5.2.7 Zeta potential measurement 

The zeta potential of ITZ-loaded nanoemulsions was measured by zeta 

potential analyzer (ZetaPlus, Brookhaven, USA). Nanoemulsions were dispersed in 

deionized water at the ratio of 1:50 (v/v) and the electric field applied was 1 V. The 

average and standard deviation of the measurement of three batches of emulsions 

were reported. 

5.2.8 Small angle x-ray scattering (SAXS) measurement 

 The experiments were performed with the small angle x-ray scattering (SAXS) 

beamline BW4, installed at the synchrotron source HASYLAB/DESY in Hamburg, 

Germany. The scattering patterns were acquired using a position sensitive area 

detector (MarCCD165, Marresearch GmbH, Norderstedt, Germany) with the pixel 

size of 79.1 m × 79.1 m at the wavelength of 0.13808 nm. The liquid of 

nanoemulsions from both CCT and chloroform of about 20 L was injected into a 

glass capillary (Hilgenberg GmbH, Malsfeld, Germany) with a diameter of 2.5 mm 

and a wall thickness of 0.01 mm. The capillaries were sealed with a flame and 
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measured at ambient temperature (22 °C) without vacuum condition. The raw data 

were treated with the Fit2D-Program, version 12.077 (Andy Hammersley, European 

Synchrotron Radiation Facility, Grenoble, France) but analyzed beforehand by the 

Origin-Program, version Pro 8.0 (OriginLab Corporation, Northampton, USA) in 

order to determine the peak-maximum. 

5.2.9 Stability of nanoemulsions 

All emulsions were kept in the glass vials. The nanoemulsions were separated 

into two groups; the first group was kept at ambient temperature (22 °C) while the 

other group was kept at 4 °C in a refrigerator. The stability of nanoemulsions in both 

groups was examined after 7 days by calculation of percent creaming using the 

following Equation: 

where Vt is the total volume (mL) of the sample, and Vs is the volume (mL) of the 

lower phase layer. According to this Equation, it is worth noticing that a greater value 

of the percent creaming is an indication of a more stable emulsion. 

The size of the emulsion droplets after stability test was also measured by a 

light microscope as described above. 

5.2.10 Thermal analysis 

The thermal properties of dried nanoparticles were observed by a Sapphire 

DSC (Perkin Elmer, Germany). An accurate amount of sample was placed inside 

standard crimped aluminum pan and heated from 25 to 250 °C at a heating rate of 10

°C/minute under 30 mL/minute nitrogen flow. 

5.2.11 PXRD analysis 

PXRD analysis was used to investigate crystalline state of ITZ. PXRD patterns 

of ITZ in nanoparticles were obtained using the x-ray diffractometer (D8, Bruker, 

Germany) at 40 kV, 40mA over the range of 5°-45° 2  using Cu K  radiation 

wavelength of 1.5406 Å. The physical mixtures were prepared by vortex mixing ITZ 

with various pectins at the ITZ:pectin ratio of 1:6, corresponding to the ratio of ITZ to 

pectin in nanoparticles. 

(5.1) 
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5.2.12 Fourier transform infrared spectroscopy (FT-IR) spectroscopy 
The FTIR spectra of all samples were obtained by a Nicolet 4700 FTIR 

spectrophotometer (Thermo Electron Corporation, USA). ITZ, pectin, physical 

mixture of pectin and ITZ and nanoparticles samples were prepared using the KBr 

disc method. Each sample was blended with KBr powder and compressed to a disc 

with pressure of 5 tons before placing in the sample holder. The spectral values of the 

samples were obtained by scanning from 4000 to 400 cm-1 at a resolution of 4 cm-1. 

FTIR spectral parameters of the samples were obtained using a software package 

(OMNIC FT-IR Software, version 7.2a, Thermo Electron Corporation, USA). 

5.2.13 Redispersibility test 

The dried emulsions were cut into small pieces and then dispersed in a proper 

amount of distilled water and SGF for 1 hour using a magnetic stirrer (C-MAG HS 7, 

Ikamag, Germany) at a speed of 100 rpm. For non-redispersible formulation, mixtures 

of dry emulsion and solvent were left until sedimentation, then a clear part of the 

mixtures was used for characterization.

5.2.14 Loading capacity and loading efficiency of nanoparticles 

The loading capacity of the nanoparticles was determined prior to dissolution 

test. The commercial product of ITZ or nanoparticles were dispersed in methanol and 

sonicated for 120 minutes and then stirred for 3 hours to ensure that the pectin wall 

was broken and entire ITZ dissolved in the solvent. The methanol solution was then 

passed through 0.22-μm membrane. The drug amount was investigated by HPLC 

system as described in the section 3.2.8. The loading capacity and loading efficiency 

of the nanoparticles were calculated by Equations 5.2 and 5.3, respectively. 

   

(5.2) 

(5.3) 
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5.2.15 Dissolution test 

Dissolution studies of ITZ were performed in triplicate at 37±0.5 °C 

employing USP apparatus I (basket, 100 mesh) with a speed of 100 rpm (DT70, 

Erweka, Germany). The nanoparticles which contained an equivalent amount of 3.0 ± 

0.1 mg of ITZ, were weighed and transferred to dissolution vessel containing 1,000 

mL of SGF pH 1.2. Samples were withdrawn from the dissolution vessel at 5, 10, 20, 

30, 60, 90, and 120 minutes and passed through 0.45-μm cellulose membrane. Then, 

the analysis for ITZ content was done by HPLC assays, as described in section 3.2.9. 

5.2.16 Residual solvent 
 The residual chloroform in nanoparticles was determined based on USP 31, 

chapter <467> Residual solvents. The samples (250 mg) was transferred to a 25-mL 

volumetric flask, dissolved in and diluted with distilled water to volume and mixed. 

Then, 5 mL of the test stock solutions were transferred to an appropriate headspace 

vial. One mL of distilled water was added to the vial before applied the stopper cap 

and mixed. The standard solution was prepared by the same method to get the final 

concentration of 60 ppm as the concentration limit of chloroform. The analyses were 

performed on a headspace-gas chromatography (Agilent 6890N GC, Agilent 

Technologies, USA). For headspace operations, equilibrium temperature was 105 °C, 

equilibrium time was 45 minutes, transfer line temperature was 110 °C, pressurization 

time was 30 seconds and injection volume was 1 mL. The chromatographic system 

was run using a 0.320 mm x 30 m silicate glass coated with a 0.25-μm film thickness. 

The oven temperature was maintained at 35 °C for 20 minutes then raised at rate of 10 

°C/minute to 240 °C, maintained for 20 minutes. Helium was used as a carrier gas at a 

constant flow rate of 1.5mL/minute. The residual chloroform was detected by a mass 

spectroscopy (5973 Network Mass Selective Detector, Agilent Tecnologies, USA). 

5.2.17 Stability of dried nanoparticles 

The nanoparticles were kept at the ambient conditions for 12 months before 

characterization by PXRD. The redispersibility and some properties were tested as 

described in section 5.2.12 and 5.2.15, respectively.  

   ส
ำนกัหอ

สมุดกลาง



90

5.3 Results and discussion 

In this study nanoemulsions were formed by a simple, conventional 

homogenization using Ultra-Turrax homogenizer, at a speed of 24,000 rpm. In 

general, the size of emulsion droplet formed by homogenization is controlled by the 

interplay between droplet break up and droplet coalescence (Dickinson, 2003 and 

McClements, 2004). Droplet break up is controlled by the type and amount of shear 

applied to the droplets as well as the droplets resistance to deformation which is 

determined by the surfactant. The rate of droplet coalescence is determined by the 

ability of the surfactant to adsorb on the surface of newly formed droplets; this is 

governed by the surfactant concentration and the surface activity (McClements, 

2004). 

Pectin having amphiphilic character was used as a natural surface-active agent 

in this study. As a hydrocolloid, pectin contains hydrophobic groups that are 

numerous enough and sufficiently accessible on a short timescale to enable the 

adsorbing molecules to adhere to and spread out at the interface, thereby protecting 

the newly formed droplets (Dickinson, 2003). Hydrophobic characters attributable to 

methyl ester groups, acetyl groups, and amide groups should be considered in the case 

of pectin. Their limited emulsifying capacity can be attributed to poor solubility 

and/or insufficient amphiphilic character to produce substantial and rapid lowering of 

the interfacial tension during droplet break up. Moreover, pectin is a polysaccharide 

well known to effectively stabilize emulsions, e.g., acid drink milk products (May, 

1999). Kravtchenko and coworkers (1995) reported that pectin can stabilize casein 

micelles above a concentration called ‘the critical pectin level’ by interacting with the 

protein thus preventing their aggregation as a result of steric repulsion forces which 

prevent the micelles from approaching each other. Dalgleish and Hollocon (1997) also 

observed that high DE pectin can stabilize emulsions containing caseinate against 

precipitation upon acidification, and this was attributed to the formation of a pectin 

layer on the casein-coated oil droplet surface as a result of interactions with absorbed 

casein molecules through electrostatic forces. Pectin may stabilize emulsion system 

against phase separation by increasing the viscosity of the aqueous phase and, 

therefore, retard droplet or particle movement. This stabilizes the system as long as its 
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value remains high enough to counteract the forces responsible for phase separation 

(Parker et al., 1995). In this case, pectin adsorption leading to steric stabilization of oil 

droplets can take place. 

5.3.1 Moisture content and viscosity of pectin 

The moisture was commonly found in commercial pectin products. The 

moisture contents of the pectin powders, measured at 105 °C, ranged from 11% to 

12.5% (w/w) as shown in Table 6. To adjust the exact amount of pectin used, the 

preparation of pectin solutions in all experiments was performed by making a 

correction with the moisture content. 

Table 6 Moisture content of various types of pectin.  

Type of pectin Moisture centent (%)

LMP 12.52±0.30 

ALMP 11.63±0.18 

HMP 11.43±0.10 

Figure 31 shows the effect of pectin concentration on solution viscosity. The 

viscosity of pectin increased when the polymer concentration was increased because 

of the increase in hydrogen bonding with hydroxyl groups and the distortion in the 

velocity pattern of the liquid by hydrated molecules of the solute (Kar and Arslan, 

1999).  
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Figure 31 Effect of pectin concentration on solution viscosity.

Increasing of viscosity of the emulsion external phase affected the stability of 

emulsions (Vankova et al., 2007). High viscosity of external phase could form more 

stable droplet, as described in Strokes’ law, as expressed in Equation 5.4: 

             (5.4) 

where s is the particle setting velocity (m/second), p and f are mass density of 

particle and fluid, μ is gravitational accerelation (m/second2), and R is radius of the 

spherical object (m). 

 The Stokes’ law states that the velocity at which droplet moves is directly 

proportional to the square of its radius and the difference between oil droplet and 

external phase density. Therefore, the stability of emulsions can be enhanced by 

reducing the droplet size along with increasing internal and external phase density. In 

these experiments, using high concentration of pectin was preferred for the 

preparation of small size and high stability emulsions.  
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5.3.2 Preliminary studies

The effect of homogenization speed on the droplet size was clearly observed 

(Figure 32). The emulsion droplet size decreased when the homogenization speed was 

increased from 8,000 to 24,000 rpm. Although the report of Maa and Hsu (1996) 

suggested the optimum homogenization time of 5 minutes, in this case, the 

homogenization time was fixed at 20 minutes to ensure the homogeneous dispersion 

of internal droplet in the high-viscosity pectin solution.  

Figure 32 Effect of homogenization speed on droplet size of emulsions. 

 Without temperature control, the temperature increased from 25 °C to more 

than 70 °C during the homogenization process due to the heat produced from high 

speed shearing. In the system containing volatile solvent, rising of temperature could 

cause the lost of internal phase, leading to drug crystallization. Therefore, in this 

study, the temperature was controlled when using homogenization. Using an ice-bath 

is very common and easy technique to reduce process temperature. In this study, a 

plastic container was loaded with ice for 3/4 of its volume and then filled with water 

to get a good heat transfer system. A formulating beaker was placed in the ice-bath 

before starting homogenization. The mixture level was adjusted to be lower than the 

water level of the ice-bath to ensure that the heat reduction will occur evenly. 
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In this study, the droplet size of pectin-based emulsions was obviously related 

to pectin concentration. Increasing of pectin amount leaded to a decrease in internal 

droplet size due to the increase of steric effect of pectin (Figure 33). Homogenization 

in an ice-bath caused minor change in droplet size. The strong solvent odor was 

observed, indicating the leak of chloroform from the formulation using 

homogenization without temperature control. Moreover, heating up of emulsion 

formulation could cause instability by decreasing of external phase viscosity. The 

increase in process temperature should be avoided, then the cooling system during 

homogenization was used in further studies. 

Figure 33 Droplet size of emulsions obtained from homogenization process with 

and without temperature control. 

5.3.3 Emulsion droplet morphology 

 As the solubility of ITZ in CCT was about 140±8 g/mL, only 0.003% (w/w) 

of ITZ could be loaded in the formulation. The emulsion formulations those used 

chloroform as an internal phase could encapsulate higher amount of ITZ than those 
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using CCT. Owing to very high solubility (30,720±226 g/mL) of ITZ in chloroform, 

0.5% (w/w) of ITZ was added in the formulation.  

Figure 34 shows the microscopic images of emulsions containing various 

types and concentrations of pectin (without and with ITZ), using CCT as an internal 

phase. All emulsions showed spherical, polydispersed oil droplets. Using higher 

concentration pectin caused smaller oil droplets in all types of pectin. The 

morphology and size of ITZ-loaded CCT emulsions (Figure 34d) were about the same 

as the emulsions without ITZ (Figure 34c). 

Different results were obtained when using different internal phases, i.e., the 

nano-sized emulsions were achieved when chloroform was used as an internal phase 

(Figure 35). The nanoemulsions obtained were spherical in shape and showed a 

polydisperse in the droplet size. ITZ-loaded formulation revealed very small droplets 

(Figure 35d); the size was lesser than 900 nm, comparing to the size of the 

formulations without ITZ (Figure 35c) which was more than 10 m. This indicated 

that the addition of ITZ to the emulsion formulation was very important to obtain the 

nano-sized emulsions.  

The reason for this behavior could be the influence of ITZ in the molecular 

association with pectin. It was reported that ITZ presents an amine or triazole group 

that may interact with the carboxyl group of pectin (Yi et al., 2007). As the non-polar 

regions of ITZ lay into oil droplet, it would enhance the van der Waals forces between 

the hydrophobic parts of pectin chain (particularly HMP). 
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(a)     (b)            (c)          (d) 

    

    

    

      

Figure 34  Microscopic images of emulsions containing various types and 

concentrations of pectin; CCT-based emulsions without ITZ prepared 

from (a) LMP, (b) ALMP, (c) HMP and (d) emulsions with ITZ 

prepared from HMP. 
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(a)     (b)            (c)          (d) 

               

     

     

     

Figure 35  Microscopic images of emulsions containing various types and 

concentrations of pectin; chloroform-based emulsions without ITZ 

prepared from (a) LMP, (b) ALMP, (c) HMP and (d) emulsion with 

ITZ prepared from HMP. 

Moreover, ITZ contains nitrogen atoms that easily loose one electron to form a 

cation radical because of high negativity electron density. An attractive electrostatic 

interaction can occur between the nitrogen atoms in ITZ and the polar parts of pectin 

(Shanaz et al., 2011). Therefore, ITZ could work as an additional surfactant, and a 

close-packed film composed of pectin and ITZ would take place. However, in case of 
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ALMP, the polymer contains amidated groups in their molecules, hence, repulsion 

force between nitrogen atoms can occur, leading to weakening of polymer wall. 

Figure 36 demonstrates the possible mechanisms of the formation of nanoemulsions, 

using pectin as a polymeric emulsifier, loaded with ITZ.   

Figure 36 Diagram showing possible mechanisms of formation of nano-sized 

emulsions, using pectin as a polymeric emulsifier, loaded with ITZ.

  

Nano-sized emulsions were selected and investigated by transmission electron 

microscope (TEM). Figure 37 shows transmission electron micrographs of 

nanoemulsions prepared from 3% (w/w) of various types of pectin, loaded with 0.5% 

(w/w) ITZ, after air-drying on TEM grid and coating with carbon film. The TEM 

images revealed that the oil droplets were spherical and their size was less than 

900 nm. Moreover, the dark appearance of the ITZ-loaded nanoemulsion droplets 

may result from the metal elements with higher atomic number (i.e., chlorine atom) of 

ITZ which increased electron density in the droplets resulting in higher contrast. This 

phenomenon is not observed in the emulsion droplets without ITZ. 
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Figure 37 Transmission electron micrographs of nanoemulsions prepared using 

chloroform as an oil phase in various pectin solutions, loaded with 

0.5% (w/w) ITZ. The pectins used were 3% (w/w) of (a) HMP, (b) 

LMP and (c) ALMP.  

5.3.4 Emulsion droplet size 

From the optical microscopy, CCT-based formulations using HMP provided 

emulsions with smaller droplet size, about 2–10 m (Figure 34c) while those using 

LMP and ALMP showed similar droplet size, ranged from 8 m to 25 m. For 

instance, the formulations containing 1% (w/w) LMP or ALMP provided emulsion 

droplets with the median diameter of about 20 m while those containing HMP 

presented smaller oil droplets with the median diameter of about 10 m (Figure 34). 
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The formulations prepared from chloroform, with no ITZ, showed the same results as 

those prepared from CCT (Figure 35).  

Size of emulsions containing various types and concentrations of pectin, using 

CCT as an oil phase, is shown in Figure 38. Emulsions prepared from CCT 

demonstrated similar droplet sizes regardless of the addition of ITZ (Figures 38a and 

38b). This is probably due to a very small amount of ITZ was loaded in the oil phase. 

HMP revealed remarkable size reduction effect, which the smallest droplets were 

obtained when using 3% (w/w) pectin. However, nanoemulsions could not be 

prepared from CCT by the simple homogenization method. The smallest droplet size 

obtained was about 5 m, as investigated by the static light scattering method. 

Figures 38c and 38d show the size of emulsions containing various types and 

concentrations of pectin using chloroform as an internal phase. Using only pectin, 

without ITZ, cannot produce nanoemulsions (discuss above). The droplet sizes were 

decreased significantly (Figure 38d) when ITZ was added to the formulations. It is 

thought that the incorporation of ITZ into internal phase led to an additional input of 

surfactant at the oil and water interface, resulting in breaking of the droplets into 

smaller ones (Formiga et al., 2007). Another possible explanation is that ITZ acts as a 

fine solid particle, in the same manner as bentonite and veegum (Akhtar et al., 2002; 

Funami et al., 2007), that could locate on the surface of oil droplets and exhibited 

emulsifying properties. The formulations using both HMP and LMP showed the same 

effect. It should be noted that, in some cases, there is a difference between the droplet 

size measured by a light microscopic method and that by a light scattering method. 

The size investigated by a light scattering method was about 6 times larger than that 

measured by a light microscope, especially in the formulations without ITZ that used 

ALMP and LMP. This may be due to the instability of the emulsions during sample 

preparation process which the emulsions had to be diluted with water before 

measurement by a light scattering method. The oil droplet may coalesce or fuse 

together, hence, the larger droplets were formed. However, this effect was less found 

in emulsions prepared using HMP and ITZ-loaded formulations. The results 

suggested that using HMP or loading of the drug into the formulation resulted in more 

stable emulsions via steric effect (Lutz et al, 2009). 
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Figure 38 Effect of type and concentration of pectin and the addition of ITZ on 

droplet size of emulsions prepared by the simple homogenization; 

emulsions, using CCT as an internal phase, (a) without ITZ, (b) with 

ITZ, and emulsions, using chloroform as an internal phase, (c) without 

ITZ, and (d) with ITZ. 

With ITZ loading, the diameter of spherical droplets of chloroform-based 

nanoemulsions using HMP was about 200–900 nm (Figure 37a). The higher amount 

of hydrophobic groups in the HMP may result in a greater emulsifying properties 

capable of making smaller droplets. Using LMP in the formulation caused slightly 

larger droplets (Figure 37b). Although LMP has lower amount of hydrophobic groups 

compared to HMP, its lower molecular mass with better solubility in the aqueous 

continuous phase might help to increase the emulsifying properties and thus cause 
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small droplets. On the other hand, the oil droplets obtained from the formulation using 

ALMP (Figure 37c) were larger than those using HMP and LMP. Moreover, the 

fragments of pectin wall and drug crystals were observed, resulting from the rupture 

of oil droplets during the air-drying process for TEM observation. 

The results from the size measurement and TEM images indicated that pectin 

with high DE (HMP) may provide superior property for preparation of nanoemulsions 

as it offers suitable properties, e.g., high amount of hydrophobic molecules which can 

cause better emulsifying effect, high molecular weight which provided more emulsion 

stability. ALMP may not be suitable for the nanoemulsion formulations due to its low 

emulsifying properties. Addition of ITZ demonstrated a higher extent on decreasing 

of emulsion droplet size.  

As seen from Figure 34, the increased concentration of pectin in CCT-based 

emulsions decreased the diameter of oil droplets to about 8 m for LMP and ALMP, 

and 2 m for HMP. These results suggested that the DE have a greater effect to the 

size of emulsion droplets than the type of substituted molecule on pectin chain. The 

results from a static light scattering (Figure 37) also showed a decrease of the droplet 

size with the increased concentration of pectin. For the formulations that used 

chloroform as an internal phase, the pectin concentration of 1.5 – 3% (w/w) yielded 

nano-sized emulsions with the droplet size of about 200–400 nm. The size of 

emulsion droplets also decreased with the increased concentration of the pectin 

solution (Figure 38). 

The relationship between emulsion droplet size and pectin concentration can 

be explained in terms of polymeric surfactant surface coverage. At low concentrations 

of pectin, there was insufficient pectin, newly formed droplets coalesced and the 

emulsion droplet size was influenced by the pectin concentration. Initially increasing 

pectin concentration resulted in a large decrease in particle size (Figure 37) because 

more pectin is able to stabilize the newly formed droplets. Once there is an excess of 

pectin, at about 2% (w/w) pectin, the rate of the decrease in emulsion droplet size 

with increasing pectin concentration was diminished. This is because the 

concentration of pectin in the bulk is sufficient to allow rapid diffusion and adsorption 

of the pectin to newly formed droplets. The further increase in pectin concentration 
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only led to a small increase in pectin adsorption and hence a small decrease in droplet 

coalescence (Dickinson, 2003). 

5.3.5 Zeta potential 

Pectin typically shows negative charge due to carboxyl groups embedded on 

its molecules. Figure 39 shows the zeta potential values (or surface charge) of the 

emulsions containing various types and concentrations of pectin, using CCT or 

chloroform as an internal phase. Zeta potential of emulsions was changed upon pectin 

type, i.e., the zeta potential of emulsions containing HMP was about −20 mV to 

−27 mV while that of HMP was −27.06 ± 1.13 mV. LMP showed more negative 

charge due to the higher amount of free carboxyl group which was not substituted by 

methyl group, therefore, its zeta potential was −33.66 ± 1.26 mV. ALMP 

demonstrated the lowest zeta potential of −58.85 ± 1.08 mV. The zeta potential of 

emulsions containing LMP or ALMP was insignificantly changed when different 

concentrations were used; the zeta potential was similar to which was investigated in 

pectin alone. 

Increasing of pectin concentration in the formulation tended to decrease zeta 

potential of emulsions. It is thought that the increase of a negatively charged 

polysaccharide like pectin in the emulsion formulation resulted in an increase in 

negative repulsive forces (electrostatic and steric) between oil droplets. Therefore, the 

presence of pectin can reduce the interfacial tension and form a cohesive interfacial 

film around the emulsion droplets thereby retarding emulsion instability (Funami et 

al., 2007). Higher concentrations of pectin produced more stable emulsions in which 

pectin was tightly bound onto the oil droplets, then the amount of free carboxyl group 

was decreased. The results were the same between the emulsions those used CCT and 

chloroform, suggesting that the type of the internal phase was not significantly 

influenced the zeta potential. 
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Figure 39 Zeta potential (mV) of emulsions containing various types and 

concentrations of pectin, using (a) CCT or (b) chloroform as an 

internal phase, without and with ITZ (n=3). The zeta potential of pectin 

solutions was -27.06±1.13 mV for HMP, -33.66±1.26 mV for LMP 

and -58.85±1.08 mV for ALMP. 
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5.3.6 SAXS experiment 

Figure 40 shows a typical SAXS-scattering curve of the nanoemulsions. The 

other formulations of the emulsions both from CCT and chloroform also show only a 

broad peak at the scattering vector Q of about 1.2 nm−1, hence the emulsions were 

formed as a simple emulsion without any crystalline structure. These results were also 

in agreement with that from the microscopic measurements. If the emulsion has an 

ordered system, e.g., lamellar liquid crystalline phase, cubic phase or hexagonal 

phase, there would be typical reflections at the characteristic spacing ratios, i.e., 

2: 4: 6:… or 2: 3: 4: 6:… or 1: 3: 4: 7:…, respectively, as reported in 

previous studies (Willumeit et al., 2005; Gramdorf et al., 2008). On the contrary, in 

some reports (Gramdorf et al., 2008; Rodríguez-Abreu et al., 2007; Wörle et al., 

2007) the emulsions or dispersions have shown the well-ordered system. This may be 

due to the type of the triglyceride used or other components that have been added.

Figure 40 A typical SAXS-scattering curve of nanoemulsions containing no drug. 

The nanoemulsions were prepared from 3% (w/w) HMP and used CCT 

as an internal phase. 

5.3.7 Nanoemulsion stability 

The stability of emulsions was investigated in this study. Freshly prepared 

emulsions were milky white in color and showed 100% cream in all preparations. For 
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the CCT-based emulsions, after 7-day storage, the size of oil droplets changed to 

larger when kept at the ambient temperature (22 °C) and at 4 °C (in a refrigerator). 

Different types of pectin did not influence the stability of emulsions in both 

conditions, according to the size of oil droplets (Figure 41), and percent creaming 

(Table 7). However, it was influenced by the concentration of pectin. Using at least 

2% (w/w) of pectin could produce the stable oil-in-water emulsions for 7 days when 

kept at 4 °C. 

It appears that pectin at a high concentration was efficient for stabilization of 

the CCT-based emulsions, i.e., the formulations using 3% (w/w) pectin showed the 

highest percent creaming (100% cream) when kept at 4 °C or at ambient temperature. 

Emulsions using low concentration of pectin, e.g., 1 and 1.5% (w/w), were separated 

into two phases in both conditions within 7 days. 

The results indicated that when ITZ was added into the formulations, not only 

the droplet size was reduced but also the stability (against the creaming) was 

enhanced to some extent, especially for chloroform-based nanoemulsions using HMP. 

Although freshly prepared emulsions were found to be stable in all formulations, after 

the stability test the emulsions with ITZ provided more stable emulsions with low 

creaming rate (i.e., high percent creaming), as shown in Table 7 and Figure 41. The 

storage conditions also affected the emulsion stability; emulsions kept at 4 °C were 

more stable than at ambient temperature, especially the ITZ-loaded nanoemulsions 

consisted of 3% (w/w) HMP. This may be due to the same reason as the size 

reduction effect, which occurred when ITZ was added into the emulsions, ITZ may 

play a role as a co-emulsifier that could improve emulsion stability. ITZ-loaded 

nanoemulsions also demonstrated smaller droplet size and higher percent creaming 

than the nanoemulsions without ITZ, in all types of pectin. HMP-based 

nanoemulsions showed the most stable characteristics and may be the most suitable 

formulation for further study in the future. The addition of a lipophilic or amphiphilic 

agent in submicron-sized emulsions can lead to an important physicochemical change 

on its behavior (Yi et al., 2007). Sometimes, this procedure can induce an increase on 

the stability of the emulsion, as also observed in this study.
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Figure 41 Effect of storage conditions on the droplet size of ITZ-loaded 

emulsions; CCT-based emulsions containing various concentrations of 

(a) LMP, (b) ALMP, (c) HMP, and chloroform-based emulsions 

containing 3% (w/w) of (d) LMP, (e) ALMP, and (f) HMP. 
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5.3.8 Effect of polysorbate 80 on CCT-based emulsions 

Both pectin and polysorbate 80 showed good emulsifying properties for CCT-

based emulsions. However, nanoemulsions could not be formed by one of these 

substances. Figure 42 shows droplet size of emulsions prepared by various 

concentrations of polysorbate 80. Using 3% (w/w) HMP was able to prepare 

emulsions with similar droplet size as using 10% (w/w) polysorbate 80. Preparation of 

nanoemulsions was successful when using 20% (w/w) polysorbate 80. However, large 

amounts of non-ionic surfactants were reported to irritate the gastrointestinal tract and 

this could be a problem when a long-term dosing is necessary (Gershanik and Benita, 

2000). Therefore, low amount of polysorbate 80 is preferred in the oral formulations.

Figure 42  Droplet size of emulsions prepared by using various concentrations of 

polysorbate 80. 

Figure 43 shows droplet size of emulsions prepared by using various types and 

concentrations of pectin and 5% (w/w) polysorbate 80. Droplet size decreased when 

the concentration of pectin was increased. Combination of pectin and polysorbate 80 

revealed remarkable size reduction effect, i.e., the smallest droplets were obtained 

when using 3% (w/w) pectin. Using LMP or HMP with polysorbate 80 provided 

nanoemulsions with diameter of 481.25±7.19 and 612.57±1.51 nm droplets, 
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respectively. From these results, using combination of polysorbate 80 and pectin 

caused smaller emulsion droplets than using only pectin or only polysorbate 80 as 

emulsifier which droplet size were in the micrometer range. 

Figure 43  Droplet size of emulsions prepared by using various types and 

concentrations of pectin and 5% (w/w) polysorbate 80. 

The synergistic effect of polymers and surfactants was reported in many fields 

such as, painting, food, cosmetics, and pharmaceuticals. Pons and coworkers (1997) 

also showed the synergism of a copolymer and sodium dodecyl sulfate, an anionic 

surfactant, on decreasing of emulsion droplet size. They indicated that the 

combination of steric stabilization of polymer and electrostatic repulsion of surfactant 

can enhance emulsion stability and decrease oil droplet size. 

The zeta potential of emulsions was investigated in order to observe the 

electrostatic interaction on the surface of internal droplet. Pectin-based emulsions 

normally showed negative charge (Figure 39) due to carboxyl groups embedded on 

their molecules while polysorbate 80 is neutral. Figure 44 shows zeta potential of 

0 

5 

10 

15 

20 

25 

30 

35 

0 1 2 3 4

Pa
rti

cl
e s

iz
e 

(μ
m

)

Concentration of pectin (%)

HMP
HMP+polysorbate 80
ALMP
ALMP+polysorbate 80
LMP
LMP+polysorbate 80

   ส
ำนกัหอ

สมุดกลาง



111

nanoemulsions prepared by using pectin alone or combination of pectin and 

polysorbate 80.  

Figure 44  Zeta potential of nanoemulsions prepared by using various types and 

concentrations of pectin and 5% (w/w) polysorbate 80. 

Zeta potential of emulsions was changed upon pectin type. Using LMP or 

ALMP and polysorbate 80 as emulsifier caused nanoemulsions with less negative in 

surface charge. This is probably due to a replacement of polysorbate 80 molecules 

onto interface of droplet and improvement of emulsifying properties of both 

emulsifiers, resulting in a decrease in oil droplet size or the coverage of polysorbte 80 

over the pectin wall (Figure 43). In the case of HMP and polysorbate 80, the surface 

charge of droplet was slightly changed, indicating no replacement or coverage of the 

oil interface by surfactant. This may be due to high hydrophobicity of HMP, leading 

to higher affinity between HMP and oil droplets. Therefore,  adding of polysorbate 80 

is less affected on the oil surface.  
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5.3.9 Morphology of nanoparticles obtained from lyophilization of nanoemulsions 

The nanoemulsions were dried by lyophilization process. The products 

recovered were cake-like structure which is the typical characteristic of polymeric 

lyophilized products (Rey, 2010). The lyophilized products were different, depending 

on the type of internal phase. In the case of chloroform-based nanoemulsions, the 

lyophilized products were completely dried and provided the fragile characteristic. 

The products from CCT-based emulsions were oily and dense because high amount of 

oil remained in the polymer. The characteristics of dried products were investigated to 

adjust the most suitable formulation for oral delivery. 

Lyophilized products from both CCT-based and chloroform-based emulsions 

contained no observable pore, indicating no large ice crystal formed in the freeze-

drying process (Teagarden et al., 2010) although about 75% (w/w) of water was 

removed from the formulations. The cakes were sliced to thin layer and observed by a 

light microscope (Figure 45). It was clearly seen that CCT-based particles contained 

large oil droplets in polydispersed cluster for all types of pectin, corresponding to the 

emulsion droplet size before drying which were about 5-15 μm. The oily particles 

with low drug loading of CCT-based particles limit their use as high amount of 

product is required to maintain therapeutic concentration. Therefore, CCT-based 

particles were excluded from this study. The nanoparticles prepared from chloroform-

based nanoemulsions containing ITZ showed the fine particles embedded in the pectin 

film. In the case of ALMP-based nanoemulsions, after lyophilization, the particles 

seem to be larger than those of HMP and LMP. This might be due to the instability of 

the emulsions during freeze-drying process. The results suggested that using HMP or 

LMP resulted in more stable emulsions. The polymer layer formed at the 

nanoparticles surface may help to stabilize the nanoparticles and improve their 

freezing resistance. 

  

   ส
ำนกัหอ

สมุดกลาง



113

  CCT-based particles   Chloroform-based particles 

            

            

            

Figure 45 Optical images of dried particles prepared from CCT-based and 

chloroform-based nanoemulsions using (a) HMP, (b) ALMP and (c) 

LMP (magnification = 6,959×). 

The morphology of dried emulsion powders was investigated by SEM as 

shown in Figure 46. The lyophilized products showed porous, sponge-like structure 

(a) 

(b) 

(c) 

5 μm 
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with submicron-sized globules spreading over pectin film. The round-shaped, 

submicron-sized globules were presented. No ITZ crystal was seen in all 

formulations.  

                                 

    

Figure 46 SEM images of dried particles prepared from chloroform-based 

nanoemulsions using (a) HMP, (b) ALMP and (c) LMP. 

These results confirm the morphology of dried powders and also the stability 

of the emulsions through lyophilization. The size of nanoemulsions in all formulation 

was similar, i.e., around 500-600 nm before drying. However, after drying process, 

particle size was increased due to coalescence that can occur during lyophilization 

(Vanapalli et al., 2002). The ALMP-based dried powders showed the largest droplet 

size, while LMP and ALMP formulations gave quite tiny particles with particle size 

of about 1 μm. The SEM images of CCT-based particles could not be taken due to the 

present of oil in the chamber.
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5.3.10 Thermal properties and crystalline state of ITZ in nanoparticles 

Figure 47 shows DSC thermograms of physical mixtures and nanoparticles 

containing ITZ. The melting peak of ITZ crystals can be observed around 166-168 ºC. 

The thermal properties of physical mixtures of ITZ and various types of pectin at a 

ratio of 1:6 were compared to that of the nanoparticles. All physical mixtures 

investigated showed a crystalline peak of ITZ, indicating that the drug is not 

molecularly dispersed in the polymer. In the case of nanoparticles, no melting peak of 

ITZ was found.  

Figure 47 DSC thermatograms of physical mixture of ITZ and various types of 

pectin and nanoparticles. 

As discussed in Chapter 4, freeze-dried ITZ using chloroform as the 

crystallizing solvent caused the glassy form of ITZ which showed an endothermic 

peak at approximately 85-90 ºC. This peak is due to the transition of the chiral 

nematic mesophase to the isotropic liquid phase, typical for glassy ITZ (Six et al., 

2001b). In this case, the protective effect of the polymer is clear since no 
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recrystallization exothermic peak was detected, indicating that the glassy fraction 

remained in its metastable state (Wang et al., 2004).

The drug crystallinity in all formulations was confirmed by powder x-ray 

diffraction method, as shown in Figure 48. Pectin exhibited halo-pattern (Ghaffari et 

al., 2007), indicating its amorphous nature, while ITZ crystals showed very high 

crystallinity. Untreated ITZ presented the sharp crystalline peaks, which the major 

peaks were at 17.45 and 17.95 (doublet), 20.30, and 23.45 2  degree as described in 

section 4.3.3.  

Figure 48 Powder x-ray diffraction patterns of ITZ, physical mixture of ITZ and 

various types of pectin and nanoparticles prepared from nanoemulsion 

template using simple homogenization. 

The PXRD patterns of physical mixtures showed the peak at the same position 

as untreated ITZ, indicating no change in drug crystallinity during the mixing process. 

The PXRD patterns of nanoparticles demonstrated broad typical hump of amorphous 
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material with an absence of the characteristic crystalline ITZ peaks, indicating that 

ITZ was changed to non-crytalline form by preparation process. This is also supported 

by DSC analysis in which no melting endotherm was observed. 

5.3.11 FT-IR spectrum of nanoparticles 

 The FT-IR spectrum of pure ITZ is shown in Figure 49. The spectrum showed 

the characteristic peaks of ITZ which appeared at 3127.1, 3068.5, 2936.0, 2823.6, 

1698.4, 1510.8 and 1451.3 cm-1. The absorption bands between 2800 and 3200 cm-1

were corresponded to the alkane, aromatic CH and amine groups (Shim et al., 2006).

The absorption of the NH2 groups were located at 3442.0, 3127.1, 3068.5 cm-1. The 

first band was assigned to be due to stretching vibration of free N-H in drug molecule. 

The rest two bands were caused by the amino group and the sharp peak occurred at 

1698.4 was due to C=O of the drug. This is in agreement with the previously recorded 

spectrum of the pure drug (Nesseem, 2001). The IR region from 1400 to 600 cm-1, 

which is termed the fingerprint region, usually contains large number of unassigned 

vibrations. 

The spectrum of all pectins showed a broad strong area of absorption at 

between 3600 and 2500 cm−1 represented the stretching of O-H groups of carboxylic 

acid. The peak at 2943 cm−1, which was outstanding for HMP, related to C-H 

stretching vibration. In the case of esterified pectin, O-CH3 stretching band would be 

expected between 2950 and 2750 cm−1 due to methyl esters of galacturonic acid but, 

due to a large O-H stretching response, the O-CH3 activity was not seen. Stronger 

bands occurring at approximately 1745 cm-1, and between 1640 and 1620 cm-1

indicated the estercarbonyl (C=O) groups and carboxylate ion stretching band      

(COO-), respectively. The absorption patterns between 1300 and 800 cm-1, 

collectively referred as the fingerprint region that is unique to pectin 

(Gnanasambandam and Proctor, 2000). For amidated pectin, three addition bands of 

amide groups were shown at 1681 (N-H bending), 1545 (N-O asymmetric stretching) 

and 1413 (C-N) cm-1 (Sinitsya et al., 2000). 

Figure 50 shows the FT-IR spectra of ITZ, physical mixture of ITZ and HMP, 

HMP-based nanoparticles and HMP alone. There was no new absorption peak or 

shifting found from the FT-IR analysis, indicating no or minor interaction between 
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nanoparticles were not completely dispersed and the cake structure still remained after 

1 hour of stirring.  

  

Figure 53 Droplet size of freshly prepared nanoparticles from nanoemulsion 

templates and after redispersion in water and SGF pH 1.2. 

These results suggested low redispersibility of ALMP and LMP, which 

corresponded to their gelation properties. In acidic condition, LMP and ALMP turn 

into gel clusters, which cannot be redispersed or dissolved. ALMP is LMP in which 

some of the carboxylic acid groups are amidated. Amidation of LMP increases its gel-

forming ability due to the hydrogen bonding between amide groups (Thakur et al., 

1997). When the pH is decreased to below 3, the strong gels are formed for ALMP 

and much weaker gels are formed for LMP (Lootens et al., 2003). Amidation has little 

influence on the sensitivity to calcium ion, but strongly favours acid induced gelation 

(Capel et al., 2006). The difference in gelation of LMP and ALMP in only 

significantly at low pH where amidation enhances gelation. Therefore, redispersion of 
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ALMP-based nanoparticles in SGF pH 1.2 is limited. In contrast, HMP-based 

nanoparticles could redisperse freely in both water and SGF, indicating no gel 

formations during the redispersion. Basically, HMP requires high concentrations of a 

low molecular weight cosolute (normally sucrose) and acidification (typically to pH 

3) to form gels by hydrogen bond and hydrophobic interaction between hydrophobic 

groups on the junction zones of HMP (Oakenfull, 1991). In the case of HMP-based 

nanoparticles, the hydrophobic parts of HMP may locate in the internal droplet, as 

demonstrated in Figure 36 while hydrophilic parts covered the nanoparticles surface. 

It is possible that the hydrophilic layer of HMP-based nanoparticles was less than that 

of LMP/ALMP-based nanoparticles, leading to less hydrogen bonding between the 

polymers on the nanoparticles surface. The acidic medium without a presence of the 

cosolute could not induce the strong enough gel, therefore, HMP-based nanoparticles 

could disperse easily in acidified medium like SGF.

5.3.13 Dissolution properties of ITZ in nanoparticles 

Calibration curve of ITZ was obtained by plotting the concentration of ITZ 

standard solution versus the peak area.  The calibration curve was found to be a 

straight line with coefficient of determination (r2) of 0.9997.  Beer’s law was 

calculated and presented as Equation 5.5:

      y = 198127 x + 1705.8                        (5.5) 

where y was the peak area and x was the concentration of ITZ (ng/mL).

Loading capacity and loading efficiency of each pectin-based nanoparticles 

are shown in Table 8. The commercial product of ITZ marketed in Thailand (Sporal®

capsule, Olic Ltd., Thailand) was used for comparison purpose.  The coated pellets 

were taken out of capsule to investigate the drug amount. Practically, one capsule of 

commercial product contains 100 mg of ITZ, or approximately 21.17% of the pellets. 

In this study, ITZ commercial product had a drug content of 19.67% and a labeled 

amount of 92.90%. Pectin-based nanoparticles had a loading capacity and loading 

efficiency of 11-13% and 80-88%, respectively. HMP-based nanoparticles gave the 

highest loading capacity and loading efficiency (Table 5.4).  
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Table 8 Loading capacity and loading efficiency of nanoparticles and 

commercial product. 

Formulation Loading capacity (%) Loading effficiency (%) 

HMP-based nanoparticles 12.51±0.35 87.57±2.51 

LMP-based nanoparticles 11.47±0.11 80.32±0.79 

ALMP-based nanoparticles 11.66±0.45 81.64±3.21 

ITZ comercial product 19.67±0.10* 92.90±0.47** 

* Drug content (%), ** Label amount (%) 

Figure 54 shows the dissolution profiles of ITZ from commercial product and 

various formulations containing different pectin types. ITZ powders dissolved only 3-

5% within 2 hours while all nanoparticles showed significantly improvement. HMP-

based nanoparticles showed about 60% of drug dissolution within 2 hours while 

LMP-based nanoparticles and ALMP-based nanoparticles shown 66% and 80% of 

drug dissolution, respectively, indicating that some drugs were entrapped in the 

nanoparticles especially in the HMP-based nanoparticles, which had higher drug 

loading efficiency due to more hydrophobic part in their molecules. These results 

indicated that lyophilized products prepared from nanoemulsions could be used as an 

effective carrier for improvement of ITZ dissolution. However, the commercial 

product demonstrated the excellent dissolution properties with almost 100% drug 

dissolved within 60 minutes. 
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Figure 54 Dissolution profiles of ITZ from nanoparticles prepared from 

nanoemulsion templates using simple homogenization.

Although HMP-based nanoparticles and LMP-based nanoparticles showed the 

good results on size and redispersibility, the percent drug dissolved was only 60% 

within 120 minutes whereas the ALMP expressed a greater amount of drug dissolved, 

even their redispersibility was limited. These behaviors could be corresponding to the 

wall strength. The rupture of pectin wall was found in ALMP-based nanoemulsions 

when investigated with TEM (Figure 37c). This may cause the leakage of 

nanoparticles, leading to immediate release of ITZ, even though the polymer turned to 

be hydrogel due to the acidity of SGF.  Therefore, the fragile wall components of 

ALMP-based nanoparticles should be considered as the factor influencing drug 

dissolution from the nanoparticles.  

5.3.14 Residual solvent  
Chloroform is classified as Class 2 residual solvent that should be limited in 

drug substances, excipients and drug products because of its inherent toxicity. The 

limitation of chloroform in pharmaceutical products was 60 ppm. Due to the use of 
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chloroform in this study, the residual solvent test is required to confirm the complete 

removal of the solvent. The standard solution showed a small peak at 3.97 minutes, 

which indicated as chloroform by the mass spectroscopy whereas all the nanoparticles 

samples did not show any peak that correlated to chloroform. Therefore, it could be 

concluded that the preparation of nanoparticles by this technique can eradicate 

chloroform from the formulations. 

5.3.15 Stability of nanoparticles 

The stability of pectin-based nanoparticles was done by investigation of the 

drug crystalline state, redispersibility and dissolution properties. The PXRD results 

(Figure 55) showed the halo-pattern of amorphous solid, however, there were some 

crystallinity peaks presented at approximately 12 and 21 degree, indicating the start of 

transformation of amorphous to crystalline solid.

Figure 55 Powder x-ray diffraction patterns of various nanoparticles prepared 

from nanoemulsion templates, using simple homogenization, after 1-

year storage. 

The redispersibility of nanoparticles after 1-year storage at ambient conditions 

was investigated. Both HMP-based nanoparticles and LMP-based nanoparticles could 

redisperse easily in water and remained the original size with narrow distribution 
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(Figure 56). Redispersion of HMP-based nanoparticles in SGF also demonstrated the 

preferable characteristics while the gelation of LMP-based nanoparticles and ALMP-

based nanoparticles was observed, as discussed in the Section 5.3.11. These results 

suggested that the nanoparticles were stable when tested for their redispersion. 

  

Figure 56 Droplet size of freshly prepared nanoparticles from nanoemulsion 

templates and after redispersion in water and redispersion in SGF, after 

1-year storage. 

 Figure 57 shows the dissolution of freshly prepared nanoparticles and 

nanoparticles after 1-year storage. Even though PXRD patterns showed a little 

crystallinity of ITZ after storage (Figure 51), all the nanoparticles after storage 

showed a slight higher amount of ITZ dissolved than the freshly prepared one. These 

results indicated the ability of pectin carrier system to maintain the amorphous 

behavior over 1-year storage at ambient conditions.
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Figure 57 Dissolution profiles of ITZ from freshly prepared nanoparticles and 

nanoparticles after 1-year storage.  

5.4 Conclusions 

In this study, nanoemulsions were prepared by a simple homogenization. 

Pectin, which is a natural surface-active agent, was used as a polymeric emulsifier. 

Nano-sized emulsions were achieved when chloroform was used as an internal phase 

while using CCT can produce only micron-sized emulsions. However, using pectin 

and polysorbate 80 could improve emulsifying properties of both emulsifiers. Droplet 

size of emulsions using combined emulsifiers was smaller than that of pectin-based 

emulsions about 100 times. This may be due to synergistic effect of pectin and 

polysorbate 80. Pectin with high DE (HMP) provided good emulsion properties 

according to its high amount of hydrophobic molecules. The droplet size of emulsions 

decreased with the increased pectin concentration. The addition of ITZ to the 

emulsion formulation was important to obtain the nano-sized emulsions, resulting 

from the molecular association between ITZ and pectin. Using HMP or loading of the 

drug into the formulation resulted in more stable emulsions via steric effect. It 
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appeared that 3% (w/w) pectin provided the most stable emulsions with the highest 

percent creaming. The obtained nanoemulsions could be formulated as self-

emulsifying drug delivery system (SEDDS) as a unit dosage form.  

After drying process, residual chloroform was lower than the limit for 

pharmaceutical products. The particle size of dried emulsions was larger than the pre-

treated one. The alteration of ITZ crystalline state was clearly observed from powder 

x-ray diffractogram while no or minor interaction between ITZ and pectin was found 

in the nanoparticles. The ITZ-loaded nanoparticles prepared from nanoemulsion 

templates showed high amount of drug dissolved in SGF, i.e., about 80% within 2 

hours, more than 10 folds over ITZ powder. Dissolution profiles of ITZ could be 

improved by changing drug crystalline state during preparation process. The 

nanoparticles could maintain their good dissolution properties over 1-year storage. 

Therefore, the pectin-based nanoparticles prepared from nanoemulsion templates is a 

promising method to improve the dissolution of ITZ.  
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CHAPTER 6 

Itraconazole-loaded pectin-based nanoparticles prepared by high-pressure 

homogenization 
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6.3.9 Redipersibility of nanoparticles 
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6.1 Introduction 

 High-pressure homogenization is one of the methods that used for preparation 

of nanoemulsions by high-energy emulsification. The simple homogenizer (as 

mentioned in Chapter 5) does not provide a good dispersion of droplet size and 

monodispersity (Abismail et al., 1999) compared to one that generated by high-

pressure homogenizer and ultrasound generator and also demonstrates the 

disadvantages in heat production during the process. High-pressure homogenizer 

could decrease the internal phase droplet size by forcing the macro-emulsion through 

narrow gaps by imposing high pressure. This kind of homogenizer consists of a high-

pressure piston pump and a narrow gap. The pump creates a pressure of 10-100 MPa, 

and the emulsion is accelerated to velocities up to hundred m/second in the gap 

(Innings and Tragardh, 2007). The high-pressure homogenization is widely used to 

prepare various pharmaceutical formulations, i.e., liposomes (Barnadas-Rodriguez 

and Sabes, 2001), solid-lipid nanoparticles (Silva et al., 2011), nanostructure lipid 

carriers (Arauja et al., 2010) and nanoemulsions (Qian and McClements, 2011). The 

high-pressure homogenizer provides advantages of supplying the available energy in 

the short time and having the homogenous flow, which is suitable for preparation of 

nanoemulsions (Solans et al., 2005). 

 Emulsion droplet size is influenced by operating conditions of high-pressure 

homogenization. Homogenization pressure can influence the properties of emulsions 

as the shear forces and turbulence produced during homogenization. A decrease in 

droplet diameter with increasing pressure and number of passes is reported (Tan and 

Nakajima, 2005). However, increasing of homogenizing pressure to more than 100 

MPa caused instability of emulsions. The homogenizing pressure of 150 MPa was 

reported to promote the irreversible degradation of long chain molecules (Floury et 

al., 2003). Similarly, when the homogenization cycle was more than three cycles, a 

decrease in emulsion stability was observed (Yuan et al., 2008). Temperature can 

influence the size of the droplets produced during homogenization in a number of 

ways. The viscosity of coarse emulsion is influenced by temperature, therefore, the 

velocity of the emulsions in the homogenization system is affected (Floury et al., 

2000).  
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6.2 Experimental methods  

6.2.1 Materials 

ITZ and pectins used in the study were described in section 5.2.1. Chloroform 

was purchased from Sigma-Aldrich (Germany). The cryoprotectants, i.e., sucrose (lot 

number M9T3349, Nacalai Tesque, Japan), trehalose dehydrate (lot number 

CDG6779, Wako, Japan), D(-)-fructose (lot number CDH5743, Wako, Japan), 

maltose monohydrate (lot number CDF1153, Wako, Japan) and maltodextrin (lot 

number 33596PJ, Sigma-Aldrich, Germany) were used as received without further 

purification. 

6.2.2 Preparation of nanoemulsions containing ITZ by high-pressure 

homogenizer 

Coarse emulsions were prepared by a simple homogenization (Polytron, 

Kinematika AG Littau, Switzerland) at 15,000 rpm for 10 minutes in the water bath, 

controlling the temperature at 10 °C. The nanoemulsions were prepared using high-

pressure homogenizer (NV-200-D, Nanomizer, Japan) at 100 MPa for 15 minutes. 

The nanoemulsions were then stirred at 25 or 40 °C under vacuum condition for 120 

minutes to remove chloroform from the emulsions. The nanoemulsions were mixed 

with cryoprotectants (i.e., sucrose, trehalose, fructose, maltose and maltodextrin) by 

stirring continuously for 5 minutes. The mixtures were frozen in a deep freezer (-100 

°C) for 3 hours before lyophilization (Eyela FD-81, Tokyo Rikkakikai, Japan) for at 

least 24 hours to ensure that no water left in the formulation. The dried products, so-

called nanoparticles, were cut into small pieces before further characterization. To 

study the effect of cryoprotectants on the stability of nanoparticles, each 

cryoprotectant was added into the nanoemulsions and stirred gently before the step of 

pre-freezing. Freeze-thaw method, as described in the study of Date and coworkers 

(2010), was used for screening the most suitable cryoprotectant. Briefly, 

cryoprotectant was added in the nanoemulsions, then, the mixture was frozen at -100 

°C for 3 hours and then thaw at 25 °C for 1 hour in a water bath before 

characterization. 
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6.2.3 Morphology examibation 

The morphology of nanoemulsions was investigated by a light microscope 

(Olympus BX51, Olympus, USA) at a magnification of 400×. The emulsions were 

dropped on a glass slide and covered afterward with a coverslip, then the photos of the 

emulsion droplets were taken. Nanoparticles were observed by SEM. The 

nanoparticles were fixed on SEM stubs with double-sided adhesive tape and coated in 

a vacuum with thin platinum layer (Auto Fine Coater JFC-1600, Jeol, Japan) before 

investigation. The SEM images of nanoparticles were investigated by SEM (JSM-

6510LV, Jeol Ltd., Japan) at the accelerated voltage of 15 kV. 

6.2.4 Measurement of droplet size and zeta potential  

Droplet size and zeta potential of nanoemulsions were investigated by 

Zetasizer (3000HS, Malvern Instrument Ltd., UK). The nanoemulsions were 10-fold 

diluted in ultrapurified water by vortex-mixing before investigation. Three 

measurements on three different batches of each nanoemulsion formulation were 

determined. The droplet diameter and standard deviation were reported. The droplet 

size and zeta potential of redispersed nanoparticles were also investigated by the same 

procedure. 

6.2.5 Thermal analysis 

Thermal analysis of nanoparticles was performed by differential scanning 

calorimeter (DSC6200, Seiko Instrument, Japan).  An accurate amount of sample was 

placed inside standard crimped aluminum pan and heated from 25 to 250 °C at a 

heating rate of 10 °C/minute under 30 mL/minute nitrogen flow.

6.2.6 PXRD analysis 

PXRD analysis was used to investigate crystalline state of ITZ. PXRD patterns 

of ITZ in nanoparticles were obtained using the powder x-ray diffractometer 

(Miniflex II, Rikagu, Japan) at 40 kV, 40 mA over the range of 5°-45° 2  using Cu 

K  radiation wavelength of 1.5406 Å. 

6.2.7 FT-IR spectroscopy 

The FTIR spectra of all samples were examined as described in section 5.2.12.
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6.2.8 Redispersibility test 

The redispersibility test of all nanoparticles was performed as described in 

section 5.2.13. 

6.2.9 Loading capacity and loading efficiency of nanoparticles 

The loading capacity and loading efficiency of the nanoparticles were 

investigated as described in section 5.2.14. 

6.2.10 Dissolution test 

The dissolution test of the nanoparticles was investigated as described in 

section 5.2.15. 

6.2.11 Residual solvent 
The residual solvent analysis of the nanoparticles was examined as described 

in section 5.2.16. 

6.2.12 Stability of dried nanoparticles 

The nanoparticles were kept at the ambient conditions for 1 month in three 

conditions, i.e., ambient conditions, 4 °C, 40 °C/75%RH, before the investigation of 

thermal properties and redispersibility. Then, the nanoparticles kept at ambient 

conditions were taken for investigation of crystalline state and dissolution after 6-

month storage.  

  

6.3 Results and discussion 

Due to the unsuitable properties of CCT-based emulsions as discussed in 

Chapter 5, only chloroform-based nanoemulsions were emphasized in this study. The 

nanoemulsions were prepared by a high-pressure homogenizer, i.e., Nanomizer, at 

100 MPa for 15 minutes. Pectin was used as an emulsifier in the concentration of 0.5, 

1, 1.5, 2 and 3% (w/w). However, 0.5% (w/w) pectin could not be used for 

preparation of stable for further process by the high-pressure homogenizer. Using 2 

and 3% (w/w) pectin caused an obstruction in the machine because of its high 

viscosity. Therefore, the pectin concentration used in this study was fixed to 1 and 

1.5% (w/w).
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6.3.1 Emulsion droplet morphology 

  Figure 59 shows microscopic images of ITZ-loaded, chloroform-based, 

emulsions containing various types and concentrations of pectin. Using 1% (w/w) 

pectin in the formulation was sufficient to produce small-sized nanoemulsions. The 

size of coarse emulsions was decreased to submicron after passing through the high-

pressure homogenizer. All emulsions showed spherical droplets. Surprisingly, using 

higher concentration of pectin did not affect the droplet size. This is different from 

those prepared by simple homogenizer. This may be due to the minor difference in 

pectin concentration. 

Figure 59  Microscopic images of ITZ-loaded, chloroform-based, emulsions 

containing various types and concentrations of pectin prepared from 

(a) HMP, (b) LMP, (c) ALMP. Different concentrations of pectin were 

studied, i.e., 1 and 1.5% (w/w). 

6.3.2 Emulsion droplet size 

The homogenization pressure was set at 100 MPa for all formulations. The 

different homogenization times were investigated to adjust the suitable conditions in 

the preparation of nanoemulsions, using HMP-based emulsions as a preliminary 
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formulation. Table 9 shows the droplet size and zeta potential of the nanoemulsions 

prepared by high-pressure homogenizer. The prepared nanoemulsions showed a low 

polydisperse index. Increasing of homogenization time clearly affected the droplet 

size of nanoemulsions. The droplet size increased from 413.8 nm at 15 minutes to 

560.6 nm after 60 minutes of homogenization. The zeta potential of nanoemulsions 

was also changed from -30 to -20 mV when the homogenization time was increased 

from 15 to 60 minutes. This is probably because of an irreversible disruption of 

biopolymer after high-pressure homogenization, leading to a decrease in the average 

molecular weight of pectin adsorbed on the interface (Paquin, 1999). The emulsions 

stabilized by the disrupted molecules were found to lose their shear-thinning behavior 

and undergo a large decrease in viscosity (Floury et al., 2003). These phenomena 

certainly affect the emulsifying properties of pectin, which the steric stabilization is 

an important role of the polymer on emulsification. Therefore, the homogenization 

time of 15 minutes was selected for further investigation. 

Table 9 Droplet size and zeta potential of HMP-based nanoemulsions prepared 

by high-pressure homogenizer. 

Condition Mean droplet 

size (nm) 

Polydisperse 

index 

Zeta potential 

(mV) 

100 MPa, 15 min 

100 MPa,  30 min 

100 MPa,  60 min 

413.8 

479.3 

560.6 

0.151 

0.153 

0.152 

-30.8 ± 4.53 

-23.5 ± 3.98 

-20.4 ± 3.88 

Note: The concentration of pectin used was 1% (w/w). 

The high-pressure homogenizer could prepared nanoemulsions with narrow 

size distribution even at a low amount of pectin when ITZ was added in the system 

(Figure 60). Without ITZ loading, emulsions showed large droplets, in micron range 
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(data not shown) which correlated to that prepared by simple homogenization. The 

mechanism and importance of ITZ in emulsification were proposed in section 5.3.3. 

For this experiment, the effect of pectin concentration on emulsion droplet size is 

interesting. The smaller droplet size of nanoemulsions was obtained when using 

higher amount of pectin. Similar results were found when prepared by simple 

homogenization.  

Figure 60 Effect of type and concentration of pectin on droplet size of 

nanoemulsions prepared by the high-pressure homogenization.

Comparing to the simple homogenization (Chapter 5), using high-pressure 

homogenizer provided an advantage of temperature controlling and the droplet size 

decreasing. Less pectin was required to perform a stable, small-sized nanoemulsions 

due to the acceleration of the coarse emulsion through the microchanel. As a result, 

shear, impact and cavitation forces were applied on very small volumes and generated 

nano-scaled nanoemulsion droplets without waste in viscous friction (Anton et al., 

2008). Therefore, pectin could adsorb on the oil/water interface effectively even less 

pectin was used. Increasing of pectin concentration to 1.5% (w/w) could also decrease 
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the size of nanoemulsions as described in section 5.3.4. Using excess biopolymer as 

an emulsifier may lead to the flocculation of emulsion droplets via depletion and 

bridging mechanism (Pal, 2011). Therefore, it is suggested that an appropriate amount 

of polymer should be considered in nanoemulsion formulation. 

6.3.3 Zeta potential 

The pH of nanoemulsions was approximately 3 to 3.5 which equals to pKa of 

pectin. This is implied that about half of carboxyl groups were ionized. Zeta potential 

of emulsions was changed upon pectin type, i.e., the zeta potential of HMP-based 

nanoemulsions was about −29 mV to −30 mV, while that of HMP was approximately 

−27 mV. LMP showed more negative charge due to the higher amount of free 

carboxyl group which was not esterified by methanol. ALMP demonstrated the lowest 

zeta potential of −58 mV. Concentration of pectin used insignificantly affected the 

zeta potential of nanoemulsions.   

Figure 61 Effect of type and concentration of pectin on zeta potential of 

nanoemulsions prepared by high-pressure homogenization.

6.3.4 Effect of cryoprotectants  
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frozen emulsions. Saito and coworkers (1999) suggested that sugar works as a spacing 

matrix between droplets, leading to prevention of fusion. The sugars have the ability 

to form glasses, which have very high viscosity and low mobility, leading to the 

increased stability of the material being preserved. Among the sugars, trehalose seems 

to be the most effective cryoprotectant due to its suitable properties, including less 

hygroscopicity, an absence of internal hydrogen which allows more flexible formation 

of hydrogen bonds with nanoparticles during freeze-drying, very low chemical 

reactivity and higher glass transition temperature (Crowe, 1996). Various types and 

concentrations of cryoprotectant were used in this study and compared to the 

nanoemulsions without cryoprotectant. 

 The droplet size before freezing was approximately 664 nm. After freeze-

thawing, the size of nanoemulsions without cryoprotectant was 660±32 nm (Figure 

62). All sugars also provided the stable nanoemulsions which droplet size was 

between 630 and 670 nm. The results suggested the unnecessary of cryoprotectant to 

maintain the emulsion stability through the freeze-thaw process.  This is in a good 

agreement with the previous study (Aoki et al., 2005) that reported the pectin-

stabilized emulsions providing good stability across a wide range of temperature and 

freeze-thawing process. Pectin showed the cryoprotective effect by providing short-

range steric repulsion between the droplets that prevents them from coming close 

enough to coalesce and also difficult for ice rupture. Therefore, in the further studies, 

other cryoprotectants were not used in the lyophilization process of the 

nanoemulsions but the cryoprotective properties of pectin have applied to confirm the 

nanoemulsion stability. 

   ส
ำนกัหอ

สมุดกลาง



Figure 62 Droplet

of cropr

6.3.5 Removal of ch

 The emulsion-

proposed in the study

chloroform out from n

in vacuum condition a

temperature on particle

Figure 63 Schema

remove

0

100

200

300

400

500

600

700

800

900

1000

Blank

Pa
rti

cl
es

iz
e 

(n
m

)

Sampli
site

t size of nanoemulsions using different type

rotectants.

loroform

solvent evaporation modified from emulsion

y of Kawashima and coworkers (1998) wa

nanoemulsions (Figure 63). Brifely, nanoemu

at 25 °C or 40 °C for 240 minutes to inves

e size and crystallization of ITZ from the nan

atic diagram of emulsion-solvent evaporatio

e solvent out from nanoemulsions. 

Sucrose Trehalose Fructose Malto

Vacu
Uni

ing 

141

e and concentration 

n-diffusion method 

as used to remove 

ulsions were stirred 

stigate the effect of 

noemulsions.

on method used to 

ose Maltodextrin

uum 
it

   ส
ำนกัหอ

สมุดกลาง



142

 The removal of chloroform out from nanoemulsions did not affect the 

nanoemulsion droplet size in both conditions, i.e., 25 °C and 40 °C. The size of 

nanoemulsions was about the same as the original ones (Figure 64). The microscopic 

images demonstrated no crystallization of ITZ during the solvent removal process 

(Figure 65). In this study, therefore, the solvent removal at 40 °C was chosen to 

ensure the least solvent left in the samples before freeze-drying. From this process, 

ITZ existed in the pectin capsules, possibly as both small-sized crystals and 

amorphous solid without macro-size crystals that could destroy the nanocapsule 

structure.  

Figure 64 Effect of evaporation time and temperature on size of nanoemulsions. 

    

Figure 65 Microscopic images of nanoemulsions; (a) before solvent removal and 

(b) after solvent removal at 40 °C for 240 minutes.
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The size of nanoemulsions was determined to check if there is large crystals 

precipitated in all samples (Figure 66a). The size of nanoemulsions decreased to 

submicron range after passing through high-pressure homogenizer and could be 

maintained after removal of chloroform. Zeta potential showed a decrease of negative 

charge on the particle surface, resulting from disruption of the pectin (as discussed in 

section 6.3.2) after high-pressure homogenization (Figure 66b). No significant change 

was found after chloroform removal, indicating that the solvent removal process did 

not affect surface properties of the nanoemulsions.

Figure 66 (a) Size and (b) zeta potential of nanoemulsions before and after high-

pressure homogenization, and after solvent removal process. 
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All nanoparticles showed spherical shape with smooth surface. There was no 

ITZ crystal observed, indicating that no crystallization occurred in the drying process. 

The particle size of dried nanoparticles was approximately 500-1000 nm, 

corresponding to the size of nanoemulsions. When pectin concentration in 

nanoemulsions was increased, the nanoparticles tended to attached on or embedded in 

pectin film as the excess polymer located in the water phase of nanoemulsions. No 

aggregation was found in all nanoparticles. 

6.3.7 Thermal properties and crystallinity of ITZ in nanoparticles 

The thermal analysis results by DSC are shown in Figure 68. The onset 

melting temperature of ITZ was manifested around 166-168 °C. The thermal 

properties of physical mixtures of ITZ and various types of pectin at a ratio of 1:2 

were compared to that of the nanoparticles. All physical mixtures showed the peak of 

crystalline ITZ, indicating that the drug was not molecularly dispersed in the polymer. 

Nevertheless, no melting peak of ITZ was found in all nanoparticle formulations.  

      

Figure 68  DSC thermograms of nanoparticles and physical mixtures of ITZ and 

various types of pectin. 
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Comparing to the nanoparticles prepared by simple homogenization, the 

formulations in this study contained higher ratio of ITZ in the nanoparticles. 

However, the FT-IR spectra demonstrated similar phenomena of ITZ peak lowering. 

These observations suggested the possibility of weak physical interactions between 

ITZ and pectin (Cui et al., 2006; Mandal et al., 2010) and the amorphous or molecular 

level dispersion of ITZ in pectin (Bahl and Bogner, 2006; Erdal et al., 2009). 

6.3.9 Redipersibility of nanoparticles 

The nanoparticles were reconstituted to observe their redispersibility property 

as it is a critical characteristic during drug asministration. To rehydrate the freeze-

dried nanoparticles the same volume of water lost after lyophilization was added into 

the nanoparticles. The size of redispersed nanoparticles is shown in Figure 72. HMP-

based nanoparticles demonstrated the most proper redispersibility in both water and 

SGF. The size of 1% HMP-based nanoemulsions after removal of chloroform was 

about 720 nm while that redispersed in water and SGF were 770 nm and 760 nm, 

respectively. The 1.5% HMP-based formulation showed the similar results with that 

using 1% (w/w) HMP. LMP-based nanoparticles could also be redispersed easily in 

water, however, their particle size was 100-nm and 220-nm larger after redispersion in 

water and SGF, respectively. The ALMP-based nanopartilces showed the poorest 

redispersibility in both water and SGF, especially in SGF, the nanoparticles were not 

completely dispersed and the cake structure remained over 1 hour of stirring. In LMP-

based nanoparticles and ALMP-based nanoparticles, using higher amount of pectin 

were found to be an obstacle in redispersion of the nanoparticles. These results 

indicated low redispersibility of ALMP and LMP, which corresponded to their 

gelation properties as described in section 5.3.12.

 The zeta potential of the nanoparticles after redispersion was correlated with 

the redispersibility of the nanoparticles. The pH-dependent ionization of pectin was 

clearly seen by determination of zeta potential (Figure 72b). In SGF, which the pH is 

lower than the pKa of pectin, the negative charge of nanoparticles decreased 

significantly in all types of pectin. This is probably due to the decrease of ionization 

of carboxylic functional group in pectin molecules. The alteration occurred in the case 

of ALMP-based nanoparticles. The zeta potential was changed from -60 mV to -15 
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mV, indicating a vast decrease of ionizable molecules, leading to gelation and poor 

redispersibility characteristic of ALMP-based nanoparticles. 

Figure 72 (a) Size and (b) zeta potential of nanoemulsions after removal of 

chloroform and after redispersion in water and SGF.  

 After redispersion in SGF, the gelation of ALMP-based nanoparticles was 

obviously observed under an optical microscope (Figure 73c), compared to HMP-
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The results confirmed that HMP was the most suitable pectin to be used for 

preparation of redispersible nanoparticles in water and gastric fluid.  

                HMP               ALMP  

  

  

  

Figure 73 Microscopic images of (a) nanoemulsions after solvent evaporation, 

(b) nanoparticles after redispersion in distilled water, and (c) 

nanoparticles after redispersion in SGF. 
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6.3.10 Dissolution of ITZ from nanoparticles 

Calibration curve was obtained by plotting the concentration of ITZ standard 

solution versus the peak area.  The calibration curve was found to be a straight line 

with coefficient of determination (r2) of 0.9999.  Beer’s law equation was obeyed and 

presented as Equation 6.1:

      y = 253.34 x – 198.66                        (6.1) 

where y was the peak area and x was the concentration of ITZ (ng/mL).

Loading capacity and loading efficiency of ITZ in each pectin-based 

nanoparticles are shown in Table 10. Pectin-based nanoparticles showed 

approximately 20% loading capacity. Loading efficiency of nanoparticles were about 

60% and 75-80% for the 1% (w/w) and 1.5% (w/w) pectin formulations, respectively. 

This result suggested that high amount of pectin can hold the higher amount of drug 

than the lower one. These results were further used for calculation of percent drug 

dissolved in the dissolution studies. 

Table 10 Loading capacity and loading efficiency of ITZ in nanoparticles and 

commercial product. 

Formulation Loading capacity (%) Loading effficiency (%) 

1% HMP-based nanoparticles 

1.5% HMP-based nanoparticles 

20.89±2.99 

19.20±1.54 

62.67±8.98 

76.81±6.16 

1% LMP-based nanoparticles 

1.5% LMP-based nanoparticles 

21.18±2.54 

19.82±0.29 

63.57±7.61 

79.27±1.15 

1% ALMP-based nanoparticles 

1.5% ALMP-based nanoparticles 

19.90±0.92 

20.50±0.83 

59.69±2.75 

82.01±3.31 

ITZ commercial product* 19.67±0.10** 92.90±0.47*** 

* data was taken from section 5.3.13.  

** Drug content (%), *** Label amount (%) 
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Figure 74 shows dissolution profiles of ITZ from nanoparticles prepared from 

nanoemulsion templates using high-pressure homogenization. From this Figure, all 

nanoparticles showed better dissolution than untreated ITZ. The commercial product 

and 1% HMP-based nanoparticles demonstrated an excellent drug dissolution with 

more than 95% of drug dissolved within 60 minutes. About 70% and 80% of drug 

were dissolved from 1% LMP-based nanoparticles and 1% ALMP-based 

nanoparticles, respectively. Higher amount of pectin retarded the ITZ dissolution in 

all types of pectin. These results are in agreement with the redispersibility of 

nanoparticles. This may be because the excess polymer obstructed the dissolution of 

ITZ from the nanoparticles. It should be noted that even though LMP-based 

nanoparticles showed a better redispersibility in SGF than ALMP-based 

nanoparticles, LMP-based nanoparticles demonstrated a slower drug dissolution. This 

behavior might be corresponding to the wall strength of nanoparticles. The rupture of 

pectin wall was found in ALMP-based nanoemulsions when investigated with TEM 

(Figure 37c). This may cause the leakage of nanoparticles, leading to immediate 

release of ITZ, even though the polymer turned to be hydrogel due to the acidity of 

SGF. From the dissolution studies, 1% pectin formulations were selected for further 

studies on in-vivo absorption in the further study (Chapter 7). 
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Figure 74 Dissolution profiles of ITZ from nanoparticles prepared from 

nanoemulsion templates using high-pressure homogenization.

6.3.11 Residual solvent 

Due to the use of chloroform in this study, the residual solvent test is required 

to confirm the complete removal of the solvent. The standard solution showed a small 

peak at 3.97 minutes, which indicated as chloroform by the mass spectroscopy, 

whereas all the nanoparticles samples did not show any peak that correlated to 

chloroform. Therefore, it could be concluded that the preparation of nanoparticles by 

this technique can eradicate chloroform from the formulations. 

6.3.12 Stability of nanoparticles 

After 1-month storage in various conditions, including at ambient conditions 

(25 °C), 4 °C and 40 °C/75%RH, the DSC analysis was done to investigate the 

thermal properties of ITZ-loaded nanoparticles (Figure 75). For all pectins, the first 

broad peak associated with loss of absorbed moisture in the sample.  
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Figure 75  DSC thermograms of freshly prepared nanoparticles and nanoparticles 

after storage in various conditions.

40 80 120 160 200 240

40 80 120 160 200 240

40 80 120 160 200 240

 4 °C 

Ambient conditions 

Freshly prepared 

40 °C/75 %RH 

 4 °C 

Ambient conditions 

Freshly prepared 

40 °C/75 %RH 

 4 °C 

Ambient conditions 

Freshly prepared 

40 °C/75 %RH En
do

th
er

m
ic

 
En

do
th

er
m

ic
 

En
do

th
er

m
ic

 
(a) HMP-based nanoparticles 

(b) LMP-based nanoparticles 

(c) ALMP-based nanoparticles 

   ส
ำนกัหอ

สมุดกลาง



155

HMP-based nanoparticles showed the similar DSC data in all storage 

conditions. In case of LMP-based nanoparticles, some endothermic peaks were found 

in the samples stored in high humidity condition, i.e., endothermic peaks occurred at 

70 – 100 °C corresponding to pectin instability. Storage at 40 °C/75 %RH also caused 

a small endothermic peak near the melting peak of ITZ, indicating recrystallization of 

the drug. ALMP-based nanoparticles showed the instability even storing at the 

ambient conditions, i.e., endothermic peak at 100 °C, which corresponded to moisture 

evaporation or polymer alteration. Storage at 4 °C caused a major endothermic peak 

at 112 °C, which indicated the moisture evaporation. Types of pectin correlated to 

their molecular structure influenced the physicochemical properties and also moisture 

sensitivity. The HMP led to increasing of polymer hydrophobicity. LMP is more 

hydrophilic, therefore, the higher moisture could be absorbed and may cause 

alteration of pectin properties. From the literatures, ALMP has lower thermal stability 

than non-amidated pectin. Moreover, it is also more sensitive to moisture than the 

LMP (Mishra et al., 2009).  

The redispersibility in water of nanoparticles after 1-month storage in various 

condition including at ambient conditions, 4 °C and 40 °C/75 %RH was investigated 

(Figure 76). Both HMP-based nanoparticles and LMP-based nanoparticles could 

redisperse easily in water and remained the original size in all storage conditions. 

ALMP-based nanoparticles could not redisperse freely even in water. This result is 

correlated with pectin stability determined in Figure 75c. However, there was no 

significant difference found between zeta potential of nanoparticles stored in each 

condition, indicating that the storage condition did not affect the ionization properties 

of pectin on the surface of nanoparticles (Figure 76b). 
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Figure 76 (a) Droplet size and (b) zeta potential of nanoparticles redispersed in 

water, after 1-month storage. 

 The redispersibility tests in SGF of nanoparticles after storage in various 

conditions were also investigated (Figure 77). HMP-based nanoparticles and LMP-

based nanoparticles showed the good stability in terms of the redispersibility, similar 

to redispersibility tests in water while ALMP provided limited redispersibility. The 

zeta potential showed the interesting results on nanoparticles redispersibility in SGF 

(Figure 77b). HMP-based nanoparticles and LMP-based nanoparticles showed more 

positive zeta potential after storage in high temperature and high humidity conditions, 

indicating the decrease of pectin ionization. This finding may influence the 

dissolution of ITZ in SGF (discuss later). 
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Figure 77 (a) Droplet size and (b) zeta potential of nanoparticles redispersed in 

SGF, after 1-month storage. 

The stability of pectin-based nanoparticles was done by investigation of the 

drug crystallinity, redispersibility and dissolution properties. The PXRD results 

(Figure 78) showed the halo-type of amorphous solid, however, there were some 

crystallinity peaks presented at approximately 12 and 21 degree, indicated the start of 

transition of amorphous to crystalline solid.
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Figure 78 Powder x-ray diffraction patterns of various nanoparticles prepared 

from nanoemulsion templates using high-pressure homogenization, 

after 6-month storage. 

 Figure 79 shows the dissolution profiles of ITZ from freshly prepared 

nanoparticles and nanoparticles after 6-month storage. Even though PXRD patterns 

showed a low crystallinity of ITZ after storage (Figure 79), all the stored 

nanoparticles demonstrated a similar drug dissolution, compared to freshly prepared 

nanoparticles. These results indicated the effectiveness of pectin carrier system to 

maintain the dissolution properties over 6 months when storage at ambient conditions 

even in the formulations with low amount of pectin.
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Figure 79 Dissolution profiles of ITZ from freshly prepared nanoparticles and 

nanoparticles after 6-month storage. Nanoparticles were prepared from 

nanoemulsion templates using high-pressure homogenization. 

6.4 Conclusions 
Nanoemulsions were successfully prepared by a high-pressure 

homogenization using pectin as an emulsifier and chloroform as an oil phase. Nano-

sized emulsions were achieved even low concentration of pectin was used in the 

formulations. HMP provided good emulsions and nanoparticles properties in 

redispersibility, dissolution and stability of the nanoparticles. Because of their good 

redispersibility, the obtained nanoemulsions could be formulated as self-emulsifying 

drug delivery system (SEDDS) as a unit dosage form, except for ALMP-based 
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0

10

20

30

40

50

60

70

80

90

100

110

0 20 40 60 80 100 120

Freshly prepared HMP-based nanoparticles

Freshly prepared LMP-based nanoparticles

Freshly prepared ALMP-based nanoparticles

After storage HMP-based nanoparticles

After storage LMP-based nanoparticles

After storage ALMP-based nanoparticles

Time (min)

D
ru

g 
di

ss
ol

ve
d

(%
)

   ส
ำนกัหอ

สมุดกลาง



160

particle size of nanoparticles was close to the pre-treated one. The alteration of ITZ 

crystallinity was clearly observed from powder x-ray diffractogram while no or minor 

interaction between ITZ and pectin was found in the nanoparticles. The ITZ-loaded 

nanoparticles prepared from nanoemulsion templates showed high percent drug 

dissolved in SGF (pH 1.2). The dissolution profile of HMP-based nanoparticles 

showed very similar characteristic to the commercial product, therefore, a good in-

vivo absorption was expected. The nanoparticles could maintain their good dissolution 

properties after 6-month storage. Therefore, the pectin-based nanoparticles prepared 

from nanoemulsion templates are a promising system to improve the dissolution of 

ITZ. 
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CHAPTER 7 

In-vivo absorption of itraconazole 

  

7.1 Introduction 

7.2 Experimental methods  

7.2.1 Materials  

7.2.2 Sample preparation 

7.2.3 In-vivo absorption study 

7.2.4 HPLC assay 

7.2.5 Statistical analysis 

7.3 Results and discussion 

 7.3.1 In-vivo absorption of itraconazole crystals 

 7.3.2 In-vivo absorption of itraconazole from nanoparticles 

7.4 Conclusion

   ส
ำนกัหอ

สมุดกลาง



162 

7.1 Introduction 

The absolute bioavailability of oral ITZ is 56% under fed condition (Amidon 

et al., 1995). ITZ should be administered with food since the bioavailability is reduced 

by 40% when it is administered under fasting conditions (De Beule, 1996). Its 

bioavailability is affected by gastric acidity, therefore, administered ITZ together with 

acidic beverage, i.e., cola, can increase its bioavailibality (Jaruratanasirikul and 

Kleepkaew, 1997). ITZ provides extensive tissue distribution with tissue 

concentrations many times higher than in plasma. It is metabolized primarily in the 

liver, with long elimination half-live. The major metabolite is hydroxy-ITZ which 

provides antifungal activity similar to that of ITZ (De Beule and Van Gestel, 2001). 

The target plasma level for ITZ has been estimate at 250 ng/mL based on the in-vitro

IC90 (De Beule, 1996).  

Plasma level of ITZ can be measured either by HPLC or bioassay. The HPLC 

method has a high specificity and sensitivity to determine drug amount (Hassen et al., 

2007) whereas the bioassay method measures total antifungal activity of the drug 

(Odds et al., 1999). The HPLC method is widely used for pharmacokinetics studies. 

Oral absorption of ITZ in laboratory animals, i.e., rats, rabbits and beagle dogs has 

been studied (Yoo et al., 2002). There are differences in the absorption, disposition 

and elimination of ITZ in each animal. Among the animals, the beagle dogs are 

appropriate for oral absorption of study ITZ due to the comparable pharmacokinetic 

parameters, i.e., Tmax, Cmax and AUC. The rats can be used as alternative model based 

on similar Tmax and AUC of rats and humans while the rabbits are discrete due to their 

longer gastric emptying time. Chiou and Barve (1998) reported the linear correlation 

of oral dose absorbed of 64 drugs between humans and rats, therefore, rats are a good 

model for study the oral absorption of ITZ due to its correlation with humans and easy 

to accessibility and handling. 

The oral absorption of ITZ was reported to increase by several formulations, 

i.e., solid solution (Kapsi and Ayres, 2001), solid dispersion (Yoo et al., 2000), and 

complexation with cyclodextrin (Barone et al., 1998). In this study, the in-vivo oral 

absorption of ITZ from crystals and pectin-based nanoparticles was done. The high-
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dissolution formulations, including recrystallized ITZ prepared by vacuum 

evaporation using lyophilization and rotary evaporator in chloroform, and 

nanoparticles prepared by simple homogenization and high-pressure homogenization, 

were investigated for the ITZ oral absorption using Wistar rats as the model animals. 

7.2 Experimental methods  

7.2.1 Materials  

Commercial product, Sporal® (lot number B943004, expiry date 24-05-2012, 

Olic Ltd., Thailand), was used for comparision of the absorption of ITZ with prepared 

nanoparticles. Sodium carboxymethylcellulose (NaCMC; Nacalai Tesque, Japan) was 

used as suspending agent. All chemicals used in the HPLC analysis were of HPLC 

grade and used as received without further purification. 

7.2.2 Sample preparation 

 The commercial product of ITZ produced by coating the dispersion of ITZ in 

hydroxypropyl methylcellulose (HPMC) on an inert core pellet was used. Before 

administration to animals, the suspension of ITZ commercial product was prepared by 

grinding the pellets, equivalent to 3 mg of ITZ, in 1 mL of 0.5% (w/v) NaCMC 

solution in order to obtain the homogeneous dispersion of the ITZ commercial 

product. For the ITZ crystals and nanoparticles, the samples (equivalent to 3 mg of 

ITZ) were dispersed in 1 mL of 0.5% (w/v) NaCMC solution by vortexing the 

mixtures for 5 minutes. Then, 1 mL of dispersion, which contained ITZ (3 mg/mL) 

was administered to the animals. 

7.2.3 In-vivo absorption study 

 The in-vivo studies were modified from the study of DiNunzio and coworkers 

(2008). The experiments were performed in male Wistar rats (8 weeks, 200-220 g, 

Japan SLC Inc., Shizuoka, Japan). During the studies, not more than 3 rats were 

stored per cage, subjected to 12 hours – 12 hours cycles of light and darkness, with 

access of food and water. The rats were fasted for 1 day before experiment was started 

in order to avoid food influence on the drug absorption. The rats were administered 

with the formulation at a dose of 15 mg of ITZ/kg body weight (n=5). The formulated 
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crystals, nanoparticles and commercial product were given to the rats by oral gavages, 

providing volumetric dose of 1 mL to prevent spontaneous release through the pyloric 

spincter. Before blood sampling, the catheters were flushed with heparine not more 

than 24 hours before use. Blood samples of approximately 600 μL were collected 

from the jugular vein catheter at 0, 0.5, 1, 2, 4, 6, 12 and 24 hours after dosing then 

placed into microcentrifuge tubes. The blood samples were centrifuged at 10,000 rpm 

for 5 minutes then plasma was separated and transferred to a microcentrifuge tube. All 

samples were stored at -20 °C before analysis for drug amount. 

 Prior to HPLC analysis, plasma was removed from the frozen samples and 

allowed to equilibrate to room temperature. The 200 μL of plasma were taken to 

another microcentrifuge tube and the protein was separated by addition of 800 μL 

acetronitrile, then mixed by vortex mixer for 1 minute. The mixtures were standed for 

20 minutes before evaporation of supernatant. The precipitate was dissolved in 150 

μL of methanol before determination of drug amount by HPLC analysis. The area 

under the plasma concentration-time curve (AUC) was determined by the trapezoidal 

method. All experiments were approved and monitored by the Institutional Animal 

Care and Use Committee of Gifu Pharmaceutical University under the permission 

number 2010/162. 

7.2.4 HPLC assay 

 The samples were analyzed by a HPLC (PU-980, Jasco, Japan) at a 

wavelength of 263 nm using a Cosmosil 5C18-MS-II (4.6x250 mm) column. The 

temperature was controlled at 40 °C. The system was operated under isocratic flow at 

1.2 mL/minute using a mobile phase consisting of phosphate buffer pH 

7.0:acetronitrile (40:60) and was filtered through a membrane filter (0.22 μm), and 

degassed in a sonicator bath for 20 minutes before use. Samples were injected in the 

volume of 100 μL. The retention time of ITZ was approximately 14 minutes.

7.2.5 Statistical analysis 

 The difference between sample groups was analyzed by ANOVA and paired t-

test for significance (p<0.05) using statistic function in Microsoft Excel 2007 

software. 
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7.3 Results and discussion 

Calibration curve was obtained by plotting the concentration of ITZ standard 

solution versus the peak area.  The calibration curve was found to be a straight line 

with coefficient of determination (r2) of 0.9991.  Beer’s law equation was obeyed and 

presented as Equation 7.1:

      y = 293.26 x + 4729.6                        (7.1) 

where y was the peak area and x was the concentration of ITZ (ng/mL). The limit of 

detection was 13 ng/mL. These equation was used in the ITZ amount assay.  

7.3.1 In-vivo absorption of itraconazole crystals 

 Even though the recrsytallized ITZ by both rotary evaporation and 

lyophilization provided better dissolution profiles than untreated ITZ (Figure 4.13), 

the amount of ITZ in plasma lower than the limit of detection. This may be because 

the recrystallized ITZ was crystallized once again in basic condition of rat small 

intestine after dissolution in acidic pH of stomach. Therefore, the ITZ absorption was 

very low and could not be detected. 

7.3.2 In-vivo absorption of itraconazole from nanoparticles 

Figure 80 shows the in-vivo plasma concentration-time profiles of 

nanoparticles prepared by simple homogenization. HMP-based nanoparticles and 

ALMP-based nanoparticles provided a significant increase in ITZ level in plasma 

with a maximum drug concentration (Cmax) of 67.30±13.10 and 54.91±6.73 ng/mL, 

respectively. The Cmax of LMP nanoparticles was significantly lower (20.81±6.99 

ng/mL). However, the ITZ commercial product provided a moderate Cmax

(36.55±35.25 ng/mL) while drug in plasma could not be detected when the untreated 

ITZ powder was given to the animals.  

   ส
ำนกัหอ

สมุดกลาง



166

Figure 80 In-vivo plasma profiles of ITZ-loaded HMP-based nanoparticles (n=4), 

LMP-based nanoparticles (n=5), ALMP-based nanoparticles (n=4) 

prepared by simple homogenization and ITZ commercial product 

(n=4) with standard error. The concentration of pectin used was 3% 

(w/w). 

The area under the plasma concentration time curve (AUC0-24h) and Cmax of 

ITZ from ITZ-loaded HMP-based nanoparticles and ALMP-based nanoparticles using 

3% (w/w) of pectin were found to be significantly higher than that of the ITZ 

commercial product (Table 11). HMP-based nanoparticles showed the highest AUC0-

24h of 531.09±108.97 ng·h/mL while the commercial product showed the AUC0-24h of 

435.65±137.93 ng·h/mL. This may be due to a good redispersibility and dissolution 

properties of HMP-based nanoparticles. From these results, it could be concluded that 

using HMP-based nanoparticles as a drug carrier for oral administration of ITZ with 

the enhanced absorption can be achieved. The mucoadhesive properties of pectin 

against gastrointestinal mucosa of animals (Thirawong et al., 2007) can prolong the 

retention time of nanoparticles by adhesion on the intestinal mucosa. Thirawong and 

coworkers (2008) reported the attachment of pectin-liposome nanocomplexes on 

duodenum and jejunum since first hour to after 6 hours after administration. However, 
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pectins in nanoparticles may dissolve in the gastric fluid and only the undissolved 

nanoparticles, which are the minor portion, can show the mucoadhesive properties. 

These properties might help the nanoparticles to locate in the mucosal layer and 

enhance the absorption of ITZ.  In this study, HMP-based nanoparticles provided 

better absorption of ITZ than ALMP-based nanoparticles and LMP-based 

nanoparticles due to the difference in redispersibility. ALMP-based nanoparticles 

cannot redisperse in the acidic condition of the gastric fluid, therefore, the aggregated 

large-clusters pass to the duodenum, leading to a decrease in absorption surface of 

particles on mucosal layer. HMP-based nanoparticles can redisperse easily to 

nanoparticles in gastric fluid, leading to increasing of drug absorption when these 

particles located in the intestine. A poor drug absorption was found in case of LMP-

based nanoparticles. This may be due to a poor drug dissolution together with poor 

redispersibility of LMP as described in Chapter 5. The commercial ITZ showed a 

lower absorption than the ITZ-loaded nanoparticles. This may be due to less solubility 

of ITZ in the intestinal fluid (Ghazel et al., 2009). ITZ dissolved from the commercial 

product might recrystallize in the intestine because HPMC had already dissolved in 

stomach and could not help to prevent the recrystallization of ITZ. 

Table 11 Calculated area under the plasma concentration-time curve (AUC0-24h)

and maximum concentration (Cmax) of nanoparticles prepared by 

simple homogenization. 

Formulation AUC0-24h (ng·h/mL) Cmax (ng/mL) 

ITZ commercial product 435.65±137.93 36.55±35.25 

HMP-based nanoparticles 531.09±108.97 67.30±29.30 

LMP-based nanoparticles 165.46±82.54 20.82±15.63 

ALMP-based nanoparticles 235.58±130.27 54.91±13.47 

Note: The concentration of pectin used was 3% (w/w). 
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Comparing to another report using similar dose administration (DiNunzio et 

al, 2008), the Cmax of ITZ investigated in this study was lower. This is probably due to 

a fasting condition before experiments. It was reported that ITZ absorption increased 

after a meal, as compared with that found in the fasting state, because the gastric 

acidity is needed for adequate dissolution (Zimmermann et al., 1994). In the case of 

fed condition, Cmax of the commercial product could be higher, up to 359 ng/mL. 

Figure 81 shows the in-vivo plasma concentration-time profiles of 

nanoparticles prepared by high-pressure homogenization. A significant increase of 

ITZ level in plasma was also obtained after administration using 1 % (w/w) of pectin. 

HMP-based nanoparticles and ALMP-based nanoparticles gave the Cmax of 

93.61±69.34 and 94.8±84.04 ng/mL, respectively. The Cmax of LMP-based 

nanoparticles was significantly lower (27.22±11.80 ng/mL).  

Figure 81 In-vivo plasma profiles of ITZ-loaded HMP-based nanoparticles (n=4), 

LMP-based nanoparticles (n=4), ALMP-based nanoparticles (n=4) 

prepared by high-pressure homogenization and ITZ commercial 

product (n=4) with standard error. The concentration of pectin used 

was 1% (w/w). 

0

20

40

60

80

100

120

0 4 8 12 16 20 24

HMP-based nanoparticles prepared by high-
pressure homogenization
LMP-based nanoparticles prepared by high-
pressure homogenization
ALMP-based nanoparticles prepared by high-
pressure homogenization
ITZ commercial product

Time (hours)

Pl
as

m
a 

co
nc

en
tra

tio
n 

(n
g/

m
L)

   ส
ำนกัหอ

สมุดกลาง



169

HMP-based nanoparticles and ALMP-based nanoparticles showed an 

impressive result in enhancement of ITZ concentration in plasma. The AUC(0-24h) of 

ITZ from HMP-based nanoparticles and ALMP-based nanoparticles was 

689.44±367.22 and 656.78±401.10 ng·h/ml, respectively (Table 12). 

Table 12 Calculated area under the plasma concentration-time curve (AUC0-24h)

and maximum concentration (Cmax) of nanoparticles prepared by high-

pressure homogenization. 

Formulation AUC0-24h (ng·h/mL) Cmax (ng/ml) 

HMP-based nanoparticles 689.44±367.22 93.61±69.34 

LMP-based nanoparticles 341.40±221.19 27.22±11.80 

ALMP-based nanoparticles 656.78±401.10 94.8±84.04 

 Note: The concentration of pectin used was 1% (w/w). 

The influence of pectin type on the ITZ absorption was in a good agreement 

with the results of nanoparticles prepared by simple homogenization. Moreover, the 

influence of preparation method on drug absorption was clearly observed. Using of 

high-pressure homogenization provided significant increase in Cmax and AUC0-24h  

even though the size of nanoparticles after redispersion was smaller for nanoparticles 

produced by simple homogenization formulations. The concentration of pectin used 

for preparation of nanoparticles by simple homogenization was 3% (w/w), which is 

higher than that of nanoparticles prepared by high-pressure homogenization. It is 

possible that the excess pectin acted as absorption barrier of ITZ dissolution from the 

nanoparticles. 
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7.4 Conclusions 

Although the dissolution profiles of all formulations showed high amount of 

drug dissolved, in-vivo experiment in fasted state showed different results. The 

absorption of ITZ from ALMP-based nanoparticles to the blood stream was less than 

that from HMP-based nanoparticles. This may be due to the different properties of 

pectin molecules on gel formation and mucoadhesion. Using pectin-based 

nanoparticles prepared by high-pressure homogenizer could improve absorption of 

ITZ, i.e., 1.3-fold higher than the ITZ commercial product. DE of pectin which 

specified pectin type, affected the properties of pectin and highly influenced the 

dissolution properties and also in-vivo plasma profile. HMP-based nanoparticles 

containing high DE pectin (i.e., HMP) seems to be a promising formulation due to its 

high AUC0-24h and Cmax, which were considerably higher than those from the ITZ 

commercial product. 
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CHAPTER 8 

Summary and general conclusions 

  

In the recent years, the properties of new chemical entities shift towards higher 

molecular weight and increasing lipophilicity due to the use of high throughput 

receptor-based screening and combinatorial chemistry approach in drug design 

(Lipinski, 2000). The new drug candidates were designed based on the chemical 

properties of a receptor which is normally lipophilic, therefore, the new drug usually 

provide a high lipophilicity, leading to problems in dissolution. Various techniques 

have been used in order to improve the dissolution properties of poorly water-soluble 

drugs (Chapter 2). ITZ was used as the model drug for study the dissolution 

enhancement of BCS class II substances. The selected techniques for improving the 

dissolution and absorption were based on two approaches, recrystallization and 

formulation of nanoparticles.  

Recrystallization has been used for alteration of drug crystalline state. Both 

crystallization technique and crystallizing solvent influenced the crystal properties, 

i.e., habits, thermal property, crystallinity and dissolution. Recrystallization at the 

ambient conditions by cooling crystallization and anti-solvent addition crystallization 

has no effect on the drug polymorph (Chapter 3). Only crystal habit was changed by 

these methods, according to determination of thermal property and crystalline state by 

DSC and PXRD, respectively. Using cooling crystallization tended to provide needle-

shaped crystals while the crystals obtained from anti-solvent addition crystallization 

showed more flaky, plate shape. This indicated the importance of preparation method 

on nucleation and crystal growth. Without a seed, the nucleation and crystal growth of 

cooling crystallization occurred slowly when the drug molecules are bounded together 

while in the anti-solvent addition crystallization, the nucleation and crystal growth
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occurred rapidly around the anti-solvent droplets (Kitamura and Sugimoto, 2003). The 

crystallizing solvents also influenced the crystal habit. Using solvent with high 

polarity caused the plate-shaped crystal. This can be explained by the interaction 

between the solvent molecules and different crystal faces, which may change the 

crystal morphology (Berkovitch-Yellin, 1985). Surface area seemed to be the most 

important factor that affected the dissolution of ITZ crystals. Crystallization by anti-

solvent addition using PEG200 as crystallizing solvent provided the small plate-

shaped crystals with tremendously increased in surface area. This increased the drug 

dissolution for 2 folds. The increasing of drug dissolution is relatively small, 

therefore, the amorphous form is prepared for higher drug dissolution. 

The amorphous ITZ was prepared by vacuum evaporation using lyophilizer 

and rotary evaporator (Chapter 4). Immediate evaporation of chloroform or methylene 

chloride out from the drug solution caused the rapid crystallization, leading to 

amorphous phase formation (Jozwiakowski, 2000). Using chloroform as crystallizing 

solvent caused the complete amorphous ITZ while that obtained from methylene 

chloride, some crystalline ITZ were still found. Therefore, the dissolution of 

amorphous ITZ obtained from chloroform showed better dissolution than that from 

methylene chloride. The crystallization method also influenced the properties of ITZ 

powders. The ITZ crystals prepared from vacuum evaporation using both rotary 

evaporator and lyophilizer showed a significant increase in drug dissolution. 

However, crystallization by vacuum evaporation using lyophilizer provided the ITZ 

powder with faster dissolution. This is because extremely low temperatures can limit 

molecular mobility, therefore, the nucleation of the drug is prevented (Zhou et al., 

2009), and crystallization cannot occur, leading to complete amorphous phase 

formation. After 1-year storage at ambient conditions, both ITZ powders were 

partially crystallized, leading to a decrease in dissolution. However, ITZ powders 

obtained from vacuum crystallization using lyophilization showed less changes and 

still provided higher drug dissolution. The instability of the amorphous ITZ was 

expected and confirmed by these experiments. Stabilization of the amorphous ITZ is 

necessary to maintain the drug effectiveness through a long-term storage, therefore, a 
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polymeric nanoparticle was formulated to increase the stability and absorption of 

amorphous ITZ. 

Pectin was selected as a polymeric carrier for formation of nanoparticles 

containing ITZ due to its suitable properties, i.e., biocompatible, biodegradable and 

mucoadhesion. The pectin-based nanoparticles containing ITZ prepared from 

nanoemulsion templates were formulated by simple homogenization (Chapter 5) and 

high-pressure homogenization (Chapter 6). For the nanoemulsions prepared by simple 

homogenization, both pectin type and concentration influenced the droplet size of 

emulsions. DE of pectin has a greater effect to the droplets size of emulsions than the 

type of substituted molecule on pectin chain while increasing of pectin concentration 

reduced the nanoemulsions droplet size. High concentration, i.e., 3% (w/w) of HMP 

provided preferable nanoemulsions with small droplets. Moreover, the size of 

nanoemulsions highly depended on a presence of ITZ in the internal phase. This may 

be due to an attractive electrostatic interaction between the nitrogen atoms in ITZ and 

the polar parts of pectin (Shanaz et al., 2011). Therefore, ITZ could work as an 

additional surfactant, and a close-packed film composed of pectin and ITZ would take 

place. Another possible reason is that ITZ may act as a fine solid particle, in the same 

manner as bentonite and veegum (Akhtar et al., 2002; Funami et al., 2007), that could 

locate on the surface of oil droplets and exhibited emulsifying properties. Using CCT 

as an oil phase did not show this phenomenon. This may be due to insufficient amount 

of ITZ presenting as emulsifier or additional surfactant in the CCT-based emulsions. 

However, the CCT-based emulsions were excluded from the study due to unsuitable 

properties of dried product and their low drug loading. 

After lyophilization, ITZ-loaded nanoparticles were spherical, sub micron-

sized globules without ITZ crystal observed in all formulations. DSC thermograms 

and PXRD patterns confirmed the presence of ITZ as amorphous solid in the 

nanoparticles. FT-IR spectra suggested the weak physical interactions between ITZ 

and pectin (Cui et al., 2006; Mandal et al., 2010) and the amorphous or molecular 

level dispersion of ITZ in pectin (Bahl and Bogner, 2006; Erdal et al., 2009). The 

HMP-based nanoparticles showed the excellent redispersibility in water and SGF over 

LMP and ALMP-based nanoparticles. ALMP-based nanoparticles cannot redisperse 
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in SGF due to the gelation of ALMP in acidic medium. However, ALMP-based 

nanoparticles showed a significant higher dissolution of ITZ than that of HMP-based 

nanoparticles. This may be due to the leakage of ALMP-based nanoparticles. After 1-

year storage at ambient conditions, all nanoparticles provided similar dissolution 

profiles as the freshly prepared one, indicating the stability of pectin-based 

nanoparticles. 

Comparing to the simple homogenization, nanoemulsions could be prepared 

by high-pressure homogenization even lower amount of pectin appeared in the 

formulations. Chloroform was removed from the nanoemulsions before 

lyophilization. No drug crystallization was observed. The experiments on 

cryoprotectant effect confirmed the ability of pectin as an effective cryoprotectant, 

which can maintain the nanoparticles structure through the lyophilization. The 

spherical nanoparticles were also obtained after lyophilization and showed the same 

properties as that obtained from simple homogenization. However, the nanoparticles 

prepared by this method provided higher drug dissolution than that prepared by 

simple homogenization and comparable to the commercial product. This may be due 

to the high amount of pectin in the nanoparticles prepared by simple homogenization 

behaved as the barrier for ITZ dissolution. Moreover, these nanoparticles provided a 

higher drug loading which is very important for drug administration. 

The in-vivo oral absorption of ITZ from crystals and pectin-based 

nanoparticles were investigated (Chapter 7). The ITZ-loaded nanoparticles provided a 

good result for increasing of the in-vivo absorption of the drug while no drug in 

plasma could be detected when the amorphous ITZ prepared by evaporative 

crystallization was given to the animals. HMP-based nanoparticles demonstrated the 

best properties for oral absorption enhancement which was better than the ITZ 

commercial product. The AUC0-24h of ITZ in plasma from the ITZ commercial 

product was 435.65 ng·h/mL while that of HMP-based nanoparticles prepared by 

simple homogenization and high-pressure homogenization were 531.09 and 689.44 

ng·h/mL, respectively. The Cmax of HMP and ALMP-based nanoparticles in both 

preparation methods were also higher than the Cmax  of the ITZ commercial product. 

The difference in ITZ absorption between nanoparticles prepared by two methods is 
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due to the different amount of pectin in the nanoparticles. Less pectin presented in 

nanoparticles prepared by high-pressure homogenization. It is possible that the excess 

pectin acted as absorption barrier for ITZ dissolved from the nanoparticles. HMP-

based nanoparticles containing high DE pectin (i.e., HMP) seem to be a promising 

formulation due to its high AUC0-24h and Cmax, which were considerably higher than 

those from the ITZ commercial product. 

Future directions of research 

This study has revealed the possibility of using pectin as an emulsifier for 

preparation of nanoparticles prepared using nanoemulsion templates, which can 

increase dissolution and absorption of ITZ. The drug plays an important role in 

decreasing of emulsion droplet size, therefore, the drug-polymer interaction should be 

more thoroughly examined.  

The oil-based nanoemulsions could be formed by using a combination of 

pectin and surfactant as emulsifier. The solvent-free nanoemulsions may be preferred 

and could be applied for dissolution enhancement of hydrophobic drugs. In the 

preparation of nanoparticles, lyophilization is not suitable for the preparation of 

pectin-based nanoemulsions containing high amount of oil phase. The use of 

adsorbent may be applied. In that case, the characterization of their properties is 

required 
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