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ABSTRACT 

It is a well reported fact that  large number of drugs coming of the drug discovery 

pipeline show poor aqueous solubility. Eutectic mixture formation of poorly soluble drugs 

with  hydrophilic carriers has been used to enhance the dissolution rate of such poorly 

soluble drugs.  Eutectic mixtures are solid dispersions where the drug and the carrier are 

both in crystalline form. The eutectic mixture has a lower melting point than either 

component.  Eutectic mixtures are thermodynamically stable systems. The feasibility of 

developing a dosage form from an eutectic mixture depends on the phase diagram. 

Poloxamers are polyoxyethylene-polyoxypropylene-polyoxyethylene block polymers 

which have surfactant properties.  Phase diagram construction and dissolution rate 

enhancement mechanism in crystalline poloxamer based eutectics has not been 

reported in pharmaceutical literature.  

This thesis involved the detailed study of poloxamer 188 (PL 188) based eutectic 

mixtures. Eutectic mixture formation between PL 188 and drugs with diverse 

physicochemical properties was proved. Accurate experimental phase diagrams were 

constructed using solid state characterization techniques and theoretical phase 

diagrams were predicted using Lacoulonche et al’s model. The model was accurate in 

predicting the phase diagrams of most drugs. Discrepancies were observed in case of 

drugs showing hydrogen bonding interactions with PL 188.  This was confirmed by a 

blue shift of the carbonyl band using fourier transform infra-red spectroscopy. A unique 

novel graphical method for estimating the accurate eutectic composition of PL 188 

based eutectics with about 50 mg of drug was devised. PL 188 was effective in 

improving the dissolution rate of a poorly soluble drug ibuprofen in pH 1, 4.5 and 7.2. For 

the first time a detailed study establishing melting point depression due to eutectic 

formation as a reason for dissolution enhancement was described. Contrary to 

expectation it  was realized that maximum dissolution rate enhancement takes place at  
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drug ratios well  above the eutectic composition.  The utility of PL 188 as a eutectic 

mixture carrier was shown by comparing ketoprofen PL 188 eutectic mixtures with 

ketoprofen soluplus (glass solutions) and ketoprofen urea solid dispersions(amorphous 

precipitation in crystalline carrier). The ketoprofen PL 188 eutectic mixtures had better 

dissolution enhancing effect and physical stability. 
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CHAPTER 1 

INTRODUCTION 

Abbreviations 

DSC (differential scanning caloriemtry), DTA (differential thermal analysis) EC (eutectic 

composition), EM (eutectic mixture), ET (eutectic temperature), HME (hot melt 

extrusion), HSM (hot stage microscopy), PEG (polyetheylene glycol), PL 188 (poloxamer 

188), PM (physical mixture), PXRD (powder x-ray diffraction), SCF (supercritical fluid), , 

Te (eutectic temperature), VTPXRD (variable temperature powder x-ray diffraction). 

Drug Solubilization Techniques 

Techniques such as combinatorial chemistry and high throughput screening in the drug 

discovery process give rise to large number of poorly soluble drugs. The main causes of 

poor solubility are hydrophobicity and high crystal lattice energy. It is estimated that 

about 40% of the new chemical entities are poorly water soluble.  In 2008 the sale of 

poorly soluble compounds was reported to be 37 billion dollars (Ignatious et al., 2010; 

Lipinski, 2000; Stegemann et al., 2007; Wong et al., 2008).  

Thus, there is a need to focus on techniques required to improve the solubility of the 

compounds. Exhaustive research has been carried out on the improvement of the 

solubility and/or the dissolution of drugs. Here, an attempt is made to list the various 

formulation strategies used to increase the dissolution and/or solubility of poorly soluble 

drugs. One single approach does not work for all drugs. Sometimes it is possible to 

narrow down on a few techniques for a particular compound but actual experimentation 

is invaluable. Also, using a combination approach is usually preferred. 

pH adjustment/saltformation  

This technique is most useful for drugs that have ionizable groups. It relies on the fact 

that ionized form of the drug has higher solubility than the neutral species. 

For a weak acid, 
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�� �  �� �1 � 10
��
�  �………………………………………………………………………1.1 

For a weak base, 

�� �  �� �1 � 10
��
� �………………………………………………………………………1.2 

ST = total solubility 

SO = intrinsic solubility 

Thus a 3 U pH change can result in 1000 fold increase in solubility. The above equations 

hold good when the aqueous medium is saturated with free base and acid. The pH – 

solubility relationship of an acid or base dictates if the compound will form a suitable salt 

or not, what the possible counter-ions might be and how easily the salts might 

dissociate. Dissolution rate of sodium salicylate was higher than salicylic acid 

(Serajuddin, 2007; Strickley, 2004). 

Cosolvents 

In cosolvency combination of miscible solvents in used to increase the solubility of 

drugs.  

����� �  ������ � �1 � � ������……………………………………………………………1.3 

Sm = total solubility in the cosolvent mixture 

Sc = solubility in pure organic solvent 

Sw = solubility in water 

f = fraction of the organic solvent in the co solvent mixture 

The above equation can be simplified to 

����� �  ����� � ��………………………………………………………………………….1.4 

σ = solubilization potential; of a given co solvent. 

If there is more than one cosolvent the total drug solubility can be estimated by the 

summation of the solubilization potential. The solubility of phenytoin was increased in 

PEG 400 water cosolvent system (Miyako et al., 2010; Rubino and Yalkowsky, 1987). 
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Complexation 

Soluble complexing agents can be used to improve the solubility of the drugs provided 

there is a favorable non covalent interaction between the agent and the ligand. Some of 

the factors that determine this interaction are lipophilicity, size and charge(Rajewski and 

Stella, 1996).Hydroxypropyl-β-cyclodextrin improved the solubility of triclosan(Dinge and 

Nagarsenker, 2008). 

�� �  �� �  ��� ����/�1 � ��� �� �…………………………………………………………..1.5 

ST = total solubility 

SO = ligand solubility in water 

K11 = formation constant of 1:1 complex 

Micellization 

Micelle formation can be used to solubilize drug molecules. The polarity of the molecule 

is the major determinant of its location in the micelle. Cremophor EL improved the 

solubility of cyclosprorin A(Ran et al., 2001). 

�� �  �� � ��� !"# � �$��…………………………………………………………………..1.6 

ST = total solubility 

Sw = solubility in water 

Csurf = total surfactant concentration 

CMC = critical micellar concentration 

κ = solubilization capacity 

Prodrugs 

Prodrug is a “bioreversible chemical derivative of an active parent drug”11.  Derivitization 

of the parent drug might reduce its melting point and/or introduce an ionizable group. 

These effects might help in improving the solubility of the parent drug. Regionally 

specified physicochemical environment and/or certain enzymes may be responsible for 
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reconversion to the parent drug. The solubility of etoposide was enhanced by forming a 

prodrug(Fleisher et al., 1996; Stella and Nti-Addae, 2007). 

Particle size reduction 

Microsizing and nanosizing  increase surface area of the compound which in turn 

improves the dissolution rate as shown by the following equation(Kesisoglou et al., 

2007) 

% � �&��' � ��…………………………………………………………………………………1.7 

J = dissolution rate 

CS = solubility of compound 

K = constant 

A = surface area of the compound 

C = concentration in the dissolution medium 

Nanosizing can also increase the solubility of the drug. To attain such improvement in 

solubility the particle has to be reduced to about 100nm or below. The drug sirolimus is 

marketed as a nanocrystal(Kesisoglou et al., 2007). 

� �
 �( )*+�,Υ-

"./��……………………………………………………………………………………1.8 

S = saturation solubility of nanosized compound 

S∞ = solubility of an infinitely large compound 

ϒ = crystal medium interfacial tension 

M = compound molecular weight 

r = particle radius 

ρ = density 

R = universal gas constant 
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T = temperature 

Lipidics/Emulsions 

Lipidic formulations are mixtures of oil, surfactant, cosolvents and at times water. If the 

drug molecule is soluble in oil it can be formulated using this approach. The solubility of 

amphotericin B was improved using this approach(Fricker et al., 2010; Strickley, 2004). 

��0 �  �1  � � �234�� �234�……………………………………………………………………….1.9 

STe = total solubility in the emulsion 

SA = concentration of the compound in the aqueous phase 

Soil = concentration in the pure oil 

foil = fraction of the oil in the emulsion 

Crystal Engineering 

This technology can affect both the solubility and/or dissolution rate. It includes habit 

modification, polymorphism, solvation, co-crystal formation, surface modification and 

formation of amorphous form. A metastable form of spironolactone showed better 

dissolution rate(Blagden et al., 2007). 

The aforementioned solubilization approaches have certain challenges that still need to 

be overcome in order to get them closer to ideality. . 

 
 
 
Table 1.1. Limitations of drug solubilization techni ques and possible advantages  

of solid dispersions 
 

Technique  Limitation  Solid Dispersions  

Salt formation Not feasible for neutral 

compounds 

Applicable to neutral 

compounds 

Cosolvents Toxicity issues, NA to solid 

dosage forms 

Formulation into solid orals 
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Table 1.1.( continued) 
 

Technique  Limitation  Solid Dispersions  

Complexation Toxicity issues, stability of 

complex 

Relatively inert carriers 

Micellization Toxicity issues Relatively inert carriers 

Prodrugs New chemical entity (NCE) No NCE concerns 

Particle size reduction Aggregation, agglomeration 

and wetting issues 

Reduction of aggregation 

and agglomeration with 

improved wetting 

Lipidics/Emulsions Chemical stability issues Little concerns of chemical 

stability 

Crystal engineering Physical stability issues Stabilization of metastable 

forms possible 

 
 
 
Solid Dispersions 

The solid dispersion technique has been around in the pharmaceutical literature for the 

past 50 years. Though the basic definition holds true to date the list of carriers has 

increased tremendously. Furthermore newer methods for preparation keep appearing in 

the literature. One of the oldest definition of solid dispersion is “dispersion of one or more 

active ingredients in an inert carrier or matrix at the solid state prepared by melting, 

solvent, or melting solvent method(Chiou and Riegelman, 1971).” For the purpose of 

dissolution improvement the carriers are required to be water soluble. Solid dispersions 

comprising of such carriers are known as immediate release solid dispersions and will 

be the scope of this thesis. Though the solid dispersion technique presents a few 
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challenges itself, it can be used to at least partially overcome the limitations presented 

by other techniques. 

Classification of Solid Dispersions 

Solid dispersions have been classified on the basis of physicochemical properties of 

their components and their miscibilities at various proportions. It is practically impossible 

to out rightly assign a system to one class since pharmaceutical solid dispersions are 

combinations of classes. Two components can result in different type of system based 

on the method of preparation.  Also the ageing of the system can cause it to change in 

class making clear cut classification even more complex. Solid dispersions have been 

classified as follows 

Solid Solutions 

A solid solution consists of a solid solute dissolved in a solid solvent. The insoluble drug 

is reduced to molecular dimensions as a solute and dissolved in the water soluble 

carrier. There are two ways of classifying solid solutions one based on their miscibility 

and the other the manner in which the solute is distributed in the solvent. 

Continuous Solid Solutions 

In this type the two components are miscible in all proportions. The adhesive forces are 

generally stronger than cohesive ones. The total lattice energy of such solid solutions at 

various compositions theoretically should be greater than that of either pure 

component(Chiou and Riegelman, 1971).  

Discontinuous Solid Solutions 

When the solubility of the two components is limited in one another it is called a 

discontinuous solid solution. Below a certain temperature the mutual solubilities of the 

two components decrease. The free energy of stable, discontinuous solid solution is 

lower than that of pure solvent. Phase diagram of a typical discontinuous solid solution is 

seen figure 1.2 with α and β being true solid solution regions. 
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Figure 1.1. Phase diagram of a continuous solid sol ution 

 
 
 

 

 
Figure 1.2. Phase diagram of a discontinuous solid solution 
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Substitutional Solid Solutions 

In this case the solute molecules replace the solvent molecule in the crystal lattice 

(Figure 1.3 – modified from the figure given in Techniques of Solubilization of Drugs by 

Yalkowsky, 1981). Generally such a scenario is possible when the two molecular sizes 

do not differ by more than 15 %. Substitutional solid solution is shown in figure 1.3 where 

the dark spheres are solute molecules(Chiou and Riegelman, 1971; Janssens and Van 

den Mooter, 2009). 

 

 
Figure 1.3. Substitutional solid solution 

 
 
 
Interstitial Solid Solutions 

In such solid solutions (Figure 1.4 modified from the figure given in Techniques of 

Solubilization of Drugs by Yalkowsky, 1981) the solute molecule occupies the spaces 

between solvent molecules. The solute molecule diameter is no greater than 0.59 of the 

solvent.  

Glass Solutions and Glass Suspensions 

Glass solutions (Figure 1.5 modified from the figure given in presentation by G. Van den 

Mooter at the 20th Annual Symposium of the Finnish Society of Physical Pharmacy)are 

homogenous and glassy in nature where the solute is dissolved in a glassy solid solvent. 
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In glass suspensions (Figure 1.6 modified from the figure given in presentation by G. 

Van den Mooter at the 20th Annual Symposium of the Finnish Society of Physical 

Pharmacy) the solute precipitates in a glassy solvent.  

 

 
 Figure 1.4. Interstitial solid solution 
 
 
 

 

 
Figure 1.5. Glass solution  
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Figure 1.6. Glass dispersion 
 
 
 
Amorphous Precipitation in a Crystalline Carrier 

Here the amorphous drug particles are present in a crystalline matrix.  

Complex Formation 

On the contrary to general expectation complexes between drugs and carrier do arise 

and such systems can have varied effects on drug dissolution. Some authors claim 

these should not be classified as solid dispersions.  

Eutectic Mixtures  

It is a mixture of two components which are completely miscible in the liquid state and 

immiscible in the solid state. Thermodynamically such systems can be considered as 

intimately blended physical mixtures. The melting point of the eutectic mixture is lower 

than the melting point of either component. A more detailed review about eutectic 

mixtures will be dealt with in the later part of this chapter 

 
 
 
Preparation Methods of Solid Dispersions 

Melting Method 
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In the melting method the physical mixtures of the drug and the carrier are heated and 

then allowed to solidify. The extent of heating may vary from softening of the system to 

complete melting depending upon various factors. At times the higher melting point 

ingredient may also be added to the premelted carrier. The dispersion may be cooled at 

a desired rate which might be fast (quench cooling) or slow (crystallization). The 

advantage of melting method is its simplicity and economy. Supersaturation of a drug 

may be obtained by quench cooling. Melting method cannot be applied to thermally 

labile and high melting point compounds(Chiou and Riegelman, 1971; Liu, 2000; 

Vasconcelos et al., 2007). 

 
 
 
Table 1.2. Classification of solid dispersions 
 

Class  Example  

Continuous Solid Solutions 

 

Not reported in pharmaceutical field 

Discontinuous Solid Solutions 

 

Sulfathiazole – urea binary system(Chiou 

and Riegelman, 1971; Janssens and Van 

den Mooter, 2009) 

Substitutional Solid Solutions 

 

10 % griseofulvin in pentaerythritol(Chiou 

and Riegelman, 1971) 

Interstitial Solid Solutions 

 

10% griseofulvin in PEG 6000(Chiou, 

1977). 

Glass Solutions 20 % griseofulvin in citric acid(Chiou and 

Riegelman, 1971) 
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Table 1.2 (continued) 
 

Class  Example  

Glass Suspensions 50% iopanoic acid in PVP 10000(Chiou 

and Riegelman, 1971; Sethia and 

Squillante, 2003) 

Amorphous Precipitation in a Crystalline 

Carrier 

 

Amorphous sulfathiazole in crystalline 

urea(Chiou and Riegelman, 1971). 

 

Complex Formation 

 

Triclosan-Hydroxypropyl β cyclodextrin 

complex(Dinge and Nagarsenker, 2008) 

Eutectic Mixtures Acetaminophen - Urea(Goldberg et al., 1966) 

 
 
 
Solvent Method 

A physical mixture of the two components is dissolved in a common solvent or 

combination of solvents. The solvent is evaporated to obtain the solid dispersion. The 

type of the solvent, method of evaporation and presence of residual solvent may affect 

the final properties of the dispersion.  For example quick evaporation can result in 

amorphous form and slow in crystalline form of the drug. This approach seems to work 

best for thermally labile drugs.  Certain challenges like cost, difficulty in completely 

removing solvents, toxicity of solvents, solvent selection and reproducing crystal form 

can be of concern(Chiou and Riegelman, 1971; Serajuddin, 2007; Sethia and Squillante, 

2003; Vasconcelos et al., 2007). Solvent method may have certain modifications and 

such modifications have lead the method to be classified as a different technique 

altogether. However in this compilation such techniques are dealt with under the topic of 

solvent method. 
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Electrostatic Spinning Method 

A potential of about 5-30 KV is applied to a drug- carrier solution. The surface tension of 

the drug polymer solution at the air interface is overcome by the electrical forces to give 

rise to a jet. The solvent then evaporates to give fine fibers having sub-micron diameter. 

The fibers may be collected to get a non-woven fabric or on a spinning mandrill. Such a 

technique is still in the inception in the pharmaceutical industry but has been widely used 

in plastics. Good scale up opportunities makes it an attractive option for the future. 

Itraconazole HPMC solid dispersions were prepared using this method(Sethia and 

Squillante, 2003). 

Supercritical Fluid Technology 

In such technique a supercritical fluid (SCF) like super critical carbon dioxide is the 

solvent. It may involve precipitation from supercritical solutions or precipitation from 

saturated solution using SCF as an antisolvent. Drugs with high melting points, low 

melting points, thermo labile drugs etc. can be processed using SCF technology. Also 

critical processing parameters can be well controlled giving reproducible results. In vivo 

performance of such systems is yet to be carried out and a comprehensive fundamental 

understanding of this technique is needed for scale up. Carbamazepine solid dispersions 

in PEG were prepared using SCF technology(Sethia and Squillante, 2003, 2004b). 

Lyophilization  

Freeze drying can be used to prepare solid dispersions of poorly soluble drugs and has 

found good application for protein/peptide drugs. Though it is a complex form of 

evaporation it has advantages like processing thermo labile drugs and scale up 

potential. Glyburide dispersions in PEG 6000 were prepared using freeze drying 

technique(Betageri and Makarla, 1995). 

Melting-Solvent Method 
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A solid dispersion might also be prepared by adding a solution of the drug in a solvent to 

melted carrier (Chiou and Riegelman, 1971; Liu, 2000; Sethia and Squillante, 2003). 

This method provides a way of incorporating drugs with higher melting points with a 

minimal amount of solvent. Solid dispersions of drugs which can change polymorphic 

forms on heating and cooling can be prepared using this method. Naproxen-PEG 8000 

solid dispersions have been reported to be prepared by this method(Law et al., 2002). 

Thermomechanical Method 

This method can be classified under melting method but here the physical mixture is 

heated below its melting point and is under some mechanical force(Liu, 2000). It can be 

applied to drugs which degrade on excessive heating. The use of solvents is avoided 

and such procedure can be scaled up for industrial purposes. 

Scale Up of Solid Dispersions 

The commercial success of the solid dispersions largely depends on their scale up. The 

scale up of solid dispersions has been a challenging area and has been a subject of 

several studies. Processes that are recently becoming popular are hot melt extrusion 

(HME) and spray drying. Others like freeze drying, direct capsule filling, fluidized bed 

coating systems, electrostatic spinning and SCF processing have also been used.  

Spray Drying 

Spray drying is based on the solvent method where the solution or suspension 

containing drug-carrier is converted into dried particulates by means of a gasiform 

medium. The process is divided into 3 stages(Cal and Sollohub, 2010; Sollohub and Cal, 

2010). First (zone I) involves atomization of the fluid using an apt device. The atomizers 

could be rotary, hydraulic, pneumatic or ultrasonic. The second stage (zone II) involves 

drying the atomized droplets which requires subjecting them to higher temperature 

gases. The gas could be air or inert gas like nitrogen. Lastly (zone III) the dried particles 

are collected in a suitable device. Parameters like feed rate of the liquid, atomization, 



 

16 

 

inlet air temperature and drying air flow rate determine the characteristics of the final 

solid dispersion(Cal and Sollohub, 2010; Sollohub and Cal, 2010). Spray drying can lead 

to reduction in drug particle size, drug amorphization and change in drug form. The use 

of organic solvents in spray drying imparts a high cost and it can be a subject of 

investigation by environmental agencies. Curcumin-Polyvinylpyrrolidone solid 

dispersions were prepared by spray drying which lead to an improvement in the 

dissolution rate of curcumin(Paradkar et al., 2004). 

Hot Melt Extrusion 

This technique involves the thermomechanical principle of preparing solid dispersions. 

On rare occasions solvents may be used. Basically the raw materials are forced through 

a die to convert them into solid dispersions of uniform density and shape. An extruder 

has two distinct parts a conveyer section that mixes and transports the ingredients and 

the die section which controls the shape of the ejected solid dispersion. In addition there 

may be some downstream processing equipment attached to fine tune the product. 

Extrusion can be either ram extrusion or screw extrusion(Crowley et al., 2007). The 

mechanical and thermal parameters need to be well controlled to get a desired final 

product. The avoidance of organic solvents, low cost and good control of operating 

parameters are some advantages of this method. If needed the process can be carried 

out in oxygen and moisture free environments. This method is not suitable for drugs or 

carriers that denature due to heat and/or mechanical stress(Repka et al., 2007; Repka et 

al., 2008). The dissolution rate of 17-Estradiol hemihydrate has been improved by HME 

processing with carriers like PEG 6000 and PVP(Hulsmann et al., 2000). 

Mechanism of Dissolution Enhancement 

There are more than about 500 research papers which report the improvement in drug 

dissolution by using the solid dispersion approach. Though very few of them focus on 

the exact mechanism of improvement in drug dissolution theories for dissolution 
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enhancement have been proposed.  The most commonly used equation  to describe 

drug dissolution is the modified Noyes-Whitney equation which is given as(Nernst, 1904; 

Noyes and Whitney, 1897) 

56
57 �  18�69�6�

: …………………………………………………………………………...…..1.10 

dC/dt = rate of dissolution 

A = surface area available for dissolution 

D = diffusion coefficient of the compound 

Cs = solubility of the compound in the dissolution medium 

C = concentration of the drug in the medium at time t 

h = thickness of the dissolving surface 

The possible reasons for enhancement of drug dissolution via solid dispersion formation 

are given below. Wherever possible the variables of the Noyes-Whitney equation that 

are affected have been highlighted. 

Reduction in Drug Particle Size 

The particle size of the drug in the solid dispersion can be reduced as compared to the 

neat drug. Such reduction generally leads to an increase in the surface area for 

dissolution (A) which in turn improves dissolution. Having the drug molecularly dispersed 

would provide the maximum increase in particle size as seen in sulfathiazole – urea 

system(Chiou and Niazi, 1971). Absence of molecular dispersion but reduction in crystal 

size can also improve dissolution. The dissolution of griseofulvin was improved in  

griseofulvin –PEG 6000 solid dispersion(Chiou, 1977). The carrier dissolves quickly 

leaving a very fine dispersion of the drug. 

Increased Wettability 

This too can cause in increase in the surface area available for dissolution (A). Most 

hydrophobic drugs are surrounded by nonpolar air which is difficult to displace by the 
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polar dissolution medium. Carriers like surfactants and hydrotropes surround the drug 

particles and improve the contact between dissolution medium and the drug. 

Carrier Solubilization Effect 

Most carriers serve as good solubilizers in the microenvironment (diffusion layer) 

improving the Cs term. Surfactant carriers can improve solubility by micelle formation, 

carriers like PEG can act as cosolvents and so on. This effect is predominant in the 

initial stages of dissolution since the carrier dissolves quickly. Poloxamer 407 improved 

the solubility of ibuprofen(Newa et al., 2008). 

Decrease of Aggregation and Agglomeration 

At times poorly soluble drugs may aggregate in the dissolution media negatively 

impacting dissolution. Solid dispersion powders tend reduce such effects by keeping the 

drug particles separated (A). 

Formation of a Metastable Form 

The drug can convert into a metastable form in the solid dispersion. The form could be 

an amorphous form or it could be a metastable polymorph. The metastable form is likely 

to have a higher solubility and hence better dissolution profile than the stable form (Cs). 

Indomethacin was reported to convert into metastable polymorph in its PEG 

dispersions(Ford and Rubinstein, 1978). 

From the above discussion it can be clearly seen that the major contributor to the drug 

dissolution are drug carrier ratio and physical structure of the dispersion. The effect of 

the drug:carrier ratio on the dissolution of drugs has been investigated by many 

scientists. In spite of such efforts there have been two conflicting thoughts to explain the 

dissolution. It has been generally agreed upon that at higher drug loadings the drug 

dissolution rate is the rate limiting step. At the lower drug loadings one theory states it is  

the carrier dissolution that is the rate controlling step, while the other indicates it’s the 
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drug dissolution. In an attempt to explain this discrepancy at low drug loadings Craig et 

al proposed a model explaining the two scenarios(Craig, 2002) 

1) Carrier controlled dissolution is evident when the drug particles dissolve fairly 

quickly in the carrier rich diffusion layer that there is insufficient time for the 

particles to be released intact into the medium. This leads to molecular 

dispersion of the drug in the diffusion layer. The viscosity of the layer causes 

drug diffusion through it to be slow. Thus the dissolution of the carrier becomes 

rate limiting. Figure 1.7 - 1 

2) The second situation explains drug controlled dissolution. Here dissolution of 

drug particles in diffusion layer is slow and the drug is released as intact 

particles. As a result of which the dissolution will be dependent on the properties 

of the drug. Figure 1.7 – 2 

The above discourse shows that various mechanisms work together and it is practically 

impossible to point out a single reason for dissolution enhancement. 

 
 
 

 

Figure 1.7. Schematic of dissolution mechanism at l ow drug load 
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Limitations of Solid Dispersions 

Solid dispersion technique has its own set of limitations and by no means is the perfect 

answer to solubility enhancement. Due to this there are few solid dispersion systems on 

the market (Table 0.3). Overcoming the limitations of solid dispersions has been a topic 

of many research papers. A brief summary of the concerns related to solid dispersions is 

given here. 

Method of Preparation and Reproducibility of Physicochemical Properties 

Though authors have mentioned these to limitations separately they are in fact largely 

interdependent. In the melting method heating rate, maximum temperature used, holding 

time at a high temperature, cooling method and rate, method of pulverization, and 

particle size may greatly affect the properties of the solid dispersion. Thus a slight 

change in any one these properties might yield dispersions with different in vitro or in 

vivo performance. Nifedipine resulted in a metastable amorphous form when melted with 

PEG 4000 and subsequently quench cooled. While slow cooling of the same type of 

melts resulted in crystalline nifedipine(Save and Venkitachalam, 1992). In the solvent 

methods nature of the solvent, drug to solvent and carrier to solvent ratios, drying 

method and drying rate may majorly influence the physicochemical properties of the 

solid dispersion.  

 
 
 
Table 1.3. Some of the marketed solid dispersions 
 

Brand Name  Manufacturer  Drug  Carrier  

Gris-PEG Pedinol Pharmacal Inc. Griseofulvin PEG6000 

Cesamet Valeant Pharmaceuticals Nabilone PVP 

Kaletra Abbott Lopinavir,ritonavir PVPVA 
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Table 1.3.(continued) 

 
Brand Name  Manufacturer  Drug  Carrier  

Sporanox Janssen Pharmaceutical Itraconazole HPMC 

Intelence Tibotec Etravirin HPMC 

Certican Novartis Everolimus HPMC 

Isoptin SR-E Abbott Verapamil HPC/HPMC 

Nivadil Fujitsawa Pharmaceutical Co. 

Ltd 

Nivaldipine HPMC 

Prograf Fujitsawa Pharmaceutical Co. 

Ltd 

Tacrolimus HPMC 

Rezulin Sankyo Trogiltazone PVP 

*data in table 1.3 was taken from  Janssens and Van den Mooter , 2009 

 
 
 
Dosage form Development 

The prepared solid dispersion needs to be ultimately formulated into a dosage form and 

at times this process represents a significant hurdle. Solid dispersions can be soft and 

tacky making them difficult to pulverize and sieve.  Tackiness can also lead to sticking to 

dies, punches and other production equipment. They can also exhibit poor flow and 

compression properties. It was reported that a solid dispersion of indomethacin - PEG 

6000 was not suitable for wet granulation (Ford and Rubinstein, 1980). Most of the 

polymeric carriers used are good binders and hence can result in poor tablet 

disintegration. The poor understanding of the in vitro/in vivo correlation of solid 

dispersions also makes matters more complex. 
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Scale up of Manufacturing Processes 

Transferring the method of preparation of solid dispersions from the laboratory to the 

manufacturing unit is an extremely difficult task. In the melting method high temperatures 

may be involved and scale up of such method would not only be problematic but may 

also lead to degradation. The process parameters may be affected when the method is 

scaled up and that might adversely affect the properties of the dispersions. For the 

solvent method it would be necessary to evaporate thousands of liters of solvent to get a 

few kilograms of final product. This would make the large scale process expensive and 

come under the scrutiny of environmental protection agencies. Furthermore removal of 

toxic residual solvents at the larger scale may prove to be an additional obstacle. Soft 

and tacky solid dispersions might not be suitable to large scale high speed processing 

equipment like tableting and capsule filling(Serajuddin, 1999). 

Stability 

The stability issues of solid dispersions are probably the most difficult to solve and have 

even resulted in product withdrawals The issue is magnified when the drug is present as 

an interstitial solid solution or as an amorphous form. Both these forms have the 

tendency to convert into a more stable crystalline form. This adversely affects the 

product performance. Griseofulvin precipitated out into its amorphous form in gris-PEG 

6000 solid solutions(Chiou, 1977). Nifedipine crystallized out from its amorphous form 

when solid dispersions were stored under 60% RH at 30°C but did not show such a 

conversion when stored at elevated temperatures in the absence of humidity(Suzuki and 

Sunada, 1998). Chemical instability in solid dispersions has also been reported. 

Corticosteroids underwent degradation in PEG solid dispersions due to oxidation by the 

peroxides in PEG(Khalil et al., 1984). Better understanding of the amorphous and 

crystalline state might help to alleviate some of these problems. 
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Mechanism of Dissolution Enhancement 

Though a number of theories for dissolution enhancement have been proposed the drug 

release mechanism is not yet fully understood. Therefore using solid dispersions for 

dissolution enhancement of drugs can be tricky. 

Eutectic Mixture Review 

The word eutectic is derived from the Greek word ‘Eutektos’ which means easily fused 

or melted. A binary eutectic mixture (EM) is an intimately blended mechanical mixture of 

two components(Rastogi and Rastogi, 1969). The melting point of the EM is lower than 

the melting point of either component(Janssens and Van den Mooter, 2009; Leuner and 

Dressman, 2000). When classified under pharmaceutical solid dispersions the EM is 

made up of drug and water soluble carrier. The two components are 1) completely 

miscible in the liquid state and 2) immiscible in the solid state. Additionally these 

components do not combine to form a new compound. 

Eutectic Phase Diagram 

Knowledge of the eutectic equilibrium phase diagram is essential for better 

understanding of EMs. An ideal phase diagram is shown in figure 1.9. The point X2 is the 

melting point of the carrier (C) and X3 is the melting point of the drug (D). X3X1 

represents the drug melting point depression caused by the carrier and X2X1 is the 

depression in melting point caused by the drug. These lines/curves are known as liquidi. 

It can be seen that at temperatures above the liquidi no solid exists. The liquidi intersect 

at a point known as the eutectic point (EP). At this point the solid drug and solid carrier 

are in equilibrium with liquid of composition X1 (30% D and 70&% C). The EP is an 

invariant since it has 0 degrees of freedom as seen from the reduced phase rule 

(Bowden, 1938) 

; � � � < � 1…………………………………………………………………………………1.11 

; � 2 � 3 � 1 
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F = degrees of freedom 

P = number of phases 

C = number of components 

At the EP the two components crystalize out simultaneously to give the EM. The 

temperature at which this occurs is known as the eutectic temperature (ET). The line that 

runs at the eutectic temperature is known as the solidus (S1S2). Below the solidus there 

is no liquid. The 3 axes, 2 liquidi and solidus divide the phase diagram into various  

regions. Each region contains the phases as shown in the figure 1.8. Application of the 

reduced phase rule to a point on the liquidus gives one degree of freedom 

; � 2 � 2 � 1 

; � 1 

Whereas a point above the liquidus will have two degrees of freedom 

; � 2 � 1 � 1 

; � 2 

The solid dispersion will have various ratios, the two extremes being pure drug and pure 

carrier. At X1 the dispersion will consist entirely of the eutectic mixture i.e. 30% D and 70 

% C. The other compositions will have the EM and excess of either the drug or the 

carrier. 

It is worth considering the events as 80:20 solid dispersion is cooled. At point Y1 it is 

liquid of 80:20 composition when cooled to Y2 it still remains a liquid of the same 

composition. At the liquidus (red square) solid drug begins to crystalize out. As the 

temperature is decreased further more and more drug starts solidifying and the liquid 

becomes richer in the carrier. When the solidus is reached (blue square) the carrier 

solidifies all at once and below the solidus there is just solid. This solid dispersion has 

80% drug and 20% carrier. At points Y6 and Y7 the entire amount of carrier is present as 

an EM while excess drug crystals are also present. If we consider a point above the 
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liquidus on the left side of the EC similar set of events will occur the only difference 

being that the carrier will start solidifying first. In this case all the drug will be present as 

an EM. If the system possesses exact eutectic composition then both components 

solidify simultaneously. 

There also exists an extreme case of an EM where the composition of the eutectic point 

is very close to one of the components(Bowden, 1938; Kaur et al., 1980; Mura et al., 

1996). As seen in figure 1.8 such a phase diagram will only have one liquidus. The ET 

will be very close to the melting point of the easily fusible component. In monotectics the 

solid drug is not soluble in the molten carrier as a result of which insignificant depression 

of carrier melting point results. 

 
 
 

 

 
Figure 1.8. Phase diagram of a typical monotectic  

 



 

 

Figure 1.9. Phase diagram of a typical binary eutectic mixture

 *In this thesis the term eutectic mixture (EM) will be used predominantly to signify the 
However, EM is also used to refer to the ratio at the EC. When used as a ratio the term is italicized (

26 

Phase diagram of a typical binary eutectic mixture  

In this thesis the term eutectic mixture (EM) will be used predominantly to signify the solid dispersions. 
However, EM is also used to refer to the ratio at the EC. When used as a ratio the term is italicized (EM).
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Construction of Phase Diagrams 

There are various techniques available in literature for the construction of phase 

diagrams.  Some of the techniques are based on experimental work and others utilize 

well established theoretical models requiring minimal to no experimental work. Though a 

single technique can be used to construct a phase diagram accurate results are 

obtained by using a combination of procedures 

Differential Scanning Calorimetry (DSC) 

In a typical DSC thermogram the heat flow is plotted against temperature. Events such 

as melting, evaporation, crystallization, degradation and so forth can be detected. On 

heating a eutectic mixture the first endotherm is an indicator of the solidus temperature 

and the second endotherm gives the liquidus temperature(Avula et al., 2010; Damian et 

al., 2000; Dorset, 1990; Oberoi et al., 2004; Van den Mooter et al., 1998; Weuts et al., 

2005b). At the eutectic composition only a single endotherm results. The technique can 

also measure heat of fusion which can be used to find the eutectic point by using plots 

like Tamman’s diagrams(Sánchez-Soto et al., 1990). The DSC method has good 

reproducibility, high temperature range and gives fine resolution. It should be noted that 

the sensitivity and resolution of DSC depends on factors such heating rate, sample 

geometry and thermal conductivity of the sample container. Therefore it is possible to 

yield slightly different phase diagrams for different settings. Though the resolution is 

fairly good, in certain situations two endotherms which are very close in temperature can 

appear as a single large endotherm. Recently modulated DSC has emerged as a good 

tool to separate reversible changes like melting from irreversible ones like dehydration. 

Differential Thermal Analysis (DTA) 

DTA is similar to DSC except that the difference in temperature between the sample and 

reference is plotted against temperature. This has been a popular technique in the 
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past(Chiou and Niazi, 1971; Kaur et al., 1980). Its utility is gradually fading due to 

availability of good DSC equipment. 

 
 
 

 

 
Figure 1.10. Eutectic phase diagram constructed usi ng DSC 

 
 
 
Hot Stage Microscopy (HSM) 

HSM is a popular technique for phase diagram construction since it can be used to  

actually observe melting and crystal changes..  A sample is kept on a thermally 

controlled stage and is observed under cross polars through a magnification lens. The 

presence of crystalline eutectic is seen by the presence of birefringence. The initial 

liquefaction depicts the solidus temperature and the complete melting temperature is 

taken as the liquidus point(Law et al., 2002; Law et al., 2003; Vippagunta et al., 2007). 

HSM can be subjective at times making it less desirable. Furthermore melting of 

isotropic crystals is hard to determine. 
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Variable Temperature Powder X-ray Diffraction (VTPXRD) 

Though this method has not been used extensively by itself, it can be used to construct 

a phase diagram. Subjecting the solid dispersions of various ratios to PXRD is a good 

way to prove EM formation(Law et al., 2002). In VTPXRD the PXRD scans of a sample 

are obtained as it’s subjected to a temperature ramp. The lower temperature at which 

diffraction peaks of a particular component disappear completely gives the solidus and 

the temperature at which all the peaks disappear signifies the liquidus. 

Besides aforesaid methods, techniques like cooling curve method and thaw melt method 

have been utilized by many authors(Guillory et al., 1969; Rai et al., 1989; Sekiguchi et 

al., 1964). Nowadays these methods are less preferred due to availability of DSC and 

HSM equipment in many laboratories. Also the methods are prone to errors and can be 

highly subjective. Certain thermodynamic quantities like heats of fusion, entropies and 

partial pressures have also been used to construct eutectic phase diagrams but are not 

popular in the pharmaceutical domain. 

Theoretical Models 

One of the most empirical approach to calculate the eutectic point is using the Schroder-

van Laar equation(Bi et al., 2003) 
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Tf = melting point of the pure component 

χ = mole fraction of the component 

R = universal gas constant 

∆Hf = enthalpy of fusion 
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The equations give the two liquidi and the point at which the two curves intersect is the 

EP. Obviously the assumption is that the system in ideal. Corrections for deviation in 

ideality may be made using parameters like activity coefficients. The method was used 

to predict the EP of acetaminophen and caffeine(Bi et al., 2003).  

Smith and Pennings stated another equation which gave the eutectic composition of a 

drug and polymer (Smith and Pennings, 1974). They assumed that the ratios of the 

molar volumes of the polymer and drug are very large and the heats of fusion of the two 

components is not dependent on the temperature. Their approach was modified further 

assuming that there is no interaction between drug and polymer to yield the following 

equation(Lloyd et al., 1997a) 

E�0 � exp I Δ�J/ K �
�LJ �  �

�LMN��O……………………………………………………………….1.14 

Tm1 = melting point of the pure drug 

Tm2 = melting point of the pure polymer 

Φ1
e = eutectic composition based on volume fraction 

R = universal gas constant 

∆H1 = heat of fusion of the drug 

 

The ET and EP will be close to the lower melting point component based on the above 

equation. 

Another model was developed by Lacoulonche et al based on the Flory Huggins solution 

theory and other thermodynamic principles(Lacoulonche et al., 1998b). They assumed 

that there was negligible solid solution formation between the drug and the polymer.  

  ?PQRPS � Δ�A,QUΔ�Q,V���PQ�M   
ΔWA,QXA,Q �/�YZ�PQ�U���PQ�[��\Q\V]�………………………………………………………1.15 
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?PQ^PS � Δ�A,VUΔ�Q,VPQM   
ΔWA,VXA,V �/�YZ���PQ�UPQ[��\V\Q]�……………………………………………………….1.16 

T = liquidus phase temperature at a specific volume fraction of the drug 

Φd = volume fraction of the drug 

Φe = volume fraction of the drug at the eutectic 

∆Hf,d = heat of fusion of the drug 

∆Hf,p = heat of fusion of the polymer 

Tf,d = melting point of the drug 

Tf,p = melting point of the polymer 

Vd = molar volumes of drug 

Vp = molar volumes of the polymer 

∆Wd,p = is the interaction energy per macromolecular volume element 

R = universal gas constant 

Studies have showed using this model that the EP depends on the melting point, heat of 

fusion and specific interactions between the drug and polymer(Baird and Taylor, 2010). 

The molar volume of the drug does not affect the EP(Vippagunta et al., 2007). The 

model has been studied in PEG based solid dispersions. 

Law et al developed an index to predict the eutectic composition of drug- carrier binary 

systems(Law et al., 2002). The van’t Hoff equation was used to give this index. 

Compounds with varying melting points and heats of fusion were used in the study. The 

carrier chosen was PEG. The model was successful in predicting the EP of 8 different 

drugs with a maximum error of 10%. The eutectic point was dependent on the melting 

point and heat of fusion of the drug. The model made the basic assumptions that there 

was no degradation, no polymorph changes and systems were ideal. Though these 

assumptions may be violated in the real world the model gave fairly good results. 
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Ic = index 

Tf
d = melting point of the drug 

Tf
p = melting point of polymer 

R = universal gas constant 

∆Hf
d = molar heat of fusion of the drug 

Mechanism of Dissolution Enhancement 

Eutectics are a type of solid dispersions therefore the mechanisms of dissolution 

enhancement discussed under solid dispersions hold good for EMs. Among those the 

ones that are more pertinent with respect to EM will be looked into in this section. 

Particle Size Reduction and Eutectic Microstructure 

It is the microstructure of the EM that is unique and differentiates it from physical 

mixtures (PM). It is interesting to note that though in most cases PMs have a similar 

phase diagrams like EMs they are not regarded as EMs. EMs are intimately blended and 

such intimate blending cannot be attained by just physical mixing. It is this microstructure 

that enables EMs to improve drug dissolution to a significant extent than PMs. 

Based on the entropy of fusion of the two components the eutectic can have a particular 

microstructure as seen in figure 1.11(Hunt and Jackson, 1966). In the coupled growth 

phenomenon both phases grow in contact while in the non-coupled growth the phases 

grow near each other but not necessarily in contact. In the third group the resulting 

eutectic can be regarded as a physical mixture of two types of anisotropic/faceted 

crystals. Most of the polymeric carriers used to form eutectics with poorly soluble drugs 

have low entropies of fusion. Depending upon the fusion entropy of the poorly soluble 

drug, the microstructure of the EM either will be lamellar or irregular/complex regular. In 

eutectics where there is coupled growth, an intimate mixture of finely divided particles 
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result. In such cases there nonbonding interactions between unlike particles( incoherent 

interphase boundaries). These nonbonding interactions are not stable relative to those 

involved in maintaining the crystal lattice and are energetically easier to overcome. This 

can help in increasing dissolution(Moore and Wildfong, 2009) Other authors proposed 

that crystallization of the eutectic composition results in a situation where the minor 

phase grows within the major phase causing its particle size reduction(Podolinsky et al., 

1989). It has been reported that the low melting point component forms the major phase 

at the EP(Savchenko, 1959). From the aforementioned discussions it would be logical to 

select a carrier with a melting point lower than the drug. The microstructure of PEG 8000 

fenofibrate EM at 30 % drug content is shown in figure 1.12. The eutectic composition 

for this system in 35 % fenofibrate. Microstructure is irregular since fenofibrate has high 

entropy of fusion (94 kJ/mol-K) and PEG 8000 has low entropy of fusion (0.0076 kJ/mol-

K) 

 
 
 

 

Figure 1.11. Classification of eutectics based on m icrostructure 
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Figure 1.12. Microstructure of 15 % w/w fenofibrate -PEG 8000 eutectic(Law et al., 

2003). 

 
 
 
Melting Point Depression 

The melting point depression of the drug leads to an improvement in its solubility as 

seen in the ideal solubility equation(Stott et al., 1998)  

�bc �
 � Δ�

/ ��L��
�.�L �…………………………………………………………………………………..1.18 

X = mole fraction solubility 

Tm = melting point of the drug 

T = temperature 

R = universal gas constant 

∆H = enthalpy of fusion 

This leads to an improvement in the dissolution of the poorly soluble drug. Dissolution 

enhancement due to particle size reduction has been the subject of numerous studies 

but enhancement due to melting point depression has not been looked into. One reason 

for this could be that since significant melting point reduction takes place at high polymer 

ratios this effect may well be overlooked due to size reduction occurring at the same 

ratio. 
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Feasibility of Developing a Eutectic 

It is clear that for maximum dissolution enhancement the drug has to be present in 

reduced particle size and/or there has to be depression in melting point of the drug. This 

information can be gathered from the EP and ET which in turn can be determined from 

the phase diagram. Thus the construction of a phase diagram is imperative to know the 

utility of a particular eutectic system. Also since the drug is the minor component in an 

EM its dose will govern whether it can be formulated as a practical dosage form. A high 

drug dose means a high polymer content which leads to a bulky dosage form. 

Objectives of The Thesis 

Solid dispersion systems can be used to improve the solubility and dissolution of drugs 

and can thus improve the bioavailability of poorly soluble drugs. Eutectic mixtures are 

solid dispersions where the drug and the carrier are both in crystalline form. These 

systems are simple like physical mixtures and provide several advantages over them. In 

addition to dissolution enhancement eutectic mixtures provide thermodynamic stability. 

The thesis involves detailed study of poloxamer based eutectic mixtures. Poloxamers 

are polyoxyethylene-polyoxypropylene-polyoxyethylene block polymers which have 

surfactant properties. They are primarily used as solubilizers and gelling agents.  The 

dissertation will be divided into three parts 

1) Experimental and theoretical construction of eutectic phase diagrams will carried 

out. Binary eutectic mixtures of poloxamer 188  with  12 drugs (having diverse 

physicochemical properties) will be investigated in this part. Factors affecting 

eutectic mixture formation will be investigated. Applicability of a theoretical model 

to poloxamer 188 based eutectics will also be looked into. 

2) Ibuprofen – poloxamer 188 eutectic mixtures will be studied in detail. This part 

will involve the solid state characterization of the eutectics.  Mechanism of 
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dissolution enhancement of ibuprofen due to eutectic mixture formation will be 

also be investigated. 

3) Detailed comparison will be made between Ketoprofen-poloxamer 188,  

ketoprofen–urea and ketoprofen-soluplus® systems. Detailed solid state 

characterization of the ketoprofen-soluplus system will carried out. Soluplus is a 

graft copolymer comprised of polyethylene glycol, polyvinylcaprolactam and 

polyvinylacetate. Unlike poloxamer 188 it is glassy in nature. 

The above studies will enable us to understand the utility of poloxamer based eutectic 

mixtures in the dissolution enhancement of poorly soluble drugs.  
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CHAPTER 2 

EXPERIMENTAL AND THEORETICAL PHASE DIAGRAM CONSTRUC TION OF 

DRUG POLOXAMER 188 EUTECTIC MIXTURES 

Abbreviations 

∆Hf,d (enthalpy of fusion of drug), ∆Hf,p  (enthalpy of fusion of polymer), ∆Sf (entropy of 

fusion),  ∆Wd,p (interaction energy) ACE (aceclofenac), CM (comelt) CMC (critical 

micellar concentration), CME(cimetidine), DSC (differential scanning calorimetry), EC 

(eutectic composition), EM (eutectic mixture), ET (eutectic temperature), FLU 

(flurbiprofen), FT-IR (fourier transform infra-red spectroscopy), FP (formulation 

practicability), GUA (guiafenasin), HBA (hydrogen bond acceptor), HBA (hydrogen bond 

donor) HSM (hot stage microscopy), IBU (ibuprofen), IBU-S (s-ibuprofen), ITR 

(itraconazole), IR (infra-red spectroscopy) KETO (ketoprofen), LIDO (lidocaine), MA 

(mandelic acid), mDSC (modulated differential scanning calorimetry), ML (meloxicam), 

MW (molecular weight), NA (not applicable), NAP (naproxen), NIMO (nimodipine), PEG 

(polyetheylene glycol), PEO (polyethylene oxide or polyoxyethylene), PI (piroxicam), PL 

188 (poloxamer 188), PM (physical mixture), PPO (polypropylene oxide or 

polyoxypropylene), PXRD (powder x-ray diffraction), Te (eutectic temperature), Tf 

(melting point), Tg (glass transition temperature), VTPXRD (variable temperature powder 

x-ray diffraction). 

Introduction 

Solid dispersions have been used as a strategy to enhance the solubility and/or 

dissolution rate of poorly soluble drugs for the past fifty years. Depending upon the 

physical form of the drug and the carrier they have been divided into various 

classes(Chiou and Riegelman, 1971; Janssens and Van den Mooter, 2009; Leuner and 

Dressman, 2000) as shown in table 2.1. The drug in the dispersion can be either in a 

molecularly dispersed form, amorphous form or crystalline form. The class of the solid 
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dispersion depends on the drug, carrier, drug loading, method of preparation and 

storage conditions. Each class has its own advantages and limitations.  The most 

commonly used solid dispersions are glass suspensions and solid solutions.  This is due 

to their ability to significantly enhance the solubility and dissolution rate of poorly soluble 

drugs. However such solid dispersions can be thermodynamically metastable systems, 

due to which they present significant challenges for formulation physical stability. 

Table 2.1. Types of solid dispersions 

 
Class  Definition  

Continuous solid solution The two components are miscible at the 

molecular level in all proportions 

Discontinuous solid solution The solubility of the two components is limited in 

one another 

Substitutional solid solution The solute molecules replace the solvent 

molecule in the crystal lattice 

Interstitial Solid solution The solute molecule occupies the spaces 

between solvent molecules 

Eutectic Mixture An intimate mixture of crystalline drug and 

crystalline carrier 

Glass solution/suspensions The carrier is in a glassy state 

Amorphous precipitation in a crystalline 

carrier 

Amorphous drug particles are present in a 

crystalline matrix 

Complex Formation Significant interactions between drug and 

carrier/ A complex is formed between the drug 

and carrier 
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By contrast, another class of solid dispersions, eutectic mixtures are thermodynamically 

stable systems. Pharmaceutical binary eutectic mixtures are solid dispersions where the 

drug and the carrier are both in the crystalline state with negligible amorphization and/or 

solid solution formation(Chiou and Riegelman, 1971; Janssens and Van den Mooter, 

2009; Leuner and Dressman, 2000). Eutectic mixtures start melting at a lower 

temperature than melting point (Tf) of either component. Each eutectic mixture system 

has an invariant point known as “eutectic point” and an associated “eutectic 

temperature” (Te). The composition at the eutectic point is called the eutectic 

composition (EC).  In an ideal situation  the two components crystallize out 

simultaneously  at the EC. At other compositions one component crystallizes out before 

the other. The Te is the temperature at which the eutectic mixture begins to liquefy. 

Monotectics are extreme cases of eutectics where there is insignificant Tf depression of 

one component4-6. In monotectics the EC lies very close to one component. Eutectics 

and monotectics show complete miscibility in the molten state and immiscibility in the 

solid state. 

Dissolution rate enhancement can be achieved by forming a eutectic mixture of the drug 

with a water soluble carrier(Damian et al., 2000; Vélaz et al., 1998; Weuts et al., 2005b). 

Eutectic mixtures are thermodynamically stable systems since the drug and the carrier 

are  in the low energy crystalline state. This overcomes the stability issues(Bley et al., 

2010; Chokshi et al., 2007; Ivanisevic, 2010; Markovich et al., 1997; Weuts et al., 2005a) 

associated with non-crystalline solid dispersions. The practicality of developing a dosage 

form from a  eutectic is dictated by the EC, Te and the dose of the drug. It has been 

reported that pronounced enhancement in dissolution takes place at or below the 

EC(Ford and Rubinstein, 1978; Law et al., 2003; Lheritier et al., 1995; Saers and Craig, 

1982). Thus estimating the EC of eutectic system becomes important. Te can be used as 

an indicator of the processing ease of the dispersion. If the Te is too high,  using heat 
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based techniques such as hot melt extrusion might become unfeasible. Te is also an 

indicator of the extent of Tf depression of the drug which is related to the solubility 

improvement(Stott et al., 1998). Additionally, drug load is another critical factor to 

consider, since eutectic mixtures of drugs having high doses could be challenging to 

formulate. The EC and Te of an eutectic can be obtained from a phase diagram. 

The experimental construction of a phase diagram requires great caution. The most 

likely causes of error in construction of eutectic phase diagrams are: 

1) Evaluating the system in a non-equilibrated state. Time must be given for the 

system to reach equilibrium, especially for the materials with low recrystallization 

tendencies and slow crystallization kinetics.  

2)  Use of solid dispersions not covering the entire drug loading range from 0 to 

100%. This is imperative when solid solution formation can take place at low and 

high drug loadings. Further, a number of ratios around the likely EC need to be 

evaluated in replicates to generate an accurate phase diagram.  

3) Overlooking the conversion of the drug to a metastable polymorph or drug 

degradation. Similarly not exercising caution when solvates are present since the 

released solvents can complicate matters. 

4) Misinterpreting polymer melting as eutectic melting. E.g. inferring that the melting 

of metastable polyethylene glycol (PEG) folded chains as eutectic melt.  

From the preceding points it can be seen that exact eutectic phase diagram construction 

can be time consuming and labor intensive. Also, it requires a significant amount of drug 

substance which can be challenging to obtain in the early stages of drug development. 

In order to overcome these challenges, a number of theoretical models have been used 

to predict the EC(Bi et al., 2003; Lacoulonche et al., 1998a; Law et al., 2002; Lloyd et al., 

1997a; Naima et al., 2001; Smith and Pennings, 1974). Among them, two of the most 
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commonly used are a model using an index based on van’t Hoff equation(Law et al., 

2002)   and Lacoulonche et al’s model(Lacoulonche et al., 1997). The first model uses a 

dimensionless index based on the drug melting point and heat of fusion to give an 

estimate of the EC. The index does not give the Te and is not applicable when there are 

solid state interactions between the drug and the polymer. Lacoulonche et al’s model is 

based on the Flory –Huggins theory. This model helps in calculation of the Te and has 

been used in systems where there is interaction in the solid state. Both of the models 

have been extensively applied to polyethylene glycol (PEG) eutectic mixtures(Baird and 

Taylor, 2010; Lacoulonche et al., 1998a; Law et al., 2002; Vippagunta et al., 2007). 

In the current research, eutectic mixture formation between PL 188 and drugs with 

diverse physicochemical properties is investigated. A systematic approach to construct 

an experimental phase diagram using ibuprofen as a model drug is reported. Then, 

factors affecting the EC in PL 188 eutectic mixtures are studied. The robustness of the 

Lacoulonche et al’s model in same eutectic mixtures is also evaluated. In addition, the 

experimental and the theoretical results are compared and discrepancies are explained. 

Lastly based on the data collected, a quick approach to calculate EC in drug-PL 188 

eutectic mixtures is proposed. The specific objective of this work is to see if there are 

predictive methods to suggest preliminary eutectic compositions using minimal data and 

raw material. 

Materials  

PL 188 (Lutrol® F 68) was a generous gifts from BASF (Tarrytown, NY). Itraconazole 

(ITR) was a generous gift from Albermarle Corporation (Baton Rouge, LA) Ibuprofen 

(IBU) and guaifenesin (GUA) were purchased from Spectrum (Gardena, CA).PEG 8000, 

(S)- (+)-ibuprofen (IBU-S), naproxen (NAP) and ethanol ( 99.5%) were purchased from 

Sigma-Aldrich (St. Louis, MO). Lidocaine (LIDO), ketoprofen (KETO), DL mandelic acid 

(MA), cimetidine (CME) and piroxicam (PI) were purchased from MP Biomedicals (Irvine, 



 

 

CA). Flurbiprofen (FLU), nimodipine (NIMO), aceclofenac (ACE) and meloxicam (ML) 

were purchased from LKT Laboratories (St. Paul, MN). All drugs were at least 98% pure.

Experimental Methods  

All Differential scanning calorimetry experiments were performed at Astra

Pharmaceuticals, Early Development Group, Wilmington ,DE. All hot stage microscopy 

experiments were performed at AstraZeneca Pharmaceuticals, Early Development 

Group, Wilmington ,DE. All powder X

AstraZeneca Pharmaceuticals, Early Development Group, Wilmington ,DE.

Solid Dispersion Preparation

The drug and PL 188 were accurately weighed and placed into a glass beaker.  They 

were mixed using a stirring rod. The beaker was then heated in a silicone oil bath

the ingredients melted completely. At high drug loadings (> 60% w/w) care was taken 

not to exceed the Tf of the drug. The molten mass was then stirred using a magnetic stir 

bar for about 5-10 minutes. Liquid miscibility was assessed visually and when required 

using a microscope. The molten samples were then poured on a glass petri dish and 

spread uniformly. 
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Figure 2.1. Chemical structures of model compounds and PL 188 
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lurbiprofen (FLU), nimodipine (NIMO), aceclofenac (ACE) and meloxicam (ML) 

were purchased from LKT Laboratories (St. Paul, MN). All drugs were at least 98% pure.
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Figure 2.1.( continued)  

 
 
 

Samples were allowed to solidify in a covered petri dish at room temperature

for a minimum of 15 days. Throughout the study NIMO solid dispersions were protected 

from light. 

MA-PL 188 and IBU-S-PL188 were allowed to solidify for 10 days at room temperature 

and 0% RH followed by storage at 4°C in order to ac celerate cryst
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degradation around their Tf, high drug amount eutectic mixtures of PI and ML were 

prepared according to solvent evaporation method reported by Chen et al39 using 

ethanol as a solvent. These solid dispersions were allowed to solidify in a vacuum oven 

at 25°C for 15 days. 

Differential Scanning Calorimetry (DSC) 

TA DSC Q 1000 (New Castle, DE) with a refrigerated cooling accessory was used for 

the study.  2-6 mg of  samples (150 µ - 250 µ) were placed in a hermetically sealed 

aluminum pan with a pin hole and subjected to a heating rate of 1-15°C/min. PI and ML 

solid dispersions were heated at a rate of 20° C /min. The nitrogen purge rate was 

50ml/min. The instrument was calibrated for temperature using benzophenone and 

indium. The enthalpic calibration was performed using indium. The glass transition (Tg) 

temperature of drug was obtained using modulated DSC (mDSC). The conditions used 

were  a heating rate of 3°C/min and modulation of ± 1°C every 40 seconds. The 

modulation was calibrated using sapphire. For Tg determination 2 heating cycles and 1 

cooling cycle were performed.  Heating cycle one: 5°C/mi n to 2°C above the T f of drug, 

isothermal for 5 mins followed by cooling cycle one: 12°C/min to -55°C isothermal for 5 

mins. Heating cycle two: mDSC using above mentioned heating conditions to Tf. There 

were at least 6 cycles through the glass transition event .The TA Universal Analysis 

software (version 4.7A) was used for the data analysis. 

Powder X – ray Diffraction (PXRD) 

The powder samples (150 µ - 250 µ) were placed on a sample holder and the 

diffractograms were collected using a Bruker D8 diffractometer (Madison, WI) with Cu 

Kα radiation. The voltage used was 40 kV and the current was 40mA. The samples were 

scanned from 5° to 40° 2 θ at a rate of 2° 2 θ/minute. The variable temperature PXRD 

(VTPXRD) was carried out using the above instrument with an attached heating stage 
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and temperature controller. The samples were scanned from 5° to 20°  2 θ at a rate of 1° 

2θ /min. The data analysis was done using Bruker–AXS Eva software (version 15) 

Hot Stage Microscopy (HSM) 

Sized samples within 106µ - 150µ particle size range were used for HSM. The 

transitions around the EC were established using a Nikon Eclipse polarizing light 

microscope (Melville, NJ) with a Mettler FP82HT hot stage and FP90 processor, 

(Hightstown, NJ). The hot stage was calibrated using benzophenone and benzoic acid. 

A Photometrics CoolSNAPcf digital camera (Tucson, AZ) was used to record the optical 

micrographs as a function of temperature. The samples were heated at a rate of 2°C / 

min. 

Fourier Transform Infrared (FT-IR) Spectroscopy 

The IR spectra of drugs, PL188 and solid dispersions (30% w/w of drug) were collected 

using a PerkinElmer Spectrum 100 FTIR spectrometer (Waltham, MA) equipped with an 

PerkinElmer Universal attenuated total reflectance (ATR) polarization  accessory 

(Waltham, MA). The samples were scanned from 600 cm-1 to 4000 cm-1 at a resolution 

of 2 cm-1. The spectra were developed using 64 scans. 

Calculation of Solubility Parameters 

Hansen solubility parameters were calculated from the chemical structure of the drugs 

using the group contribution method(Van Krevelen and Hoftyzer, 1976)  

e, � e5, � e
, � e:,            ……………………………………………………………………..2.1 

e5 � ∑ gQhi                         …………………………………………………………………..    ..2.2 

e
 � K∑ gVhM NJ/M
i   …     …………………………………………………………………………… 2.3 

e: � j�∑ klh�
i m�/, …    ……………………………………………………………………..…… 2.4 
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Where δ is the total solubility parameter, δd is the contribution of dispersion forces, δp is 

the contribution of polar forces, δh is the contribution of hydrogen bonding, Fdi is the 

molar attraction constant due to dispersion component, Fpi is the molar attraction 

constant due to polar component, Ehi is the hydrogen bonding energy and V is the molar 

volume. 

Theoretical Construction of Phase Diagrams 

Lacoulonche et al’s model was used to predict phase diagrams of PL 188 eutectic 

mixtures. 

According to the model when volume fraction of the drug (Φd) < volume fraction of the 

drug at the EC (Φe,) the temperature (T) on the liquidus curve can be given by 

?nQRnS � ∆�A,QU ∆�Q,V���nQ�M ∆WA,QXA,Q �/oYZ�nQ�U���nQ�[��\Q\V]p              …………………………………………....     2.5 

and when Φd >Φe the temperature (T) on the liquidus curve can be given by 

?nQ^nS � ∆�A,VU ∆�Q,VnQM ∆WA,VXA,V �/oYZ���nQ�UnQ[��\V\Q]p                       …………………………………………..2.6 

, ∆Hf,d and ∆Hf,p are the heats of fusion of the drug and the polymer respectively. Tf, d and 

Tf, p are the melting temperatures of drug and polymer respectively. Vd and Vp are the 

molar volumes of drug and polymer respectively. ∆Wd, p is the interaction energy per 

macromolecular volume element, between drug and polymer. It can be calculated using 

equation 7. ∆Wd, p is zero for athermal mixing, negative for exothermic mixing and 

positive for endothermic mixing.  

∆qr, + �
∆�A,Qs∆WA,QXA,V  �/oYZ���nS�Ut[��\V\Q]pu� ∆�A,V�∆WA,QXA,Q �/oYZ�nS�U���nS�[��\Q \V ]p

 
nSMs∆WA,QXA,Q �/oYZ�nS�U���nS�[��\Q\V]pu����nS�Ms∆WA,VXA,V �oYZ���nS�UtS[��\V\Q]pu

………… …..2.7 

The phase diagrams in this study are based on the weight fraction (wd) of the drug which 

can be calculated from the volume fraction using the following equation 
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v5 � nQ-�Q
nQ-�QU���nQ�-�V\Q\V

                     ……………………………………………………….2.8 

MWd and MWp are the molecular weights of the drug and polymer respectively. 

The Vd and cLog P of the compounds were calculated using advanced chemistry 

development software (Toronto, Canada). 

Results and Discussion 

Eutectic Mixture Formation 

Poorly water soluble drugs with diverse physicochemical properties (Table 2.2 and 

appendix table A.1) namely molecular weight, Tf, Tg, ∆Hf,d, Vd, clogP, number of 

hydrogen bond donors (HBD) and acceptors (HBA) were selected. IBU was chosen as a 

model drug to develop a methodology for phase diagram construction because of its 

relatively low Tf, monomorphic properties and the abundance of literature available on 

IBU eutectics. IBU-S was used to study the effect of pure enantiomer on eutectic 

formation. GUA was chosen as a neutral compound and LIDO as basic compound with 

Tf similar to IBU. MA was selected on basis of its structural similarity to IBU. Regardless 

of its water soluble nature CME was selected as a basic compound with high Tf and low 

hydrophobicity. 

Poloxamer 188 (PL 188) is a nonionic crystalline triblock copolymer used primarily in 

pharmaceutical formulations as a wetting agent, emulsifier or solubilizer(Attwood et al., 

2007; Kabanov et al., 1995; Mei et al., 2003; Schubert and Müller-Goymann, 2003). 

Figure 2.1 shows that it is composed of central hydrophobic block of polyoxypropylene 

(PPO) flanked by two hydrophilic blocks of polyoxyethylene (PEO). It is obvious from 

table 2.3 that PL 188 has properties which are different from those of PEG 8000, though 

both have comparable molecular weights (MW). It has been reported that solids with 

Tg/Tf ratio of more than 0.7 are good glass formers(Zallen and Wiley, 1983). PL 188 has 

Tg/Tf ratio of 0.65 while PEG 8000 has Tg/Tf value of 0.73.  Also, PL 188 has a lower ∆Sf 



 

48 

 

than PEG 8000. Thus PL 188 has a higher crystallization tendency which appears to 

make it more suited to form eutectic mixtures .  

Due to its central hydrophobic block of PPO(Schmolka, 1991), PL 188 has surfactant 

properties which can enhance drug solubilization in aqueous media. PL 188 based solid 

dispersions of poorly soluble drugs have drawn increasing research interests over the 

past years(Ali et al., 2010; Chen et al., 2004; Chokshi et al., 2007; Dodou and Saddique; 

Newa et al., 2007; Passerini et al., 2002; Shin and Cho, 1997). Consequently PL 188 

based eutectic mixtures  seem to be an attractive approach to improve the solubility, 

dissolution and bioavailability of poorly soluble drugs. 

Attempts have been made to construct PL 188 eutectic mixture phase diagrams. Chen 

and coworkers(Chen et al., 2004) utilized DSC alone to construct phase diagram and 

also used the non eutectic melting enthalpy to obtain the EC. However it is often difficult 

to get an accurate estimate of the EC using a single technique to detect transitions 

around the EC. Also approximating the non eutectic melting enthalpy at low drug 

amounts can be challenging. Dodou and Saddique37 did not rule out the possibility of 

solid solution formation at high and low drug load. The phase diagram they constructed 

seems to represent a discontinuous solid solution. Ali et al38 generated the phase 

diagram using non equilibrated ibuprofen poloxamer 407 solid dispersions which is likely 

to be the reason of discontinuous solid solution formation. Though Ali et al used 

poloxamer 407, based on the absence of specific interactions between ibuprofen and 

poloxamer 407 one would expect a similar phase diagram for ibuprofen-PL 188 system 

using their methodology. Also their approach of using Tamman's diagram to get the EC 

is questionable since it is very difficult to separate the polymer melting from the eutectic 

melting, especially at high polymer loading. Other reports of using non equilibrated PL 

188 based systems are also available in literature(Greenhalgh et al., 1999; Hawley et al., 

1992). It is obvious from the previous studies that accurate and systematic construction  
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Table 2.2. Physicochemical properties of the select ed compounds 

 
Compound  MW 

(g/mol)  

Tf 

(°C) 

∆Hf 

(kJ/mol)  

Vd 

(cm 3/mol) 

cLogP  HBD HBA T Saq 

(µg/ml) 

∆δ Tg/Tf ∆S/R 

(S) - 

Ibuprofen 

206.28 51.3 20.46 200.27 3.68 1 2 A 8 X 10-2  

(Nerurkar et 

al., 2005) 

3.3 0.72 7.5 

Lidocaine 234.34 68.2 16.21 228.3 1.95 1 2 B 4.1 1.6 0.62(Cui and 

Frank, 2006) 

5.7 

Ibuprofen 206.28 76.5 23.44 200.3 3.68 1 2 A 2.1 X 10-2 3.3 0.65 8.1 

Guaifenesin 198.21 81.3 43.91 165.8 0.10 2 4 N 50 3.6 0.70 15.0 

Flurbiprofen 244.26 114.1 27.50 203.6 3.75 1 3 A 0.8 X 10-2 1.6 0.69 8.5 

Mandelic 

Acid 

152.15 119.9 23.41 115.1 0.50 2 3 A 181 3.7 - 7.1 

Nimodipine 418.44 125.4 39.90 345.0 4.00 1 8 B 2.4 X 10-2 1.6 0.71(Urbanetz, 

2006) 

12.0 

. 
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Table 2.2.(continued) 
 
Compound  MW 

(g/mol)  

Tf 

(°C) 

∆Hf 

(kJ/mol)  

Vd 

(cm 3/mol)  

cLogP  HBD HBA T Saq 

(µg/ml) 

∆δ Tg/Tf ∆S/R 

Cimetidine 252.34 141.6 41.99 198.2 0.16 3 5 B 9.3 2.5 0.77(Pajula et 

al., 2010) 

12.2 

Naproxen 230.25 156.5 34.05 192.2 2.82 1 3 A 1.6 X 10-2 2.6 0.64(Paudel et 

al., 2010) 

9.5 

Itraconazole 705.63 168.8 64.58 502.0 6.05 0 9 B 4.72 X 10-7 0.7 0.75(Six et al., 

2003b) 

17.6 

Ketoprofen 254.28 95.3 28.04 212.2 2.76 1 3 A 5.1X 10-2 .3 0.73 9.2 

Aceclofenac 354.18 153.1 46.18 243.3 4.74 2 5 A 8.6 X 10-2 

ref 

1.5 0.67(Zhu et al.) 13.0 

Piroxicam 331.35 201.47 37.54 213.8 2.44 2 6 A 2.3 X 10-2 0.1 0.57(Sheth et 

al., 2004) 

9.5 

Saq at 21-25°C obtained from Syracuse Research Corpora tion Interactive PhysProp Database. A , B and N refer to acid, base and neutral. 
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Table 2.3. Properties of PL 188 and PEG 8000  
 

 

a Data was obtained from BASF product literature; b data obtained from the current work. ∆Hf is 

the entropy of fusion, Vp is the molar volume, CMC is the critical micellar concentration ,Saq is the 

aqueous solubility, δ is the solubility parameter and ∆Sf is the entropy of fusion (calculated from 

the heat of fusion based on per mole of backbone atom) , R is the universal gas constant, NA 

stands for not applicable. 

Property  PL 188 PEG 8000 

Average MW (g/mol) 8400a 8000a 

PEO content (%) 80a 100 a 

Tf(°C) 52.79 b 61.57 b 

∆Hf (kJ/mol) 1248.24b 1704.8 b 

Vp (cm3/mol ) 7924.53b 6956.5(Vippagunta et 

al., 2007) 

Viscosity (cps) 1000a 750a 

CMC (µM) 480a NA 

HLB value 29a NA 

Saq at 25°C >10% a >10%a 

 δ 22.3(Chokshi et 

al., 2005) 

21.6(Forster et al., 

2001) 

∆Sf/R 0.66 a 0.92 a 
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of phase diagrams for PL 188 based eutectic mixtures is yet to be reported. This makes 

phase diagram construction of PL188 eutectic mixtures a topic worth exploring. 

It is important to note that the PPO content of PL 188 can actually solubilize the drug 

molecules in solid state.  This would result in a solid solution rather than a true eutectic 

mixture.  Further, polymers such as PL 188 do have amorphous domains(Craig and 

Newton, 1991a; Johansson and Tegenfeldt, 1992) and it is possible for the drug to 

remain dispersed in an amorphous form in these domains. From a dissolution and 

stability point of view it is extremely important to know the physical form of the drug and 

polymer in the solid dispersion.  As revealed earlier solid dispersions have been 

classified into various groups based on the physical form of the drug and the carrier. To 

our knowledge a systematic approach of assigning a class to solid PL 188 based solid 

dispersions has not yet been reported. As observed from table 2.4 drug-PL 188 

dispersions can be excluded from various solid dispersion classes. Based on these 

reasons and findings detailed below the solid dispersion systems were classified as 

“eutectic mixtures”.  

As previously stated, eutectic mixtures have two basic properties: 1. Complete miscibility 

at molten state; 2. Complete immiscibility at solid state. All the drug–PL 188 molten 

mixtures showed complete miscibility in the molten state when observed using HSM. In 

addition, table 2.2 shows the solubility parameter  difference (∆δ) between the drugs and 

PL 188 is less than 7.5 MPa1/2. Such a difference is usually a reliable indicator of 

complete miscibility in the molten state(Greenhalgh et al., 1999). Thus the first 

requirement for eutectic mixture formation was met.  

To achieve faster solidification, molten masses were spread in a thin layer on glass petri 

plates. For high drug load ML solid dispersions the solvent method was used since an 

extremely high temperature( >200° C)  was required f or complete melting. Such high 

temperature can cause degradation of the drug. Studies have shown that equilibration 
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time of crystalline polymeric systems might be variable(Andrews et al., 2009; Bley et al., 

2010; Sethia and Squillante, 2004b).The time will depends on various factors like 

storage conditions, type of components, method of preparation and so on. By definition, 

a phase diagram is constructed for systems in equilibrium(Unga et al., 2009). In order to 

get reasonable amount of equilibrium within a practical time scale the following protocol 

was applied. 

 
 
 
Table 2.4. Exclusion criteria of drug-PL188 solid d ispersions from various classes 
 

Class  Reason  

Continuous solid solution/ 

Discontinuous solid solution 

 

Solidus is fairly parallel to the composition axis 

throughout the composition range (even at two ends 

of phase diagram) 

No significant shift of drug and PL 188 PXRD peaks 

Substitutional solid solution 

 

The size difference of drug and PL 188 molecules is 

too large 

No significant shift of drug and PL 188 PXRD peaks 

Interstitial Solid solution 

 

Solidus is fairly parallel to the composition axis 

throughout the composition range (even at two ends 

of phase diagram) 

Presence of drug (solute) diffraction peaks at 5% 

w/w drug load 
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Table 2.4.(continued) 
 

Class  Reason  

Glass solution/suspensions 

 

PL 188 present in its crystalline form (DSC, HSM and 

PXRD data) 

Opaque nature of the dispersions 

Amorphous precipitation in a 

crystalline carrier 

 

Presence of crystalline drug in the solid 

dispersion(PXRD data) 

Low Tg of PL 188(- 62°C)(Qian et al., 2007)  

Complex formation 

 

Absence of DSC events and PXRD peaks other than 

those allocated to drug and PL 188 

Absence of congruent melting point 

 
 
 
For drugs with a Tg/Tf < 0.7, 15 days were given for equilibration.  For drugs that are 

good glass formers the equilibration period was set to 25 days. In spite Tg/Tf < 0.7 of 

GUA its dispersions were equilibrated for 25 days because of its high ∆Sf. Literature 

values of Tg were used where possible. The authors are aware that Tg of the drug being 

a kinetic phenomenon will depend on experimental conditions. However the difference in 

the Tg due to experimental conditions is not large enough to significantly affect the Tg/Tf 

values and hence the obtained values were suited for the purpose. At the end of the 

period the ∆Hf,d in the 70% w/w solid dispersion was obtained using DSC. The 70% w/w 

dispersion was chosen because it is the dispersion containing the lowest amount of drug 

that provides ∆Hf,d values with certainty.  The system was assumed to reach equilibrium 

if this value was more than 90% of ∆Hf,d from a corresponding physical mixture. If not the 

sample was allowed to equilibrate for  an additional 5 days.  At the end of 25 days all 

solid dispersions appeared to reach equilibrium. X-ray diffractograms of the solid 
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dispersions showed peaks of the crystalline drug and PL 188 and no evidence of 

polymorphism. An example of a diffractogram of IBU-PL188 system is shown in figure 

2.2. The intensities of the peak were dependent on the ratio of the drug to PL 188. The 

DSC thermogram of a 95%  IBU-PL 188 solid dispersion showing the presence of 

crystalline PL 188 is shown in figure 2.3. 

 
 
 

 

 
Figure 2.2.  Room temperature PXRD patterns of IBU PL188 solid dispersion.  

 
 
 
Drug diffraction patterns could not be detected below 5 % w/w drug load. This was 

probably because the limit of detection of the instrument was around 5% w/w. Another 

reason could be due to the particle size reduction of the drug. Even if the drug is present 
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in metastable form, such low amounts have a negligible effect on dosage form 

performance. These findings show that there was a complete immiscibility in the solid 

state, thus the second requirement for eutectic mixture is also met.  It is therefore  

obvious that the drug-PL 188 dispersions are eutectic mixtures.  

 
 
 

 

 
Figure 2.3. 95% IBU-PL 188 DSC scan showing presenc e of crystalline PL 188 

 
 
Experimental Phase Diagrams 

As mentioned previously, experimental phase diagram construction is laborious, time 

consuming and demands great care. The cooling method was not used for phase 

diagram construction since the solid dispersions undergo super cooling. As reported by 
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other researchers(Martinez-Oharriz et al., 1999; Sánchez-Soto et al., 1990) separation 

of eutectic and excess component melting was difficult. This precluded the use of 

Tamman’s diagrams to determine EC. Tamman's diagram require plotting of eutectic 

enthalpy against composition(Ali et al., 2010; Lacoulonche et al., 1997; Lacoulonche et 

al., 1998b; Lerdkanchanaporn et al., 2001; Schmid et al., 2000).  

In the current study, phase diagrams were constructed using a combination of DSC and 

HSM techniques. The DSC thermograms either showed  one or two endotherms 

depending upon the heating rate and drug loading. The first event occurred at 

approximately the same temperature and signified the eutectic melt (Figure 2.4).The 

onset point of the eutectic melt was used to draw the solidus (Figures 2.4 and 2.9 ). 

Determination of the onset point can be subjective but it was used in the study because 

of two reasons. First, the onset temperatures are less sensitive to the heating rate. 

Second, these temperatures were in good agreement with HSM solidus values. Previous 

investigators have also used peak eutectic temperatures(Fernández et al., 1992; 

Margarit et al., 1994; Palmieri et al., 1996)71-73 or extrapolated eutectic onset 

temperatures(Han et al., 2009; Lacoulonche et al., 1997; Stott et al., 1998)  to signify the 

solidus. In addition to being sensitive to the heating rate, peak eutectic temperatures are 

difficult to obtain at low drug loadings. Extrapolated onset temperatures besides being 

subjective, overestimate the Te. The temperature of the second endotherm decreased 

with an increase in excess component (Figure 2.4).The offset temperature of the excess 

component endotherm was used to draw the liquidus (Figures 2.4 and 2.9 ). 

DSC studies were conducted at 1, 5 and 15°C/min heating  rates.  At a rate of 5° C/min 

the solidus and liquidus could be clearly perceived from the thermograms. However the 

25%, 30% and 35% IBU dispersions showed only one endotherm . At a heating rate of 

1°C/min, in addition to the above ratios the 40% mix ture exhibited only one endotherm 

(Figure 2.5). The 15°C/min heating rate could not re solve two close endotherms (figure 
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2.6) and resulted in single endotherms for 20, 25, 30 and 35% dispersions. Also such a 

fast heating rate could result in undesired high temperature gradient across the sample. 

Thus at a heating rate of 5°C/min maximum number of ratios showed two endotherms. 

Hence  the phase diagram constructed at 5°C/min was used f or further studies. 

 
 
 

 
 
Figure 2.4. DSC thermograms of representative IBU-P L 188 solid dispersions used 

for phase diagram construction. 
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Figure 2.5. DSC thermograms of 40% IBU-PL 188 solid  dispersions at heating 

rates of 5°C/min and 1°C/min. 
 
 
 
Based on DSC results the EC could be anywhere between 20-40 % IBU since ideally a 

ratio which exhibits a single endotherm is the EC. To obtain a better approximation of 

EC, HSM was employed as a characterization method since it has been successfully 

utilized to evaluate transitions around the eutectic point(Bikiaris et al., 2005; Fini et al., 

2005; Law et al., 2002). One could clearly differentiate between the eutectic melt and 

excess IBU melting in the 35 % IBU solid dispersion. Whereas in the  25 % and 30% 

dispersions  such differentiation was not possible and a continuous melting process was 

perceived. However in the 25% solid dispersion (Figure 2.7) the melting process 
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completed at a lower temperature (41.8° C±0.57) than  the 30% solid dispersion (44.2° 

C±0.6). 

 
 
 

 

 

Figure 2.6. DSC thermograms of 20% IBU-PL 188 solid  dispersions at heating 
rates of 5°C/min and 15°C/min.  

 
 
 

Thus the EC was taken to be 25 % IBU. Further corroboration of EC was done by 

subjecting 25%, 30% and 35% to VTPXRD. It was seen that at 44° C the 25% sample 

melted completely while the 30% IBU and 35 % IBU samples still exhibited some 

crystallinity (Figure 2.8). This confirmed that the EC was close to 25% IBU. Heating of 
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open samples in VTPXRD could have caused the samples to melt at slightly higher 

temperatures. It can also be perceived that with increasing temperature the peaks shift 

to a lower 2θ this due to the volume expansion. From the aforementioned discussion it 

can be gathered that an optimized DSC heating rate with HSM observations around the 

eutectic point can be used to build the phase diagrams.  It is important to note that 

phase diagram construction using HSM alone is extremely time consuming. Hence to 

construct an accurate phase diagram in a time efficient manner DSC and HSM were 

used in combination.  

 
 
 

 

 
Figure 2.7. HSM photomicrographs of 25% IBU-PL 188 dispersion  
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Figure 2.8. VTPXRD scans of 25%, 30% and 35 % IBU P L188 solid dispersions 
 
 
 
It is obvious from the above discussion that for the same system a slightly different 

phase diagram can be obtained based on the technique and conditions used. This 

results in the observed discrepancies in values of EC reported in the literature.  

Additionally, eutectic mixtures of polymers are pseudo binary systems because the 

polymer is made up of heterodisperse chain lengths. Thus such eutectics will not behave 

exactly similar to eutectics of small molecules and pinpointing the exact EC may be 

difficult. Another point that deserves due attention is the difference between drug melting 

and drug dissolution in molten polymer. Sivert et al(Sivert et al., 2010) have made a 

good attempt to separate drug melting and dissolution in molten polymer.  In our 
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experience it is extremely difficult to separate the two events. Other studies have also 

used the two terms interchangeably(Baird and Taylor, 2010; Law et al., 2002; Smith and 

Pennings, 1974; Vippagunta et al., 2007). Using approaches like faster heating rate 

might help to some extent but again that leads to other complications mentioned earlier. 

Consequently for all practical purposes in this work drug melting point depression will be 

considered synonymous with drug dissolution in molten polymer. The methods used in 

this study show the state of the drug not the process by which the drug goes from solid 

state to liquid state. Thermogravimetric analysis showed that at a heating rate of 5°C/min 

(Appendix figure A. 26) the degradation of pure ML commenced immediately after 

melting onset. Even at 20°C/min degradation began af ter the peak melting temperature 

and before the offset temperature could be reached (Appendix figure A.27). Hence the 

values obtained at a rate of 20°C/min were used for p hase diagram construction. 

However, a theoretical ∆Hf,d value reported by Yener and coworkers(Yener et al., 2010) 

was used where needed 

The experimental phase diagrams of IBU-S, LIDO, GUA, FLU, MA, NIMO, CME, NAP, 

ITR, ML were constructed by the optimized method. The EC and Te of various drug-PL 

188 eutectics are shown in table 2.5(experimental phase diagrams given in appendix 

figures A.1-A.9). A eutectic mixture with a EC < 5% w/w of drug was considered a 

monotectic. As stated by Tamman(Savchenko, 1959) the lower Tf component ( PL 188) 

forms the major phase at the EC. The amount of drug at EC decreases with an increase 

in Tf  difference between drug and polymer. This can be observed when PEG 8000 (Tf,p 

of 61.57° C) is used as a carrier for IBU eutectic form ation the EC is 35% IBU23 as 

opposed to 25 % in IBU-PL 188 systems.  In the current research drugs with a Tf,d–Tf,p of 

> 70°C tend to form monotectics. Thus if a choice is ava ilable among crystalline carriers 

with similar solubilization potential it is better to pick a carrier with Tf,p closer to Tf,d.  It is 
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important to note that the presence of high amount of poorly soluble drug(>50%) at EC 

does not improve drug dissolution because it is no longer the minor phase. 

 
 
 

 

 
Figure 2.9. Experimental  phase diagram of IBU-PL 1 88 systems. The solid triangles 

and solid diamonds represent HSM  and DSC temperature values respectively. 
 

 
 
It is a well-known fact that molecular arrangement and interactions are different in 

racemates and enantiomers of the same species. Such differences can give rise to 

varied interactions with carriers even in the solid state(Bogdanova et al., 2005). Taking 

this into consideration we compared the eutectic forming ability of S-IBU and racemic 

IBU. As observed in tables 2.2 & 2.5, the dissimilarity in the EC could solely be 

explained on the basis of the crystal energy (Tf,d  and ∆Hf,d) difference between the two 

species.  This affects the interaction in the liquid state. As will be seen later, had there 
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been any difference in specific interactions of these two species  with PL 188 there 

would have been a discrepancy between the predicted and experimental EC.  

 
 
 
Table 2.5. Experimental and theoretical phase diagr am values, drug dosage and 

formulation practicability (FP). 
 

Compoun

d 

Experimental 

EC (%) 

Experimental  

Te(°C) 

Theoretical  

EC (%) 

Theoretical  

Te (°C) 

Dose 

(mg) 

FP 

IBU-S 50 27.95 46.5 40.25 - - 

LIDO 30 42.61 33.7 44.25 - - 

IBU 25 34.31 21.5 46.25 100 Yes 

GUA 10 41.00 12.27 49.25 - - 

FLU 25 37.22 8.96 51 50 Yes 

MA 35 35.36 10.37 48.75 - - 

NIMO* Monotectic 44.46 2.84 52.5 30 No 

CME* Monotectic 46.51 1.79 52.5 - - 

NAP* 5 40.07 2.25 52.5 200 No 

ITR* Monotectic 45.45 0.13 52.5 100 No 

ML* Monotectic 44.24 1.2 52.5 7.5 Maybe 

* Tf,d–Tf,p > 70°C. Lowest doses of poorly soluble drugs obtained  from FDA orange 
book.Experimental Te was the average of DSC onset temperatures. Difference in EC of 10% and 
more is considered significant  
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IBU, LIDO and GUA are acidic, basic and neutral drugs with similar Tf,d values. It can be 

clearly observed that LIDO (30%) and IBU (25%) have ECs in close proximity while GUA 

has a distinctly lower EC (10%). This can be described by the higher ∆Hf,d value for GUA 

. Alternatively, GUA and CME both have similar ∆Hf,d (also Vd and Log P) but GUA has 

an EC around 10% while CME forms a monotectic. This could be explained by the 

higher Tf,d of CME. From the above mentioned discourse it’s clear that the crystal energy 

of the drug is the major factor affecting eutectic formation with PL 188. This 

phenomenon can be explained by the feature that the higher the solubility of a 

compound in molten polymer, the greater the slope of the drug liquidus and hence the 

more the amount of the drug at the EC. The solubility of the compound  will depend on 

the crystal energy of the drug and specific interactions with the polymer. Therefore in the 

absence of specific interactions the crystal energy will be the sole determinant of 

eutectic formation.  

Vippagunta et al(Vippagunta et al., 2007) have stated a correlation between log P of the 

drug and eutectic formation with PEG 8000. PL 188 has a hydrophobic block made of 

PPO and hence one can expect drugs with a high Log P to have strong interactions with 

PL 188 and form eutectics. Taking this into consideration drugs with the highest clog P 

values ITR (6.05) and NIMO (4.00) would have high drug amount at the EC; however, 

they form monotectics with PL-188. Both these drugs have high Tf,d which explains the 

monotectic behavior. Thus, on the basis of our findings, Log P values alone do not play 

a significant role in eutectic formation. It also worthwhile to mention that although ∆δ is 

an indicator of molten miscibility it singly fails to explain eutectic formation. This could be 

the due to the limitations of δ which have been well documented by Hancock et al 

(Hancock et al., 1997).  IBU-S, IBU, FLU, CME and NAP have similar Vd values but their 

ECs are 50%, 25%, 25%, monotectic and 5%. Just like PEG based eutectics(Vippagunta 

et al., 2007) the Vd has no effect on the EC. 
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Based on the classification of Jackson and Hunt,80 if one component has a low ∆Sf 

(∆Sf/R <2) and the other has a high ∆Sf then the eutectic will exhibit coupled growth and 

will have a well-defined microstructure. Although they applied this classification for small 

molecules, other researchers have extended the concept and established such 

microstructures in polymeric eutectics(Law et al., 2003; Moore and Wildfong, 2009; 

Smith and Pennings, 1976). Such a microstructure results in particle size reduction of 

the drug at or below the EC. This can lead to dissolution enhancement of the drug(Law 

et al., 2003; Moore and Wildfong, 2009). Above the EC faceted growth of the drug 

crystals occurs and the size reduction advantage is compromised. It is clearly evident 

from the ∆Sf/R values of the drugs (Table 2.2) and PL 188 (Table 2.3) that coupled 

growth with particle size reduction can be expected for PL 188 based eutectics. Andrews 

et al (Andrews et al., 2009)showed such a microstructure for mefenamic acid-PL 188 

solid dispersion where faceted growth started occurring above a 2% drug load. Although 

the purpose of their research was not the formation of eutectic mixtures, our results 

predict that mefenamic acid with Tf of 195°C for polymorph I will form a monotectic.  

The practicality in the formulation of a eutectic mixture at an acceptable dose was 

considered in this study. In table 2.5 wherever the lowest dose in a single dosage form 

resulted in a total eutectic mixture composition of less than 1000 mg the formulation was 

considered practical. Thus for a drug like NAP which has a  minimum dose of 200 mg, 

formulation as a eutectic mixture (EC – 5%) is impractical since the weight of the total 

eutectic mixture will be 4000 mg. By comparison for FLU (50 mg) formulation as a 

eutectic mixture seems feasible since the total eutectic mixture weight will be 200 mg.  

Although ML forms a monotectic, its dose is small enough that it may be feasible to 

formulate it as a eutectic mixture. This can be confirmed with further investigation.  

Theoretical Phase Diagrams 
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The above-mentioned discussion throws light on the issues involved in experimental 

phase diagram construction -  time consuming, material intensive and uneconomic. 

These reasons have led to the development of theoretical models for eutectic phase 

diagrams prediction. Lacoulonche et al(Lacoulonche et al., 1997)28 developed a semi 

empirical model to estimate the eutectic phase diagram. The model was based on the 

Flory – Huggins theory where they assumed the solvent to be the drug molecules. It 

uses easily obtainable thermodynamic parameters like fusion temperature and heat of 

fusion to generate the phase diagram. This model has been previously applied to PEG 

eutectic mixtures(Baird and Taylor, 2010; Lacoulonche et al., 1998a; Vippagunta et al., 

2007). The authors are  not aware of reports of its validity  in poloxamer systems. 

Therefore we used this model to predict phase diagrams for PL 188 eutectic mixtures. In 

order to apply these equations, a negligible solid state solubility had to be assumed. 

Absence of any type of solid solution was shown previously which supports this 

assumption. The ∆Wd,p was kept at 0 and the phase diagrams were predicted. The 

results obtained are shown in table 2.5 (theoretical phase diagrams are shown in 

appendix figures A.10-A.20). It can be observed that the model was useful in predicting 

the ECs for all mixtures except for those of FLU and MA. IR spectroscopy has been 

extensively used to study hydrogen bonding between drugs and carriers(Gupta et al., 

2002; Mura et al., 1996; Taylor and Zografi, 1997), therefore specific interactions 

between the compounds and PL 188 were probed using IR spectroscopy in this study as 

well. The IR spectra of drug- PL 188 solid dispersions were weighted additions of the 

individual spectra. The only exceptions being the spectra of FLU and MA eutectics. 

FLU has shown to form specific hydrogen bonding with polymers like PEG(Lacoulonche 

et al., 1997; Ozeki et al., 1997)4 and poly-ε- caprolactone(Lacoulonche et al., 1998a)  

which  would  cause an under prediction of the EC(Vippagunta et al., 2007). Thus a 

similar sort of hydrogen bonding can be expected between FLU and PL 188 because it 
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is composed of 80% PEO. The IR spectrum of 30% FLU eutectic mixture showed a new 

C=O band at 1732 cm-1. This observation was similar to the reports of Lacoulonche et al 

(Lacoulonche et al., 1998a) who proposed that the new band was an indicator of 

hydrogen bonding between FLU and PEG. The ∆Wd,p, term for FLU-PL188 system was 

calculated using equation 7 to be -4.81 kJ/mol. This value is lower than the one for FLU-

PEG 8000 system which is about -9.2 kJ/mol(Vippagunta et al., 2007). Such a difference 

means that FLU is interacting more strongly with PEG 8000 than PL188 and hence the 

degree of the  under prediction is less in FLU – PL188 system (16%) than that reported 

for FLU-PEG 8000 system(27%) (Vippagunta et al., 2007). We hypothesize that the 

methyl group in PPO part of the polymer (Figure 2.1) hinders the H bonding ability of the 

ethereal oxygen. In PEGs this oxygen atom can undergo unimpeded H bonding with the 

drug. 

MA was chosen as a model drug because of its structural similarity to IBU (Figure 2.1). 

On the foundation of its higher crystal energy one would expect MA-PL 188 system to 

have lower EC than IBU-PL 188. Surprisingly the EC for MA-PL 188 system was higher 

than IBU-PL 188 system and the EC was under predicted by the model. The 

aforementioned observation clearly indicated the possibility of specific interaction 

between MA and PL 188. The IR spectra of MA, PL 188 and MA-PL 188 30% solid 

dispersion are shown in figure 2.10 and assignments for their prominent bands are given 

in table 2.6. It can be clearly seen that C=O and O-H bands of MA have shifted in the 

eutectic mixture which is a strong indicator of hydrogen bonding. Further, the C-O group 

stretchiing band of PL 188 has also undergone a red shift which indicates the group's  

involvement in hydrogen bonding. These findings undoubtedly suggest specific 

interactions between MA and PL 188 which explains the under prediction by the model. 

In fact the interaction energy for this system was -7.20 kJ/mol which is higher than that 

for FLU-PL 188 eutectic mixtures. By contrast, the IR spectrum of IBU-PL 188 eutectic 
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mixture was a simple addition of the individual spectra of IBU and PL 188 (Table 2.7). 

The differences in the manner in which MA and IBU interact with PL 188 might be 

explained by the following reasons. First, MA has additional hydroxyl group (Figure 2.1). 

Second, the CH3 in proximity of the carboxylic OH in IBU might hinder hydrogen bonding 

with PL 188. Third, IBU has a tendency to exist as dimers(Chan and Kazarian, 2006) 

while MA does not dimerize(Badawi and Forner, 2010). Thus it can be said that results 

of IR spectroscopy might preclude experimental phase diagram construction in PL 188 

based eutectics. If the IR data shows no specific interaction the theoretical model can be 

used to give the EC. However if IR spectrum shows specific interactions as is the case 

of FLU-PL 188 and MA-PL 188 systems experimental construction of the phase diagram 

will be necessary.  

The presence of same number of HBA and HBD in two drugs is not sufficient to explain 

specific interactions. This can be exemplified by comparing NAP and FLU. Though both 

of them have same number of HBD and HBA,  FLU (∆Wf,p  = -4.82 kJ/mol)  shows almost 

double interaction energy than NAP (∆Wf,p = -2.07 kJ/mol).  

 

Figure 2.10. Infra red spectra of MA, MA-PL188 30% eutectic mixture and PL 188 
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Table 2.6. Band assignments for the IR spectra of M A, 30% MA-PL188 eutectic 
mixture and PL188 

 
Band  MA PL188 30% MA PL188 

OH methylenic 

stretch 

3389 - 3441 

C=O stretch 1707 - 1730 

CH2 vibration - 2882 2874 

C-O stretch - 1099 1066 

 
 

 
Table 2.7. Band assignments for the IR spectra of I BU, IBU-PL188 30% eutectic 

mixture and PL188 
 

Band  IBU PL188 30% IBU PL188 

OH methylenic 

stretch 

Diffuse band - - 

C=O stretch 1710 - 1710 

CH2 vibration - 2882 2876 

C-O stretch - 1099 1101 

 
 
 
Again an attempt to explain specific interactions on basis of HBD and HBA falls short in 

case of S-IBU , LIDO and IBU. These compounds have same number of HBA and HBD 

and show no specific interactions. Their ∆Wd,p values are -0.79 kJ/mol, 0.69 kJ/mol and -

0.52 kJ/mol respectively.  
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From the above mentioned discussion it can be concluded that Lacoulonche et al's 

model can be applied to PL 188 eutectic mixtures. However, the model leads to under 

prediction of EC for drugs which exhibit specific interactions with PL 188. The possibility 

of predicting such interactions based on the structure of the drugs is challenging. As 

mentioned above, the interactions can only be back calculated after experimentally 

constructing the phase diagram. Table 2.5 indicates that the model leads to the over-

prediction of Te. Similar discrepancies are also be observed in the literature(Lacoulonche 

et al., 1997; Lacoulonche et al., 1998a).  This could account for the lack of use of this 

model for Te prediction. In the current investigation there was a larger discrepancy 

between the predicted and the experimental Te. One reason could be our method of 

estimating Te which involves considering the onset of melting which in turn can lead to 

lower values. Prediction of specific interactions and explanations for overestimation of Te  

are topics which need to be further explored. 

Graphical Estimation of EC 

In this study a correlation was observed between the DSC eutectic peak temperatures 

and the EC. The difference between the PL 188 peak temperature  and eutectic peak 

temperatures at 50% drug load (∆T) was plotted against the EC.  

It is apparent from figure 2.11 there is a linear relationship. Such a relationship can be 

expected since as explained earlier higher solubility of the drug in PL 188 results in 

higher drug load at EC. Also higher solubility leads to stronger adhesive forces (between 

drug and PL 188) and weakens cohesive forces (between PL 188 chains). Such 

weakening can lead to reduction in melting point of PL 188. 

The equation given in figure 2.11 was used to calculate the EC of three drugs KETO, 

ACE and PI. These drugs have different Tf values (Table 2.2) and thus are expected to 

have different ECs. ACE was also selected because its EC has been under predicted by 

the Lacoulonche et al’s  model. The computed EC values were 27.20 ,21.49 and –2.86 
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% for KETO, ACE and PI respectively. A negative value which is close to 0% is an 

indicator of monotectic. Then we experimentally constructed the phase diagram for 

eutectic mixtures.(Appendix figures A.21, A.22 and A.23) DSC heating rate of 5°C/min 

was used for KET and ACE phase diagram construction. While due to the same reason 

like  ML a heating rate of 20°C/min was used for PI. The experimental ECs were found 

to be 20%, 20% and monotectic for KETO, ACE and PI respectively. Thus there was 

agreement between the calculated values and experimental values. It is worthwhile to 

note that this approach was fairly accurate in predicting the EC of ACE which exhibits 

specific interactions with PL 188 and leads to under prediction (Table 2.8). The 

theoretical phase diagrams for KETO, ACE and PI are given in appendix figures A.21, 

A.23 and A.25 respectively. Furthermore, as can be realized from table 2.8 even the 

index approach given by Law et al (Law et al., 2002)was not accurate in predicting 

eutectic formation between ACE and PL 188. Such a discrepancy could be due to the 

specific interactions between ACE and PL 188. It can be clearly seen that the graphical 

method presents a quick and less material intensive way to calculate EC’s of drug-

PL188 eutectics that at times cannot be predicted by well-established models. 

The onset temperatures did not show a strong correlation with EC mainly because PL 

188 had the tendency to give different forms when crystalized with different drugs. Such 

a tendency was also observed for PEGs(Kovacs et al., 1975; Naima et al., 2001; Unga 

et al., 2010). However, the onset temperature is when the mixture begins to melt and is 

a true indicator of Te and was used in phase diagram construction. 

Conclusions 

PL 188 can form eutectic mixtures with drugs having different physicochemical 

properties. These dispersions are crystalline in nature  and can be regarded as 

thermodynamically stable systems. Experimental construction of eutectic phase 

diagrams is time consuming and requires great caution.  DSC along with HSM can be 
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Figure 2.11. Plot of ΔΔΔΔT vs. EC 

 
 
 
Table 2.8. Experimental and predicted EC of KETO, A CE and PI 
 
Compound  Experimental  

(%w/w) 

Lacoulonche et al’s  

model (%w/w) 

Van Hoff index  

model (%w/w) 

Graphical  

method (%w/w)  

KETO 20 12.8 25 % 27.20 

ACE 20 0.68 Monotectic 21.49 

PI Monotectic 0.72 Monotectic Monotectic 

 
 
 

used to build accurate phase diagrams. In the absence of specific interactions the EC of 

the eutectic mixture depends on crystal energy of the drug. Based on the ∆Sf values PL 

188 eutectics can exhibit coupled growth leading to particle size reduction below the EC. 

Lacoulonche et al’s model closely predicts the EC for drugs which exhibit no specific 

interactions. However its application is not straight forward when it comes to drugs 
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showing specific interaction with the carrier and warrants the inclusion of ∆Wd,p term. 

Presence of such specific interactions can be shown by using IR spectroscopy. Based 

on the collected data, a quick and less material intensive approach has been proposed 

to compute the EC of drug-PL 188 based eutectic mixtures. The reasons for over 

prediction of Te by the Lacoulonche et al’s model, dissolution enhancement and stability 

studies are some topics which need further examination. 

 
 
 

 

 
Figure 2.12. Eutectic mixture decision tree 
 
 
 

As seen from figure 2.12 the application of this work shows that in PL 188 based 

eutectics the EC and Te can be determined with a simple DSC scan of the pure 

compound and a scan of the 50% solid dispersion.  A simple FTIR spectrum of the 50% 
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solid dispersion can be used to show an absence of shifts due hydrogen bonding 

implying that the ∆Wd,p term is zero. 
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CHAPTER 3 

SOLID STATE CHARACTERIZATION AND DISSOLUTION STUDIE S OF IBUPROFEN 

POLOXAMER 188 EUTECTIC MIXTURES 

Abbreviations 

∆Hf,d (enthalpy of fusion of drug), AIDR (apparent intrinsic dissolution rate), CE 

(coevaporate), CM (comelt), CMC (critical micellar concentration), CME(cimetidine), 

CRM (confocal Raman microscopy), DSC (differential scanning calorimetry), EC 

(eutectic composition), EM (eutectic mixture), ET (eutectic temperature), FT-IR (fourier 

transform infra-red spectroscopy), HLB (hydrophile lipophile balance), HSM (hot stage 

microscopy), IBU (ibuprofen), IDR (intrinsic dissolution rate), IR (infra-red spectroscopy), 

mDSC (modulated differential scanning calorimetry), MW (molecular weight), NA (not 

applicable), NAIDR (normalized intrinsic dissolution rate), PEG (polyetheylene glycol), 

PEO (polyethylene oxide or polyoxyethylene), PL 188 (poloxamer 188), PL 237 

(poloxamer 237), PL 338 (poloxamer 338), PL 407 (poloxamer 407), PM (physical 

mixture), PPO (polypropylene oxide or polyoxypropylene), PXRD (powder x-ray 

diffraction), RAIDR (relative apparent intrinsic dissolution rate),  SD (solid dispersion), 

SEM (scanning electron microscopy), Te (eutectic temperature), Tf (melting point), Tg 

(glass transition temperature), TGA (thermogravimetric analysis), VTPXRD (variable 

temperature powder x-ray diffraction). 

Introduction 

One of the most prominent challenges faced by formulation scientists is increasing the 

solubility and dissolution rate of poorly soluble drugs. Over the years a large number of 

formulation strategies have been tried (Kesisoglou et al., 2007; Rajewski and Stella, 

1996; Ran et al., 2001; Rubino and Yalkowsky, 1987; Strickley, 2004). An approach 

that’s been extensively researched is the solid dispersion technique (Serajuddin, 1999; 

Sethia and Squillante, 2003). Sekiguchi and Obi were the first to report pharmaceutical 
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solid dispersions (Sekiguchi and Obi, 1961). Their research involved a dispersion which 

was a eutectic mixture of the poorly soluble compound sulfathiazole and a water soluble 

carrier urea. Pharmaceutical binary eutectic mixtures are solid dispersions where the 

drug and the carrier are both in the crystalline state with negligible amorphization and/or 

solid solution formation(Chiou and Riegelman, 1971; Craig, 1990). However in the 

molten state the drug and carrier are miscible in all proportions.  Because the drug and 

carrier are thermodynamically at a low energy crystalline state eutectic mixtures are 

physically stable. In contrast non-crystalline solid dispersions tend to have stability 

issues(Bley et al., 2010; Ivanisevic, 2010; Smikalla and Urbanetz, 2007; Urbanetz, 2006; 

Weuts et al., 2005a) The utility of a eutectic mixture for dissolution rate enhancement 

depends on the eutectic composition (EC), eutectic temperature (Te ) and dose of the 

drug. The eutectic composition (EC) is the composition of the drug and carrier which has 

the lowest melting point (Tf ). It has been reported that dissolution rate enhancement 

takes place at drug compositions below the EC(Ford and Rubinstein, 1978; Law et al., 

2003; Lheritier et al., 1995). The primary cause for such enhancement has been 

attributed to the particle reduction of the drug. The Tf  of the EC is called the eutectic 

temperature (Te). Lower Te implies greater Tf reduction of the drug. This lowering in the 

Tf could lead to solubility improvement (Stott et al., 1998; Thomas and Rubino, 1996; 

Yalkowsky, 1981). Consequently, the determination of the EC and Te becomes critical. 

The EC and Te of a eutectic system can be obtained from a phase diagram. By definition 

this needs to be constructed for an equilibrated system. If the dose of the drug is too 

high then formulation as a eutectic mixture can be challenging due to the large amount 

of carrier needed. 

The carrier is an essential component of a eutectic mixture and largely affects the 

performance of the system. In general, the desired features of a solid dispersion carrier 

are chemical compatibility (with active ingredient), physical stability, chemical stability, 
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low toxicity, pharmacological inertness, a suitable melting point,  a high solubility in 

common organic solvents and most importantly good solubilization/dissolution 

potential(Ford and Elliott, 1985; Janssens and Van den Mooter, 2009). In addition to 

these eutectic mixture carriers require high crystallization tendency, rapid crystallization 

kinetics and good crystal stability. Similar to the classification of solid dispersions given 

by Vasconcelos et al(Vasconcelos et al., 2007) eutectic mixtures can be classified into 

three generations depending upon the type of carriers used. The first generation 

mixtures used small organic molecules like urea and sugars as carriers. Some of the 

problems associated with such carriers was their glass forming ability(Allen Jr et al., 

1977; Ghanem et al., 1980),  chemical instability(El Banna et al., 1978; FORD et al., 

1979), low solubilization potential(Jachowicz, 1987)  and relatively high melting point. 

Hydrophilic polymers like polyethylene glycol were used as carriers in the second 

generation eutectic mixtures. PEGs are one of the most successfully used carriers in 

eutectic mixtures(Leuner and Dressman, 2000). The use of glass solutions composed of 

polymeric carriers like PVP shifted the focus from PEG based mixtures.  Recently third 

generation eutectic mixtures composed of surfactant polymers are gaining 

popularity(Dodou and Saddique; Newa et al., 2007). It is believed that such systems can 

offer improved dissolution enhancement combined with good stability. 

One such class of polymeric surfactants is poloxamers (figure 3.1). Poloxamers are 

nonionic triblock copolymers used primarily in pharmaceutical formulations as wetting 

agents, emulsifiers or solubilizers(Kabanov et al., 1995; Mei et al., 2003; Schubert and 

Müller-Goymann, 2003). They are made up of a central segment of polypropylene oxide 

(PPO) which is flanked at either end by polyethylene oxide (PEO) chains(Schmolka, 

1977, 1991). Thus poloxamers have one central hydrophobe and two hydrophiles which 

make them surface active. Poloxamers differ in the PEO content and molecular 

weight(Schmolka and Tarcha, 1991). The commonly available solid poloxamers have 
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either 70% or 80% w/w PEO content and vary in molecular weight from about 3000 to 

15000. They are water soluble, non-hygroscopic and crystalline in nature. Taking the 

above mentioned factors into consideration solid poloxamers can serve as carriers for 

eutectic mixtures and it is a topic worth exploring. 

The potential of poloxamers as solid dispersion carriers for dissolution rate enhancement 

has been evaluated by various researchers(Ahuja et al., 2007; Badens et al., 2009; 

Chen et al., 2008; Goddeeris and Van den Mooter, 2008; Reddy et al., 1976; Shah et al., 

2007). Chen and coworkers(Chen et al., 2004) showed dissolution improvement from 

poloxamer 188 based eutectic mixtures. However their dissolution methodology of using 

solid dispersion loaded hard gelatin capsules made it difficult to evaluate the exact 

mechanism of dissolution enhancement. Another study(Chokshi et al., 2007) showed 

improvement in dissolution rate of a drug by forming a eutectic with poloxamer 188.This 

study did not involve phase diagram construction and was more focused on comparison 

between eutectics and PVP based systems than the causes of dissolution improvement. 

The dissolution of mefenamic acid was increased by forming a solid solution with 

poloxamer 188(Andrews et al., 2009). The problem with the later dispersion was the 

physical stability. The drug recrystallized within a week.  Ali et al(Ali et al., 2010) used 

non equilibrated solid dispersions of ibuprofen-poloxamer 407 and reported maximum 

dissolution rate enhancement at very low drug load due to solid solution formation. Such 

low drug loading can put a constraint on dosage form development due to large amount 

of carrier needed. Also interstitial solid solutions of poloxamer 407 can be metastable 

due to the high viscosity of the polymer and the related super-cooling. In a more recent 

study Castro et al(Castro et al., 2010)  demonstrated the use of poloxamer 188 to 

enhance the dissolution rate of albendazole. These authors did not construct a phase 

diagram and did not evaluate the stability of rapidly cooled solid dispersions.  
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To our knowledge, a systematic investigation of the mechanism of dissolution 

enhancement in poloxamer based eutectic mixtures has not yet been reported. Thus the 

aim of the current research is to understand drug dissolution from poloxamer eutectics. 

IBU was selected  as a model drug because it is a BCS class II drug (Potthast et al., 

2005) which shows thermal stability to the melting point and absence of polymorphism 

under normal conditions. In addition, its dissolution has been reported to be affected by 

its particle size(Kocbek et al., 2006). The extensively reported solubilizer(Andrews et al., 

2009; Castro et al., 2010)   PL 188 was chosen as the eutectic mixture carrier. Although 

most of this work was on PL 188, three other poloxamer types and PEG 8000 were also 

investigated. First, the effect of poloxamer type and PEG 8000 on the phase diagrams of 

IBU eutectic mixtures was studied. This study was conducted to establish the Te and EC 

of various systems. Then extensive solid state characterization of the IBU-PL 188 

system was conducted. This gave thorough knowledge of the physical form of the drug 

and polymer in the solid dispersion. Such information was essential to understand the 

mechanism of drug dissolution enhancement. Furthermore, solubility studies were 

carried out in various systems to understand the effect of the solubilization effect of 

carriers. The dissolution rate of IBU from the EM was measured using the Woods 

apparatus. Various factors affecting the drug dissolution rate of IBU were investigated. 

Finally, the stability of IBU-PL 188 eutectics was evaluated at 25°C.  

Materials 

Poloxamer 188 (PL 188), Poloxamer  237 (PL 237), Poloxamer 407 (PL 407), Poloxamer 

338 (PL 338)08) and PEG 8000 were  generous gifts from BASF (Tarrytown, NY). 

Ibuprofen (IBU) was purchased from Spectrum (Gardena, CA). 

Experimental Methods 

All Differential scanning calorimetry experiments were performed at AstraZeneca 

Pharmaceuticals, Early Development Group, Wilmington ,DE. All hot stage microscopy 
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experiments were performed at AstraZeneca Pharmaceuticals, Early Development 

Group, Wilmington ,DE. All powder X-ray diffraction experiments were performed at 

AstraZeneca Pharmaceuticals, Early Development Group, Wilmington ,DE. All confocal 

Raman microscopy experiments were done at WiTec Instruments Corp. facility in 

Maryville, TN. All scanning electron microscopy experiments were performed at 

University of Pennsylvania, Penn Regional Nanotechnology Facility, Philadelphia, PA. 

The Preparation of Eutectic Mixtures 

The drug and carrier were accurately weighed and placed into a glass beaker.  They 

were mixed using a stirring rod. The beaker was then heated in a silicone oil bath until 

the ingredients completely melted. At high drug loads (> 60% w/w) care was taken not to 

exceed the Tf of the drug. The molten mass was then stirred using a magnetic stir bar for 

5-10 minutes. Liquid miscibility was assessed visually and when required using a 

microscope. The molten samples were then poured on a glass petri dish and spread 

uniformly. Samples were allowed to solidify in a covered petri dish at room temperature 

and 0% RH for a minimum of 15 days. Co evaporates (CE) were prepared by dissolving 

the weighted quantities of IBU and polymer in a minimum quantity of methanol to obtain 

a clear solution. The solution was then poured on a glass petri plate. The solvent was 

evaporated in a vacuum oven at 25º C. After evaporation the CE were given 10 days for 

equilibration at room temperature and 0% RH. CEs with methanol content of less than 

0.5% (TGA data Appendix figure B.21) were used for these studies. The physical 

mixtures were prepared by grinding components in a glass mortar and pestle using 

geometric dilution . All the samples were passed through a 60 mesh stainless steel sieve 

and collected on a 100 mesh stainless steel sieve.  Unless otherwise specified sieved 

samples (250 -150 µm) were used for the studies. 
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Differential Scanning Calorimetry (DSC) 

A TA DSC Q 1000 (New Castle, DE) with a refrigerated cooling accessory was used for 

the study.  A 2-6 mg of the sample (150 µ - 250 µ) was placed in a hermetically sealed 

aluminum pan with a pin hole and subjected to a heating rate of 5°C/min. The nitrogen 

purge rate was 50ml/min. The instrument was calibrated for temperature using 

benzophenone and indium. The enthalpic calibration was performed using indium. The 

TA Universal Analysis software (version 4.7A) was used for the data analysis. 

Hot Stage Microscopy (HSM) 

Sized samples within 106µ - 150µ particle size range were used for HSM. The events 

were observed using a Nikon Eclipse polarizing light microscope (Melville, NJ) with a 

Mettler FP82HT hot stage and FP90 processor, (Hightstown, NJ). The hot stage was 

calibrated using benzophenone and benzoic acid. A Photometrics CoolSNAPcf digital 

camera (Tucson, AZ) was used to record the optical micrographs as a function of 

temperature. The samples were heated at a rate of 2°C  / min. 

Powder X – ray Diffraction (PXRD) 

The powder samples (150 µ - 250 µ) were placed on a sample holder and the 

diffractograms were collected using a Bruker D8 diffractometer (Madison, WI) with Cu 

Kα radiation. The voltage used was 40 kV and the current was 40mA. The samples were 

scanned from 5° to 40° 2 θ at a rate of 2° 2 θ/minute. The data analysis was performed 

using Bruker–AXS Eva software (version 15). 

Fourier Transform Infrared (FT-IR) Spectroscopy 

The IR spectra of drugs, PL188 and solid dispersions were collected using a 

PerkinElmer Spectrum 100 FTIR spectrometer (Waltham, MA) equipped with an 

PerkinElmer Universal attenuated total reflectance (ATR) polarization  accessory 

(Waltham, MA). The samples were scanned from 600 cm-1 to 4000 cm-1 at a resolution 

of 2 cm-1. The spectra were developed using 64 scans. 
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Scanning Electron Microscopy (SEM) 

The morphology and surface of the eutectic mixtures were evaluated using a FEI Quanta 

600 FEG Mark II environmental scanning electron microscope (Hillsboro, OR) operating 

at 20 kV accelerating voltage. Samples were mounted on conventional SEM supports 

with conductive carbon tabs and were coated with thin gold-palladium layer by a 

Cressington Sputter Coater 108 (Watford, UK).  

Confocal Raman Microscopy (CRM) 

The molten eutectic mixtures were poured on glass slides and allowed to equilibrate for 

15 days. . Raman experiments were performed with a WiTec 300R confocal Raman 

microscope (Ulm, Germany) equipped with a frequency doubled Nd: YAG laser (532 nm, 

50 mW). The other parameters used were scan Range: 75µm x 75µm (XY Scan), 

resolution: 150 X150 pixel (XY Scan), integration time: 0.02 s, objective: 60x Air; NA 0.8, 

Spectrometer: UHTS, Grating: 600 g/mm blazed at 500nm and CCD Camera: EMCCD 

with Pinhole: 50µm.  

Solubility Studies 

The equilibrium solubility studies were performed in 5 ml screw capped vials at 37º C by 

adding excess of IBU.  Polymer solutions were prepared in relevant media. The media 

used was either phosphate buffer pH 7.2 (USP), acetate buffer pH 4.5 (USP) or 0.1 N 

HCl solution.  The samples were shaken in a reciprocating shaker bath for 72 hours. It 

was previously determined that this time was sufficient to attain equilibration.  After 

shaking the samples were filtered through a Millex 0.22 µm pore size filter PVDF filters 

(Billerica, MA). The samples were appropriately diluted and the IBU was assayed by 

measuring the  UV absorption at 222 nm using an Agilent 8453 UV-Visible 

spectrophotometer (Santa Clara, CA). The polymers did not have significant absorption 

at this wavelength. In the concentration range studied Beer-Lambert law was valid. 
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Similarly solubility of IBU from CM, CE and PM was determined by adding excess of 

these systems in phosphate buffer pH 7.2. 

Dissolution Studies 

The Wood apparatus was used to measure the dissolution rate of IBU. A 130 mg sample 

of powder was compressed at a pressure of 3000 psi in the die using a bench top Carver 

press (Wabash, IN). The dwell time was 1 min. After compression air was blown over the 

die surface to get rid of loose powder particles, the die was attached to the spindle and 

dissolution experiments were carried out using a Vankel VK 7010 dissolution bath (Cary, 

NC). The dissolving surface was kept at a distance of 1.5 inches from the bottom of the 

vessel. The amount of the medium was 400 ml and the rotation speed used was 15 rpm. 

4 ml of the medium was withdrawn at appropriate time intervals. The withdrawn medium 

was replaced by fresh medium. The UV assay of IBU was carried like mentioned in the 

solubility section. Depending on the study the dissolution medium was either phosphate 

buffer pH 7.2 (USP), acetate buffer pH 4.5 (USP) or 0.1 N HCl solution.  The 

temperature of the water bath was maintained at 37° C. Some experiments used a 

temperature of 25º C. To dearate, the medium was filtered under vacuum at 42° C. After 

which the medium was allowed equilibrate to the set dissolution bath temperature. 

Finally, the medium was sparged with Helium for 10 mins. avoiding turbulence. 

Wherever necessary the dissolution data were analyzed by one way ANOVA  and 

Tukey’s test to determine significant differences (p-0.05) (Minitab Ver. 16). 

Gel Layer Thickness  

The method reported by Korner (Körner et al., 2010) was modified for measuring the 

thickness of the gel layer.  A texture analyzer (Texture Technologies TA.XT2i ( 

Scarsdale, NY) with a 1/8 inch ( 3.175 mm) diameter rounded end probe) was used for 

the study.   The trigger force was set  at 0.5ϒg and probe speed was set to  0.10 

mm/sec. A stop force of 50 g was used to signify the un-swollen surface.  Thus the 
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distance travelled by the probe between forces of 0.5 g to 50 g was taken as the gel 

layer thickness.  The experiments were conducted on the surfaces at the end of the 

dissolution study. For all practical purposes there was no time delay between the end of 

dissolution and the gel layer thickness measurements. Texture Exponent 32 (V 5) was 

used for the data analysis 

Powder Wetting 

A published method (Thümmler et al., 2008) was modified to measure powder wetting. A 

glass Pasteur pipette was filled with well sized powder ( 250 -  212 µm ). The pipette was 

tapped to make sure the powder was well packed in the pipette.  15 drops of the 

phosphate buffer pH 7.2 equilibrated at 37° C were a dded to the powder column. The 

time taken for the medium front to travel 1 cm into the powder column was used a 

measure of powder wetting.  

Results and Discussion  

The drug content in all SDs was more than 98% w/w. All the IBU polymer systems were 

eutectic mixtures based on the set of observations made which were similar to the ones 

mentioned in our previous study. Phase diagrams were constructed using an optimized 

protocol. An accurate comparison of phase diagrams can be made only when the 

samples are prepared under similar conditions and the phase diagram is constructed 

using similar experimental conditions. The EC of the IBU-PL188 system does not 

depend upon a method of preparation (Figure 3.2). Similar results have been reported 

by other investigators(Hoelgaard and Moller, 1975; Kaur et al., 1980; Mura et al., 1996). 

The method of preparation can give rise to different phase diagrams due to differences 

in solidification time, the presence of residual solvents and the formation of polymorphs 

or pseudopolymorphs. These were avoided in this study. Analogous to other systems 

(Craig and Newton, 1991a; Du and Vasavada, 1993; Guillory et al., 1969) the IBU PL188 

PM gives a phase diagram similar to IBU-PL188 solid dispersions. It is worth mentioning 



 

 

that although physical mixing of two ingredients can cause melting point depression 

effects and give similar phase diagrams to CMs, PMs differ from eutectic solid 

dispersions. Eutectic solid dispersions can have well defined microstructures

Jackson, 1966; Law et al., 2003)

Saers and Craig (Saers and Craig, 1982)

6000 to have different phase diagrams than eutectic mixture

such an anomaly was not explained. 
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Figure 3.1. Structure of 

 

 

 

The phase diagrams for the IBU

Previous reports (Hoelgaar

2002; Mura et al., 1996)

significant effect on the EC. A similar observation is valid for the current study.  The fact 

that the EC remains unchanged with MW of the polymer might also be an indication that 

there are no specific hydrogen bond interactions between IBU and PL. This was 

confirmed by the observation of a lack of hydrogen bond shifts in IR experiments. If a 

strong interaction exists between the drug and the polymer, the EC is dependent on the 
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mixing of two ingredients can cause melting point depression 

effects and give similar phase diagrams to CMs, PMs differ from eutectic solid 

dispersions. Eutectic solid dispersions can have well defined microstructures

Jackson, 1966; Law et al., 2003). This is not the case for PMs. In an anomalous finding  

(Saers and Craig, 1982) reported PMs of para aminobenzoic acid

6000 to have different phase diagrams than eutectic mixtures. However, the cause for 

such an anomaly was not explained.  

 

PL 188 a = 80, b= 27   PL 237 a= 64, b= 37   PL 407 a= 101,b=56   PL 338 a= 141, 44

Structure of poloxamers  

The phase diagrams for the IBU-poloxamer eutectic mixtures are displayed in figure 3

(Hoelgaard and Moller, 1975; Lacoulonche et al., 1998b; Law et al., 

2002; Mura et al., 1996) have shown that the molecular weight of the polymer has no 

significant effect on the EC. A similar observation is valid for the current study.  The fact 

that the EC remains unchanged with MW of the polymer might also be an indication that 

cific hydrogen bond interactions between IBU and PL. This was 

confirmed by the observation of a lack of hydrogen bond shifts in IR experiments. If a 

strong interaction exists between the drug and the polymer, the EC is dependent on the 

mixing of two ingredients can cause melting point depression 

effects and give similar phase diagrams to CMs, PMs differ from eutectic solid 

dispersions. Eutectic solid dispersions can have well defined microstructures(Hunt and 

. This is not the case for PMs. In an anomalous finding  

reported PMs of para aminobenzoic acid–PEG 

s. However, the cause for 

PL 188 a = 80, b= 27   PL 237 a= 64, b= 37   PL 407 a= 101,b=56   PL 338 a= 141, 44 

splayed in figure 3.3. 

d and Moller, 1975; Lacoulonche et al., 1998b; Law et al., 

have shown that the molecular weight of the polymer has no 

significant effect on the EC. A similar observation is valid for the current study.  The fact 

that the EC remains unchanged with MW of the polymer might also be an indication that 

cific hydrogen bond interactions between IBU and PL. This was 

confirmed by the observation of a lack of hydrogen bond shifts in IR experiments. If a 

strong interaction exists between the drug and the polymer, the EC is dependent on the 
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polymer molecular weight (Vippagunta et al., 2007). Interestingly the EC of IBU-PL 338 

system was between 25-30%.  This slightly higher value could be due to the higher Tf of 

PL 338. Even the PEO content of the PL had no effect on the EC.  It can be seen that 

the liquidi above the EC are overlapping which indicates that the solubility of IBU is 

similar in 4 different PL grades. 

Table 3.1. Properties of various polymers 

 

Property  PL 237 PL188 PL407 PL338 PEG8000 

Average MW 

(g/mol) 

7700 8400 12600 14600 8000 

PEO content (% 

w/w) 

72.4 81.8 73.2 83.1 100 

PPO MW 2125 1612 3377 2467 0 

Tf onset(°C)  41.49 39.45 44.54 50.72 55.50 

∆Hf (kJ/mol) 938.63 1248.24 1625.4 2065.9 1704.8 

Melt Viscosity 

(cps) 

700 

(77°C)  

1000 

(77°C)  

3100 

(77°C)  

2800 

(77°C)  

750 

(99°C)  

CMC (% w/v) 0.07 0.4 0.0035 0.03 NA 

HLB value 24 29 22 27 NA 

Saq at 25°C  >10% >10% >10% >10% >10% 
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Figure 3.2. Phase diagrams of IBU-PL 188 systems. The solid triangles and solid 
diamonds represent HSM  and DSC temperature values respectively. The colors 
represent each type of IBU-PL 188 system (Red – IBU-PL 188 CM, yellow- IBU-PL 
188 CE and blue- IBU-PL 188 PM). 

 

 

 

The comparison of IBU-PL188 and IBU-PEG 8000 eutectic mixtures is shown in figure 

3.4. The observed EC of the IBU-PEG system was higher than the EC of the IBU-PL 188 

system. This can be explained by the smaller difference in the Tf of IBU and the PEGs 

(chapter 1). Further, it can be seen from the lower liquidi (above EC) of IBU-PEG 

eutectics that solubility of IBU in molten PEG is lower than in molten PL188.  
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 Figure 3.3. Phase diagrams of IBU-PL systems. The solid triangles and solid diamonds 
represent HSM  and DSC temperature values respectively. The four colors 
represent each type of IBU PL CM (Green-IBU-PL 237, red–IBU-PL 188, yellow-
IBU-PL 407 and blue-IBU-PL 338). 

 

 

 

As observed from table 3.2 the Te of the system was dependent on the Tf of the carrier.  

Also, IBU does not cause significant depression of carrier melting point. Crystalline 

polymers like poloxamers and PEGs are made up of covalent crystals. It could be 

possible that molecular crystals like IBU are not efficient in lowering their melting point. 

However such an explanation requires further work.  
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Figure 3.4. Phase diagrams of IBU-polymer eutectic mixtures. The solid triangles and 
solid diamonds represent HSM and DSC temperature values respectively. The two 
colors represent each type of IBU Polymer system (Red – IBU-PL 188 and yellow-
IBU-PEG 8000). 

 

 

As mentioned previously a comprehensive solid state characterization of the IBU-PL188 

eutectics was performed. There was similarity between IBU-PL188 CMs and IBU-PL188 

CEs. Hence all observations made for the CMs were the same as the observations 

made of the CEs. Comparisons were also made between the IBU-PL 188 CM and IBU-

PL 188 PM and any observed differences are mentioned in the discussion. For the 

purpose of the discussion the phase diagram is divided into five zones namely A, B, C, D 

and E. These zones are shown in figure 3.5 and the central ratio in each zone was 

assumed to be a suitable representative of the zone. Accordingly, 90% w/w IBU-PL 188 , 
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70% w/w IBU-PL 188, 50% w/w IBU-PL 188, 30% w/w IBU-PL 188, 10% w/w IBU-PL 

188 represent  zone A, zone B, zone C, zone D and zone E respectively. It is important 

to note that the properties of a particular zone are not entirely discrete to those of the 

adjoining zones and there are continuous changes as the composition changes from 

100% IBU to 100% PL188. 

 

 

 

Table 3.2. EC and T e of various eutectic mixtures 

 

Eutectic mixture  Polymer T f 

onset(°C) 

EC (% w/w IBU)  Te (°C)  

IBU-PL188 CM 39.45 25 34.24 

IBU-PL188 CE 39.69 25 35.07 

IBU-PL188 PM 40.05 25 34.96 

IBU-PL237 41.49 25 34.94 

IBU-PL407 44.54 25 37.50 

IBU-PL338 50.72 25-30 39.99 

IBU-PEG8000 55.50 35 41.34 

 

  

 

IBU – Neat IBU is a white crystalline powder with a characteristic odor. The melt 

crystallized IBU and the solvent crystalized IBU were also white with a characteristic 

odor. 
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PL 188 – The polymer is composed of slightly yellowish white microbeads. The melt and 

solvent crystallized substance was a white powder composed of irregular particles. 

Zones A,B,C,D & E – 30% IBU CM was a little sticky  but overall the CMs and CEs were 

white free flowing powders. No discoloration was observed in any of the dispersions.  

 

 

Figure 3.5. The various terms used to describe the regions of the phase diagram . 

 

 

 

The CEs did not have any odor of methanol. As expected the powders of zone A and 

zone B had a typical IBU odor. The PMs did not flow well and were mixed thoroughly 

prior to any analysis.  

DSC 
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IBU - The thermogram of neat IBU showed a distinct endotherm with onset of melting at  

70.10°C and an enthalpy of fusion ( ∆Hf) value of 125.51 j/g. The melt and solvent 

crystalized IBU showed similar thermograms with negligible variation. This indicates that 

melting and solvent evaporation had no effect on the physical stability and crystallinity of 

IBU.  

PL188 – The DSC scan of neat PL188 presented a melting onset temperature of 

41.49°C . A shoulder was observed on the leading edge of the thermogram. As reported 

by other researchers, this probably represents the metastable folded forms of the PEO 

portion of the polymer(Craig and Newton, 1991b; Kovacs et al., 1975).  Similar to IBU, 

melting and solvent evaporation has no effect on the PL188 melting point. Heating or 

solvent crystallization does not cause an increase in the metastable portion of the 

polymer. Some investigators have reported changes in the form of the polymers on 

processing(Craig and Newton, 1991b; Naima et al., 2001). The exact solid state 

structure of poloxamers has not been previously reported.  

Zone A – the DSC scan showed two endotherms. The first one with an onset of melting 

at 36.91° C represents the eutectic melt. The sharp nat ure of this endotherm shows that 

PL188 is present in crystalline state. The endotherm had a ∆Hf value of 16.37 j/g. The 

second endotherm signifies the IBU melting. The melting point depression was small 

(3°C). Also the onset of IBU melting can be clearly obse rved.   

Zone B – Similar to zone A, the thermogram possessed two endotherms. The size of the 

eutectic endotherm increased to 55.77j/g while the onset temperature of remained 

approximately the same (35.76° C). The melting point  of IBU was depressed further 

(6.93° C) and the endotherm became broader and less di stinct. This indicates that 

amount of the excess component IBU had decreased as compared to zone A.  

Zone C – The eutectic endotherm was larger (89.19 j/g) than the one in zone B. The 

excess IBU event is much less distinct and the onset temperature cannot be marked. 
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Interestingly, the PM showed a larger IBU endotherm as compared to the CM. The 

reasons for such an observation are unclear. However, we hypothesize that the PM can 

have isolated IBU particles.  These are not intimately blended with the carrier. 

Zone D – The CM and PM showed only one endotherm for melting. The excess 

component endotherm could not be perceived since almost all of the IBU had melted 

during the melting of the eutectic. Also the eutectic enthalpy had the highest value of 

124.65 j/g which is expected from Tamman’s rule(Lacoulonche et al., 1998a; Schmid et 

al., 2000). This indicates that the composition is in proximity to the EC.   

Zone E – The thermograms of the CM and EM were similar. There was only one 

endotherm present with a shoulder on the leading edge. In this case all the IBU melts at 

once together with a part of PL 188. The shoulder indicates either the eutectic melt or 

the folded form of PEO.  The former explanation seems more pertinent since folded 

forms of PEG were not observed at any other CM ratios. The offset melting temperature 

is higher than the offset melting temperature of zone D thermogram. But the offset 

temperature is lower than that of neat PL188. This indicates that Zone E falls on the left 

of the EC. . 

From the above discussion it is clear that the IBU-PL188 solid dispersions and PMs 

behave in a similar manner in the DSC experiments. Similar observations have been 

reported for binary PEG solid dispersions (Mura et al., 1996; Najib and Suleiman, 1989a; 

Van den Mooter et al., 1998). As observed from figure 3.6 the onset temperature of the 

eutectic melt did not change with the drug loading. Also there were no observed 

chemical interactions between drug and polymer. As shown in table 3.3. the PMs and 

CMs demonstrate almost ideal behavior at high drug loads. Finding the ∆Hf values at 

ratios below 70% IBU is with error and hence the crystallinity could be calculated in 

zones C, D and E. As observed in this investigation and as reported by other 

authors(Martinez-Oharriz et al., 1999; Vélaz et al., 1998) the error arises due to lack of 
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distinct separation of the eutectic and excess component melt.   The glass transition (Tg) 

of PL188 is -62°C (Qian et al., 2007) and hence it can not stabilize amorphous IBU which 

has a Tg of – 38.71°C.  Additionally as mentioned in our pre vious study (chapter 1) IBU 

and PL 188 are not good glass formers. Due to this reason PL188 and IBU are likely to 

be in crystalline form in the solid dispersion.   Interestingly the separation of metastable 

folded and stable extended PEO forms was visible in PMs than CMs. As outlined by 

other investigators(DORDUNOO et al., 1997; Unga et al., 2010; Vélaz et al., 1998) PEG 

can crystallize differently in presence of other compounds. PL188 is partially a PEG-

based polymer and is likely to exhibit such a behavior. 

 

 

 

Table 3.3. Enthalpy values of IBU endotherms 

 

Ratio  Theoretical a(j/g)  CMb PMb 

90 % IBU-PL188 108.3 102.2 104.3 

70% IBU-PL188 75.3 69.9 73.2 

a-These values were calculated based on the following assumption EC = 25% w/w of IBU.Values 
obtained by integration of second endothermic peak. 

 

 

 

HSM 

The DSC studies did not give us an idea of the microscopic properties of the CMs and 

the PMs. Thus in order to understand the microscopic properties of the systems and to 
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further understand the melting behavior HSM studies were performed (Appendix figure 

B.2).  The HSM technique can be of great value since it is possible to visually observe 

 
 
 

 

 

Figure 3.6. DSC thermograms of IBU-PL 188 CMs(zones A-E). The points on the DSC 
curves used to construct the phase diagrams are shown. 

 the eutectic mixtures and the changes they undergo on heating.  However this 

technique can be time consuming (especially at low heating rates), subjective and 

requires skill. 

IBU – Neat IBU (raw material) showed acicular birefringent crystals (Figure 3.7). The 

onset of melt was at 70.2° C and the melting  complete d at 75.6°C. The melt and solvent 
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crystalized IBU particles were more irregular in shape with fewer acicular crystals. Based 

on this observation either the habit of IBU changed(Garekani et al., 2001) or it was an 

effect of sieving. However the melting temperatures were similar to neat IBU. 

PL188 – Micrographs of neat, melt crystallized and solvent crystallized PL188 appeared 

similar at room temperature under the microscope as faintly birefringent irregular 

particles (Figure 3.7). PL188 melted over a wide range from 41°C to 55°C. This 

observation was in accordance with literature reports(Craig and Newton, 1991b; Lloyd et 

al., 1997a) and DSC data that the melting of polymers as opposed to small molecules 

occurs over a wide temperature range.  

Zone  A – The CMs were irregularly shaped slightly birefringent particles. The melting of 

the CM ensued in two distinct phases. The onset of the first event occurred at 35.8° C. 

The next event signifying the excess IBU melting started at around 62° C and ended at 

72°C. IBU crystals similar to nifedipine(Zajc and Sr i 2 004), indomethacin(Sivert et al., 

2010)  and glibenclamide(Bartsch and Griesser, 2004) crystals decrease in size with 

heating until they completely dissolve in the molten polymer. Unlike the homogenous CM 

the PM showed distinctly visible acicular IBU crystals coated with the PL188 particles. 

Nevertheless, as expected from the DSC results the PM showed melting behavior 

similar to CM.  

Zone B – Comparable to zone A the CM particles were irregularly shaped and 

homogenous. The first onset of melting was around 36.4°C and the excess IBU 

completely melted at around 69° C. The melting was no t as distinctly biphasic as the CM 

containing 90% IBU. By contrast to zone A the PM did not show distinct IBU morphology 

at 25°C but small acicular IBU crystals could be observed a s the completion of the 

second melting phase was approached. Thus an increase in the PL188 content makes 

the perception of IBU crystals difficult at 25°C. 
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Zone C – The CM and PM particles had similar morphology at 25°C. However the 

melting of the PM completed at a higher temperature (73°C) higher than the CM (66°C). 

Once the eutectic component had melted the observed IBU particles were of bigger size 

and more agglomerated in the PM than in the CM. This observation corroborates with 

the DSC finding which also shows the PM offset temperature was higher that of the CM. 

In zones A,B,C the presence of IBU at high temperatures was confirmed using variable 

temperature PXRD (Chapter 2). 

Zone D - The melting of both the systems occurred as a single continuous process. The 

eutectic melting and the excess component melting could not be differentiated. This 

signified the composition that was close to the EC where the ratio is expected to melt as 

a single phase. It is expected that the PM possesses larger IBU particles than the CM. 

The presence of excess amount of PL188 made it difficult to confirm such a conclusion. 

Zone E – As per expectations these particles had irregular morphology. One could not 

differentiate the PM and CM particles and the melting appeared as a continuous band. 

The onset of melting was at about 36°C and the offset  was at about 53°C which showed 

that this zone was to the left of the EC. 

Compared to the DSC technique, HSM allows for the observation of some of the 

microscopic differences between the CMs and PMs (zones A, B and C). The PMs 

sometimes showed isolated IBU particles probably due to segregation. These melted at 

about 70-74°C irrespective of the drug load. Such par ticles were ignored and the events 

associated with well mixed particles were reported. Naima et al(Naima et al., 2001) and 

Fini et al(Fini et al., 2005) have stated a similar effect in the HSM study of PEG 6000 

based solid dispersions. Such a difference can impact drug dissolution. Poloxamers like 

many other crystalline polymers exhibit spherulites (Andrews et al., 2009; Jannin et al., 

2006). The spherulites can be detected when thin films of molten polymers are allowed 

to crystalize on glass slides (Law et al., 2003; Lloyd et al., 1997b) . The effect of drug 
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loading on the polymeric spherulites was not included in the framework of this study 

since it was already reported by other investigators(Andrews et al., 2009; Law et al., 

2003). They mentioned that as the amount of the drug increases above the EC the 

particle size reduction advantage due to eutectic microstructure is lost. It must be noted 

that though biphasic melting was perceived, the two phases are not completely 

separate. At high drug loads the two phases are separated by negligible melting phase 

which becomes more prominent at low drug loads. Ultimately, in zone D and E as 

reported by Law et al(Law et al., 2002) one observes continuous band of melting. HSM 

could not show complete phase separation in the solid state at room temperature 

especially at low drug loadings. This was probably due the limitation of the technique. 

 
 
 

 

Figure 3.7. Room temperature  photomicrographs of n eat IBU (left) and neat PL 
188 (right). 

 

PXRD 

PXRD experiments are capable of showing phase separation and physical form of 

components even at low drug load. Therefore the physical form of the components at 
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room temperature was evaluated using PXRD. The PXRD patterns of IBU-PL 188 CMs 

are shown in figure 3.8. 

IBU – As reported previously (Mura et al., 1987) the PXRD patterns of IBU  showed 

large number of sharp and symmetric peaks. The peaks were identical for neat, melt and 

solvent crystallized IBU indicating the absence of polymorphism. The 5 most intense IBU 

peaks had 2θ values of 6.08°, 16.69°, 17.79°, 20.17° and 22.19°.  Several series of 

peaks were also observed at the range 2θ, 12-16° and 2 θ 23-38°. Dudognon et 

al(Dudognon et al., 2008) have reported a polymorph for IBU. Their study showed that 

an alternative form can be crystalized when molten IBU is cooled to a temperature of  -

105° C. In the current research such low temperature was not used and the IBU 

polymorph was not observed.   

PL188 – Processing had no effect on the diffractogram of PL 188  and it showed two 

distinct peaks at 2θ values 19.18° and 23.44°. As reported in literature( Andrews et al., 

2009; Chen et al., 2004; Han et al., 2009) PL188 was crystalline in nature. 

Zone A – As expected from the drug content IBU peaks were prominently visible. 

However the PL 188 peaks were not prominent. The PL188 peak at 23.47° was faintly 

visible and the one at 19.18° was probably masked by t he IBU double peaks (2θ = 

19.12° and 19.49°). This along with the DSC data clea rly showed that the PL188 was 

present in a crystalline form in this zone.  

Zone B - The IBU peaks became less prominent and the PL 188 peak at 23.47° 

increased in intensity. 

Zone C – The shape of the peak at 19.18° indicated th at it is a PL 188 peak and it 

masked the double peaks of IBU. Also the IBU peaks in the CM were slightly broader 

than those in the respective PM (Figure 3.9). This could be an indication of orientation 

effect, particle size reduction(Alonso et al., 1988) or matrix absorption effect(Verheyen et 

al., 2004).  
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Zone D – The CM and PM showed the PL 188 peaks more prominently which is obvious 

due to the high PL 188 content. Particle size reduction or orientation effects can cause 

slight widening of IBU peaks. 

Zone E – the ibuprofen peaks were difficult to detect. The most distinct one had a 2θ 

value of 16.67°. A similar trend was noted in the PM diffractogram. From these 

observations it’s logical to conclude that instrument limitation rather than drug 

amorphization leads to difficulty in detecting IBU peaks. 

PXRD analysis confirmed the DSC observation of phase separation in solid state and 

also confirmed that there was negligible amorphization in  zones C, D and E. Though 

there was similarity in the CM and PM diffractograms in zone E another technique is 

needed to confirm negligible amorphization of IBU in zone E. One may argue that the 

scattering hump observed at low drug loadings might indicate amorphization. 

Nevertheless, particle size reduction can also lead to  a scattering hump(Hajratwala and 

Ho, 1984). Also the 2θ values of the peaks associated with the two components were 

constant across all zones. This indicates a lack of solid solution formation(Chiou and 

Riegelman, 1971; Van den Mooter et al., 1998). Further, signals other than those 

representing IBU and PL188 were not observed. Authors have reported chemical 

interactions(Benet et al., 1966), drug degradation(Khalil et al., 1984) and change of 

form(Hoelgaard and Moller, 1975)  on solid dispersion formation. The abovementioned 

results suggest that 1) there was no noticeable chemical interaction between IBU and 

PL188 2) IBU and PL 188 did not degrade on processing and 3)IBU did not crystalize 

into an alternative form. The crystallinity of the drug in solid dispersions was calculated 

by method mentioned by Verheyen et al(Verheyen et al., 2004) and is shown in table 3.4 

(Appendix tables B.1 and B.2).  
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Figure 3.8.  Room temperature PXRD patterns of IBU- PL188 CMs. The  peaks of 
IBU and PL 188 which are seen in the CMs  are marke d.  
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Figure 3.9. Comparison of CM and PM PXRD patterns i n Zone C. The peaks of  the 
CM (red) appear to be broader than the peaks of the PM (black). 

 

 

 

Table 3.4. Crystallinity of IBU in IBU-PL 188 CMs  

Ratio  Crystallinity  

90 % IBU-PL188 0.96 

70% IBU-PL188 0.95 

50% IBU-PL188 0.89 

30% IBU-PL188 1.05 

10% IBU-PL188 0.93 
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 IR 

In this study, DSC, PXRD and HSM are not the best of techniques to show the presence 

of crystalline drugs at low drug loading (<10% w/w). Therefore an attempt was made to 

use IR spectroscopy to show the presence of crystalline IBU at low drug loading. 

Amorphous and crystalline forms of the drug often differ in the spatial arrangement of 

their functional groups which can lead to different vibrational modes. Thus IR 

spectroscopy can be used to monitor drug solid state changes.  IR spectroscopy has 

been extensively used to probe the interactions between drugs and carriers(Six et al., 

2003a; Taylor and Zografi, 1997) . One of the most common type of interactions is 

hydrogen bonding.  

IBU – The IR spectrum of IBU showed the typical bands associated with the molecule 

(Figure 3.10). The most relevant ones being a broad band in the region 2700-3300 cm-1 

representing carboxylic O-H stretching and a sharp band at 1709 cm-1 representing C=O 

antisymmetrical stretching. The diffuse nature of the O-H band indicates the presence of 

intramolecular hydrogen bonding in IBU(Badawi and Forner, 2010).  IBU monomers 

show C=O stretching at 1750 cm-1 and when the C=O group is bonded to a polymer like 

PEG its band has a wavenumber of 1730cm-1 (Chan and Kazarian, 2006). The position 

of the C=O band indicated that it was due to dimerized crystalline IBU(Ali et al., 2010). 

Processed IBU showed similar bands with no change in the overall spectrum. 

PL – The IR spectrum of neat PL 188 is given in figure 3.10. Neat , melt and solvent 

crystallized PL 188 showed a band at 2882 cm-1 (C-H stretching) and at 1098 cm-1 (C-O 

stretching). 

The IR band assignments of CMs and PMs of each zone are given in table 3.5. When 

the PM and CM spectra were compared in all zones there was no noteworthy difference 

in the position and intensity of the absorption bands. 
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Figure 3.10. IR spectra of IBU, IBU-PL 188 (zone C)  and PL 188. The OH bands 
(left), C=O bands (middle) and the C-O bands (right ) are shown. 
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Table 3.5. The wavenumbers of prominent IBU and PL 188 bands in IBU-PL 188 
CMs and PMs. 

 

Zone IBU O-H  

stretching 

IBU C=O  

stretching 

PL188 C-H 

stretching 

PL 188 C-O  

stretching 

A  CM 2955 1709 nd 1092 

A  PM 2955 1708 nd 1092 

B  CM 2954 1711 nd 1106 

B  PM 2955 1712 nd 1107 

C  CM 2954 1711 2875 1106 

C  PM 2954 1715 2875 1104 

D  CM 2948 1710 (1733) 2876 1101 

D  PM 2948 1710 (1733) 2876 1101 

E  CM nd 1735 2883 1102 

E  PM nd 1735 2882 1100 

5%IBU CM nd 1734 2883 1102 

5%IBU PM nd 1735 2882 1099 

 

 

 

Zone A – The IBU C=O stretching band was seen at 1709 cm-1 which indicated the 

presence of crystalline IBU, also there was no significant change in the absorption bands 

of PL 188. 

Zone B – According to expectation the intensity of the IBU bands decreased compared 

to zone A while that of PL 188 bands increased. The wavenumber of C=O band 
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indicated that IBU was predominantly present in dimerized crystalline form and this 

observation was also supported by the abovementioned DSC, PXRD and HSM data.  

Zone C – The wavenumbers of representative bands are shown in table 3.5. Also figure 

3.10 displays the region of the IBU carbonyl region showing that IBU was present in a 

crystalline form in the CM. This observation further confirms the fact that the difference 

between DSC thermograms of CM and PM in this zone was not due drug amorphization  

in the CM. 

Zone D – the CM spectrum showed a low intensity peak at about 1735 cm-1. It appeared 

as a shoulder on the 1710 cm-1 C=O band. A similar shoulder  peak was correspondingly 

seen in the spectrum of the PM. Chan and Kazarian(Chan and Kazarian, 2006) have 

indicated such a  shoulder might mean that the IBU molecules are molecularly dispersed 

in the polymer. Whereas Stott et al(Stott et al., 1998) have reported such events in 

eutectic mixtures of IBU. A system containing high amounts of molecularly dispersed 

IBU seems highly unlikely since the existence of IBU crystals was shown by DSC, PXRD 

and HSM. It seems more likely that the splitting of C=O band might indicate small extent 

of  hydrogen bonding between IBU and PL 188. Considerable amount of hydrogen 

bonding has been observed between flurbiprofen - PEO (Ozeki et al., 1997) and 

felodipine - PEG 4000(Savolainen et al., 2003). Essentially the OH groups of at least 

some of IBU molecules are hydrogen bonded to the ether oxygen atoms of PL 188 

rather than the C=O group of another IBU molecule. Another possibility could be that the 

C=O group of IBU is hydrogen bonded to the terminal OH group of PL 188.  The later 

seems unlikely since there are only a few number of OH groups present in PL 188. In 

either case the crystalline nature of IBU is still intact and molecularly dispersed IBU 

might be present in extremely low amounts.   

Zone E – The intensity of the band at 1735 cm-1 increased as compared to zone D and 

in fact became even more intense in 5% IBU-PL 188 systems. Although stated otherwise 
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by researchers(Chan and Kazarian, 2006) this band as mentioned above, does not 

indicate the presence of molecularly dispersed IBU since it is highly unlikely that the PM 

will contain significant amounts of molecularly dispersed IBU. 

Markovich et al(Markovich et al., 1997) have used a peak height ratio method to ensure 

uniformity among various lots of capsules. In the current investigation we modified their 

method to show the presence of crystalline IBU at low drug loading. For this purpose, 

the ratio of percent transmittance for the crystalline IBU C=O stretching at 1709 cm-

1(%TC=O ) to percent transmittance for PL 188 C-O stretch at 1098 (%TC-O-C) was used.  

As can be realized from table 3.6 (Appendix table B.3). the ratio was similar in CMs and 

PMs. At low drug loading the ratio seems to be slightly less for the CMs which might 

indicate the presence of a little non crystalline IBU in CMs or presence of H- bonding. 

Whether these events impact drug dissolution and stability will only be known by actual 

experiments. IR data showed the absence of any complex or compound formation. IR 

spectroscopy further extended the observation of DSC, HSM and PXRD that processing 

did not cause notable degradation of the components.  

 
 
 
Table 3.6. Comparison of the crystalline IBU in CM and PMs. 

Zone CM  (%TC=O / %TC-O-C) PM  (%TC=O / %TC-O-C) 

A 0.76 0.72 

B 1.83 1.65 

C 2.64 3.47 

D 4.76 5.01 

E (10% IBU) 6.63 7.82 

E (5% IBU) 7.11 8.54 
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SEM 

SEM provides a much larger magnification than HSM and can be used to image the 

eutectic mixtures. SEM photomicrographs are shown in figure 3.11. SEM micrographs of 

neat IBU showed monoclinic crystals with rough surface (Figure 3.11).  No SEM studies 

were conducted on processed IBU since the material was ground and sieved after 

crystallization and the images would not reflect the true morphology of the crystals. 

Processing can lead to a change in crystal habit (Khan and Jiabi, 1998)which can affect 

the dissolution of drugs(Garekani et al., 1999; York, 1983). Subsequent experiments 

show that processing did not cause a change in the dissolution rate of IBU. PL 188 was 

present as irregularly rounded smooth particles (Figure 3.11). As revealed by Chen et 

al(Chen et al., 2008) grinding can cause the PL 188 to break into irregular particles but 

the surface of the particles still remains smooth.  SEM studies were not performed on 

the PM since it was already shown by other researchers (Chutimaworapan et al., 2000; 

Lima et al.; Newa et al., 2007) that physical mixing did not result in any change in 

morphology of the components with the exception of particle size reduction. The extent 

of particle size reduction is obviously anticipated to be less than that observed for CMs. 

This is because grinding in a mortar is not an efficient technique to reduce drug particle 

size. The images showed that the solid dispersions were non-porous and distinction 

could not be made between the IBU and PL 188 particles (appendix figure B.3). This 

could be due to reasons like particle size reduction, decreased aggregation and 

improved IBU PL 188 contact.  Such effects can impact drug dissolution. Elemental 

mapping(Chen et al., 2004) might have been a good technique to locate the drug in solid 

dispersions but it is not applicable in the current study since IBU does not have any 

unique element. Smooth surface of the solid dispersions might indicate the presence of 

glassy components(Corrigan et al., 2003; Sivert et al., 2010). The surface of eutectic 

mixtures in zone A was rough but had different appearance than the surface of neat IBU. 
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This was probably caused by the presence of PL 188.  The surface morphology of 

dispersions in the zone E was rough which might indicate the presence of crystalline 

IBU.  

 

 
 

 

 

Figure 3.11. SEM photomicrographs of IBU, IBU- PL 1 88 CM (zone C) and PL 188 . 
Low (top) and high (bottom) magnifications. 

 
 
 
CRM 

As seen above the distribution of the drug in the carrier matrix could not be imaged using 

SEM. Therefore CRM was performed. Previously, CRM has been used as a technique to 

map the distribution of the drug in the carrier matrix (Breitenbach et al., 1999; Li et al., 

2009). The exact composition and the spatial distribution of the components in a solid 

dispersion can be determined by CRM. The Raman spectra of IBU (red) and PL 188 

(blue) were first collected (appendix figure B.4). These spectra were then used to 
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construct Raman images of the samples as shown in figure 3.12 (appendix figures B.5-

B.9). The CRM observations were in agreement with DSC, HSM, PXRD and IR data 

which showed that the IBU-PL 188 solid dispersions are phase separated systems. A 

single homogenous phase would show a uniform image with no distinct color separation.  

Qian et al(Qian et al., 2007) have suggested that drugs can precipitate in poloxamers in 

nano-crystalline form at 50% drug load. The current work indicated that IBU was present 

as larger particles even at a drug load of 10 % (Zone E). There could be four possible 

reasons explaining the difference between our results and the ones obtained by Qian et 

al. First, the difference could arise by the method used to measure the drug crystal size. 

The PXRD method seems to be more of an indirect method to observe particle size 

compared to CRM which gives the actual image. Second, Qian et al used spray drying 

for preparing the solid dispersions while the co-melt technique has been used in the 

present investigation. Third, the ability of PL 188 to keep the drug in the nanosize range 

might depend on some intrinsic property of the drug. Thus different drugs can crystallize 

into different size particles. Lastly, Qian and coworkers gave 24 hours for equilibration as 

opposed to 15 day period used in this study. Even if IBU was present in nano-crystalline 

form, the crystals were agglomerated. This negates the potential advantage of 

nanosizing.  As shown in figure 3.12, in  zones A, C and D IBU was present in its needle 

like form (acicular form). Interestingly the image of Zone B does not show the distinct 

needle like form of IBU. Finding an explanation for such is difference is beyond the 

scope of this study. In Zone E, which is a hypo eutectic zone the drug particles were well 

separated by the PL 188 matrix. This shows that particle size reduction and reduced 

aggregation can take place below the EC which in turn can enhance the drug dissolution 

rate.  
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Figure 3.12. CRM images of IBU- PL 188 CMs. Red region is the drug, blue region is PL 
188 and purple region is a mixture.  
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Solubility Studies  

The dissolution of a drug from eutectic mixtures can be influenced by the solubility 

enhancing effect of the carrier. Hence solubility studies were conducted to elucidate the 

mechanism of IBU release from IBU-PL 188 eutectic mixtures. Such studies help to 

determine the extent of interaction between the drug and carrier in solution. As observed 

from figures 3.13, 3.14 and 3.15, an increase in polymer concentration caused an 

increase in the solubility of IBU. However the increase was not exponential. By 

comparing the raw data with other previously reported studies(Lloyd et al., 1999; Van 

den Mooter et al., 1998) it can be concluded that  that the negative Gibbs free energy 

increases with increasing the concentration of polymer. PL 188 can act as a cosolvent or 

surfactant. The cosolvent effect of a polymer is probably due to reduction in polarity of 

the medium(Najib and Suleiman, 1989b) . Poloxamers are also polymeric surfactants 

and can cause micellar solubilization of non polar solutes. Generally cosolvency causes 

an exponential increase in aqueous solubility. Thus the surfactant effect of PL 188 

seems more likely reason of solubility enhancement. Above the CMC, increase in 

surfactant concentration leads to increase in number of micelles and consequently to 

higher drug solubilization. The concentrations used were much above the CMC of the 

polymers and hence the following equation given by Ran and cowokers(Ran et al., 2001) 

can be used 

�727 � �� �  ��'………………………………………………………………………………...3.1 

 Stot is the IBU solubility,  

Sw is the IBU solubility in neat buffer 

 Cs is the polymer concentration  

κ is the solubilization capacity.  

IBU with a  pka = 4.5(Shaw et al., 2005) is likely to exist in ionized and/or unionized form 

depending on the pH. It is possible that these species will be solubilized to different 
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extent by the surfactant. Neat IBU has solubilities of 4.74 mg/ml (pH 7.2), 0.06 mg/ml 

(pH 4.5) and 002 mg/ml (0.1N HCl). The solubility of IBU in solutions of increasing 

concentrations of PL 188 at various pH values is shown in figure 3.13 (appendix table 

B.4). These findings concur with those of Jinno et al(Jinno et al., 2000) where the 

solubility of weakly acidic drug piroxicam increased with an increase in pH and 

surfactant concentration . Our results indicate that the absolute solubilization capacity of 

PL 188 is not greatly affected by the pH (0.0015 at pH 1, 0.0023 at pH 4.5 and 0.0021 at 

pH 7.2). However the relative solubilization capacity is maximum at pH 1 (13.26) 

followed by pH 4.5 (8.03) and the least for pH 7.2 (0.093). Relative solubility is the 

solubility of IBU in the polymer solution divided by the solubility of IBU in the neat buffer. 

This indicates that the micelles are most efficient in improving the solubility of the 

unionized IBU.  

 
 
 

 

Figure 3.13. The solubility of IBU in various PL 18 8 solutions at three different pH 
values. 
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To study the effect of the method of preparation on the solubility of IBU, solubility studies 

were performed on IBU-PL 188 CMs, CEs and PMs. Authors have reported different 

findings when comparing the solubility of a dispersed drug to that of a physically mixed 

drug. Najib and Suleiman (Najib and Suleiman, 1989b)  showed no difference in 

diflunisal solubility from solid dispersions and physical mixtures when PEG was used as 

a carrier. Zerrouk et al (Zerrouk et al., 2001) showed similar results for carbamazepine. 

By contrast  Nepal and coworkers (Nepal et al., 2010)showed improved drug solubility 

when dispersed in PL 407 than when physically mixed. They stated drug amorphization 

as the major reason for such a difference. Another study (Najib and Salem, 1987) 

showed higher IBU solubility from the PEG 6000 CM as compared to the PEG 6000 CE. 

The investigators proposed the possibility of metastable IBU in the CM but did not prove 

its presence using solid state characterization techniques. In the current research the 

systems representative of zone A to D were evaluated. Zone E systems gave viscous 

gells at 37°C and were disregarded since accurate results co uld not be obtained. The 

solubility of IBU from the PL 188 CM, CE and PM increased with reduction in drug load 

(Figure 3.14 and appendix table B.5). The solubilization capacities were  identical in all 

three cases with values of 0.0016, 0.0019 and 0.0018 for CM, CE and PM respectively. 

This is not surprising since as proved by the solid state data the drug exists in the same 

form in all three systems. Also, absence of any sort of complexation or chemical 

interaction in solid dispersion supports such behavior. Though solid state 

characterization showed that there is likely to be particle size reduction in the CMs it did 

not translate into increase in solubility. Aliabaldi and Lavasnifar  stated that melt loading 

can give better solubilization than the shake flask method. In the current research 

solubilzation capacity for the melt loaded method was not different from the shake flask 

method.  
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Figure 3.14. The solubility of IBU from IBU-PL 188 CMs, IBU-PL 188 CEs and IBU-
PL 188 PMs 

 

 

 

The effect of different poloxamer types and PEG 8000 on the solubility of IBU is shown 

in figure 3.15 (appendix table B.6). Though there was no clear cut trend, it is interesting 

to note that amongst the PLs, PL 188 was the least effective. Shin and Cho(Shin and 

Cho, 1997) have mentioned low  PPO content of PL 188 might be the reason for its low 

solubilization capacity. An excellent review by Attwood et al(Attwood et al., 2007) also 

stresses on the role of the hydrophobic segment of block copolymers in solubilization of 

drugs. PPO which is more hydrophobic than PEO can provide a favorable environment 

for the hydrophobic IBU. This is also supported by the lower solubilization capacity of 

PEG 8000.  The amount of IBU solubilized per gram of hydrophobe (SH) is given in table 

3.7. From solubilization capacity values it  can be seen as initially thought it’s not the just 
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the amount of PPO but also some other factor like the chain length of the PEO fraction 

might be responsible for the solubilization effect of poloxamers. Another explanation 

could be nonlinear relationship between solubilization capacity and PPO content. The 

pH of the medium showed no change at the end of the saturation solubility studies 

(except 10% w/v PL 407 and PL 338 where the final pH values were 6.8 and 6.7 

respectively). DSC, PXRD and IR studies showed that there was no change in the IBU 

after solubility studies (data not shown).  

 

 

 

 

 

Figure 3.15. The solubility of IBU in various polym er solutions  
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Table 3.7. Absolute solubilization capacity ( κ) and the  amount of IBU solubilized 
per gram of hydrophobe (S H) values for various polymers 

 

Polymer  κ SH 

PL 188 0.0021 146 

PL 237 0.005 418 

PL 407 0.0062 300 

PL 338 0.0056 306 

PEG 8000 0.0012 - 

  

 

 

Dissolution Studies 

As opposed to saturation solubility, IDR is  a rate phenomenon which may correlate well 

with in vivo dissolution. IDR is potentially a better tool for predicting in vivo performance 

(Yu et al., 2004). IDR shows the dynamic solubility increase rather than the equilibrium 

solubility.  IDR has the advantage of showing an increase in performance when the 

equilibrium solubility is not different.  The Wood apparatus(Wood et al., 1965)  was used 

for dissolution rate measurements. The apparatus keeps the area of the dissolving 

surface constant. The apparatus also keeps the surface in a well-defined hydrodynamic 

system. This greatly reduces the effect of particle floating, clumping and sticking on 

dissolution. Although it does not mimic the disintegrated dosage form, its role in 

understanding the mechanism of dissolution rate enhancement is invaluable.  Further a 

good correlation between AIDR and AUC in rats has been reported for 

carbamazepine(Sethia and Squillante, 2004a). The majority of the dissolution studies 

were carried out at pH 7.2. As seen from the solubility data at this pH IBU shows 

maximum solubility and the relative solubilization capacity of PL 188 was the least. 
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Hence any discrimination at pH 7.2 is likely to be an indicator of discrimination at lower 

pH values. Also the time required to complete the experiments was significantly reduced 

when pH 7.2 was used.  Another point that needs to be noted is that, from the solubility 

studies the surface pH values (pH at the end of the solubility study) were not different 

from the pH of the buffers (bulk pH). Sink conditions were maintained since the amount 

of the drug in medium at the end of the dissolution period was less than 10% of the 

solubility. Stirring speed of 15 rpm was selected because higher speeds increased the 

tendency of the pellet to fall off during dissolution and also caused flaking of the 

dissolution surface. Also lower stirring speed can better serve to discriminate between 

two systems.  

The initial linear portion of the dissolution curve was used to calculate the IDR.  One 

reason for using the initial rate is to correlate the data with initial properties of the solid 

dispersions. Another reason was to avoid surface erosion effects. Linearity of the plots 

designated the adherence of the dissolution process to the Noyes-Whitney 

equation(Noyes and Whitney, 1897) which is given below. As  mentioned by Sethia and 

Squillante(Sethia and Squillante, 2002) the dissolution rate values obtained from the 

solid dispersions cannot be considered as the IDR values of IBU and were referred to as 

apparent intrinsic dissolution rates  (AIDR). The AIDR values were also presented as 

relative AIDR (RAIDR). RAIDR is the AIDR at a particular drug load divided by the IDR 

of neat IBU at that pH and temperature.  Additionally the rates were also normalized 

(NAIDR) with the weight content of the IBU in the system to get a clear understanding of 

the dissolution mechanism. . 

5�
57 �  18�69�6�

: …………………………………………………………………………….……..3.2 

dm/dt = rate of dissolution 

A = surface area available for dissolution 
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D = diffusion coefficient of the compound 

Cs = solubility of the compound in the dissolution medium 

C = concentration of the drug in the medium at time t 

h = thickness of the dissolving surface 

Increasing the compression force above 3000 psi did not cause a decrease in the AIDR 

and hence it was selected. DSC, PXRD and IR data showed that compression had no 

effect on the solid state properties of the solid dispersions. Thus compressed surfaces 

were mixtures of crystalline drug and crystalline PL 188 with no interaction.  TGA 

confirmed that the moisture content of the solid dispersions was not more that 0.8% w/w. 

The porosity values of the compressed pellets were between 0.08-0.23 %. Compressed 

air was blown over the surface to get rid of loose powder. Only flat smooth surfaces 

were used for the study. It was made certain that there was no disintegration of the 

surface during the dissolution study. Whenever disintegration was observed the values 

were not considered.  

IBU – The diffusion layer model has been used to describe the dissolution of IBU (Shaw 

et al., 2005). IDRs of IBU at 37°C under the present dissolution conditions were  0.17 

mg/cm2min, 0.01 mg/cm2min and 0.005 mg/cm2min. The media used were phosphate 

buffer pH 7.2, acetate buffer pH 4.5 and 0.1 N HCl respectively. Decrease in IDR with a 

decrease in pH was expected since IBU is a weak acid. The IDRs were identical for 

neat, melt and solvent crystallized IBU confirming solid-state observations of lack of 

polymorphism. 

Zone A – The amount of PL 188 was not enough to improve the dissolution of IBU 

(Figure 3.16 and appendix table B.7). The observation supports the theory proposed by 

Higuchi (Higuchi, 1967) and later stated by Corrigan (Corrigan, 1985) in which the drug 

(major component) forms a layer across the surface from which diffusion and dissolution 
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occurs. Due to such a layer the AIDR is not different from the IDR of IBU. Any change in 

the form of the drug in this zone can cause a change in the AIDR. 

Zone B – The AIDR value was significantly higher than Zone A (p<0.05). The 

improvement in dissolution rate could be due to the higher content of PL 188 in the CM. 

From table 3.8 it can be observed that the solubilization effect of PL 188 is not enough to 

cause  an enhancement in AIDR of such high magnitude. Rouchotas et al (Rouchotas et 

al., 2000) have stated that even low amounts of poloxamer  can cause improved wetting 

and increase in dissolution rate. Their theory fails to explain the increase in AIDR since 

the wetting in this zone was similar to that seen in zone A (Table 3.8). Wong and 

coworkers(Wong et al., 2006) have mentioned that the wetting effect plays a significant 

role in the dispersion method of dissolution due to an increase in surface area and a 

reduction in aggregation. However, when woods apparatus is used such a wetting effect 

is highly unlikely to cause significant improvement in IDR. Further, an improvement in 

IDR of IBU was not observed while using a 1% w/v solution of PL 188 in pH 7.2. This 

proved that PL 188 needs to be present as a component of the SD. This can have two 

consequences, first, reduced effect of surface drug layer and second, depression in Tf of 

IBU. The reduced effect of drug layer is unlikely to contribute considerably to such an 

increase in IDR. If this was the case then AIDR in zone A would have been higher than 

IDR of neat IBU.  The depression in Tf of IBU caused by the PL 188 explains this 

increase in AIDR. It can be realized from table 3.8 which shows  the percentage of solid 

dispersion that melts at 34°C is significantly higher th an Zone A. We believe the IBU 

passes from the solid state to the solution state via an intermediate high energy molten 

state.  The AIDR of PM is similar to that of the CM.  

Zone C – Surprisingly the AIDR value decreased with a further increase in PL 188 

amount in the CM. In this zone factors are influencing the AIDR in opposing ways. The 

melting point depression and solubility effect of carrier affect the AIDR of IBU in a 
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positive manner.  While the gelling of the solid dispersion (Table 3.8) and smaller 

proportion of drug in the exposed surface may affect the AIDR in a negative manner.  As 

can be seen from figure 3.16 (Appendix table B.7)  the weight normalization effect did 

not cause an increase in AIDR. This shows that surface dilution did not significantly 

contributing to this decrease. Thus gelling of the PL 188 caused a decrease in AIDR .  

Zone D – The AIDR continued to decrease and it was mainly due to the gelling effect of 

PL 188 (Figure 3.16, appendix table B.7 & table 3.8). The gel layer thickness, IBU Tf 

depression and carrier solubilization effect were similar for CM and PM. If these were the 

only parameters influencing the  AIDR then CM and PM would have similar values. 

However as seen from figure 3.17 the AIDR of the PM was lower than of the CM 

(p<0.05). This revealed that another factor was impacting the drug release in this zone. 

As suggested by Craig(Craig, 2002) it is possible that some particles of IBU could diffuse 

intact through the gel layer and get released into the medium. Once released into the 

medium they dissolve. This can be supported by the fact that the CM due to smaller 

particle size gave higher AIDR values. Thus in this particular zone particle size reduction 

due to EM formation can serve as an advantage. It should be noted that particle size 

reduction effect is seen as the EC is approached and hence determination of the EC 

could give valuable information. 

Zone E – In this zone the prominent gelling of the CM was visually observed. This led to 

a significant reduction in the AIDR even though there was good solubilization  (Table 

3.8) and significant particle size reduction below the EC ( Figure 3.12 ) as compared to 

the other zones. The AIDR of PL 188 (1.83 mg/cm2min) was 9 times that of IBU (0.20 

mg/cm2min) which indicated polymer controlled dissolution. Though previous 

investigators(Corrigan et al., 1979; Dubois and Ford, 1985) have reported similar 

dissolution mechanisms for PEG based solid dispersions no such observation has been 

made about poloxamer solid dispersions. However  Lu et al  have shown such polymer 
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dissolution controlled release in PL 188 gels. Our data shows that the mechanism is 

likely to involve penetration of the medium into the CM, gelling of the PL 188, dissolution 

of IBU in the PL 188 gel, polymer chain disentanglement and release of polymer and 

drug. The AIDR values of CM and PM were not different which showed that the rate 

limiting step is not the dissolution of IBU. The diffusion out of  the gel was the rate 

limiting step. The AIDR of this zone is similar to that of zone A. Nevertheless in contrast 

to zone A change in the form of the drug is not likely to affect the AIDR. Therefore 

presence of little amorphous drug in this zone as shown by IR is not likely to impact 

dissolution even after storage. 

It can be observed from figure 3.17 (Appendix table B.8) IBU-PL 188 CMs and CEs 

showed no difference in dissolution.  Similar observations were made in  naproxen PEG 

systems(Mura et al., 1996) . This is advantageous from a manufacturing viewpoint since 

hot melt extrusion without the use of organic solvents can be used for large scale 

production of solid dispersions. Conflicting results have been reported for testosterone-

PEG systems(Hoelgaard and Moller, 1975) . Differences in CE and CM can be obtained 

when there is residual solvent remaining in the system or when the form of the drug in 

the dispersion depends on the method of preparation. Further, the extent of dissolution 

enhancement  is not different in the solid dispersions and PMs (except zone D).                   

Literature (Sheu et al., 1994; Zerrouk et al., 2001) shows that solid dispersions may 

show better dissolution rate enhancement as compared to PM due to a number of 

reasons. The prominent reasons being 1) drug amorphization (Law et al., 2001), 2) 

formation of a metastable form(Thakkar et al., 1977) 3) reduced clumping and 4) 

reduction in particle size (Zerrouk et al., 2001). DSC, HSM, PXRD and IR data showed 

that there was negligible amorphization in the CMs. Also the physical forms of the 

components did not change in the CM as compared to the PM. The use of Wood 

apparatus reduced the effect of clumping and aggregation. Thus any difference between 
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the CM and PM dissolution behavior is likely to be due to particle size of IBU. It was 

mentioned in the SEM and CRM discussion that the particle size of IBU is reduced 

below the EC. Such particle size reduction of IBU in CM resulted in an improved 

dissolution rate in zone D. The particle size effect in zone E was offset by polymer 

gelling. Thus unlike PEG 8000 systems(Law et al., 2003) the eutectic microstructure and 

particle size reduction does not really contribute to dissolution rate enhancement in IBU-

PL 188 eutectic mixtures. Nonetheless, solid dispersion formation may have certain 

advantages. Solid dispersions are homogenously mixed systems and this was seen in 

the DSC and HSM experiments. Also solid dispersions have been reported to have 

better physical-mechanical properties (flow, compressibility and compactibility) (Castro 

et al., 2010) and are better suited for scale up.   

Effect of pH – as shown in figure 3.18 (Appendix table B.9) the three curves had similar 

shapes. This indicated that mechanism  of drug dissolution remains the same across the 

various zones irrespective of the pH of the dissolution media. As expected from its 

structure the solubility and dissolution of PL 188 is not likely to be affected by pH. There 

is an inverse relationship between RAIDR and dissolution medium pH. This is most likely 

due to the pH dependent solubility of IBU. We hypothesize that once IBU is released into 

the medium PL 188 is more effective in keeping the unionized species in solution than 

the ionized species. This could be explained by the better solubilization capacity of PL 

188 at lower pH. It should also be pointed out that the AIDR values of IBU were the 

same in zone E ( pH 7.2 = 0.20 mg/cm2min, pH 4.5 = 0.22 mg/cm2min and 0.1 N HCl = 

0.18 mg/cm2min). This further confirmed that the dissolution of the nonionic polymer 

controls drug release in this zone. 
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Figure 3.16. AIDR/NAIDR vs. PL 188 amount for IBU-P L 188 CM 

 

 

Table 3.8. Factors affecting dissolution rate of IB U from IBU-PL 188 CMs in 
various zones 

 

Zone  Solubility  

(mg/ml)  

Wetting  

(seconds)  

Porosity  

% 

Gel 

Thickness  

(mm)  

% of Solid 

dispersion 

that melts at 

34°C  

A 5.01 600 0.086 - 13.33 

B 5.21 680 0.091 0.41 40 

C 5.48 640 0.12 0.54 66.3 

D 7.56 490 0.085 0.65 93.33 

E 12.09 510 0.089 0.79 40 
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Figure 3.17. RAIDR vs. % w/w of PL 188 in the binar y solid system for IBU- PL 188 
CM, IBU- PL 188 CE and IBU- PL 188 PM. 

 

 

Figure 3.18. RAIDR of IBU from IBU-PL 188 CMs at va rious pH values 
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Effect of poloxamer type – To get a better understanding of the mechanism of 

dissolution rate enhancement, the effect of poloxamer type was looked into. Zone B was 

selected since the maximum dissolution rate enhancement occurred in this zone. Also in 

this particular zone the effect of gelling was minimum. As observed from figure 3.19 

(Appendix table B.10), the magnitude of RAIDR is PL 188 > PL 237 > PL 407 > PL 338. 

From the table 3.7. and figure 3.19 it can be seen that the solubilization capacity cannot 

be regarded as the sole indicator of dissolution rate enhancement. PL 188 has the least 

solubilization capacity and yet is the most effective EM carrier from a dissolution point of 

view. Though PL 188 has been reported(Schmolka and Tarcha, 1991)  to have the 

lowest gel forming capacity among the selected poloxamers it’s the gel layer thickness 

value was not drastically low. This could be because only 30% of the CM comprised of 

the polymer. Further, as expected the wetting and the porosity values were not different 

across various grades. The factor impacting the dissolution rate seemed to be the Te. 

Researchers (Chen et al., 2004; Hoelgaard and Moller, 1975) have hinted at such an 

effect in the past. There is currently no reported  systematic study to show the  effect of 

Te on drug dissolution from eutectic mixtures. PL 188 and PL 237 have Te values lower 

than 37°C and hence cause significant enhancement in dissol ution rate of IBU. On the 

other hand PL 407 and PL 338 have Te close to 37°C which results in lower AIDR 

values. Even though PL 188 has a higher a higher molecular weight and lower 

solubilization capacity than PL 237 the RAIDR of PL 188 CM was higher (p< 0.05). The 

slightly thicker gel layer of IBU-PL 237 CM could partially explain this effect. Also, as 

seen by visual observation the time required for complete dissolution of neat PL 188 was 

much lesser than that of neat PL 237. Such faster dissolution of the PL 188 can 

positively affect the dissolution rate of IBU. When a comparison is made between PL 

407 and PL 338 the former seems to have a better dissolution enhancement effect 

(p<0.05). This could be explained by the lower molecular weight, lower Te and better 
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solubilization capacity.  In order confirm the effect of Te on the RAIDR, experiments were 

conducted at 25°C and the results are shown in figure 3. 20. It can be clearly seen that 

the dissolution enhancement effect of PL 188 is similar to PL 237 and PL 407.  This 

confirms the fact that the Te of the EM is an important factor affecting the dissolution of 

the drug. Depending upon various factors the increase in molecular weight of the 

polymer can increase(Mura et al., 1987), decrease(Craig and Newton, 1992) or  not 

affect the dissolution rate of the drug(Chiou and Riegelman, 1969).  PL 108 showed a 

low RAIDR even at 25°C. The authors believe this effe ct is due the high molecular 

weight of PL 108. Irrespective of the poloxamer type there was no dissolution rate 

enhancement in Zone A. As expected in zones C, D and E the dissolution enhancing 

was effect was PL 188> PL 237 > PL 407>PL 338. The general trend for gel layer 

thickness was PL 338 >PL 407 >PL 237 >PL 188. This further showed the effect of PL 

gelling on the dissolution rate of IBU at low drug loading. 

 

. 

 

Figure 3.19. Effect of PL grade on RAIDR of IBU (zon e B) at 37°C. * significantly 
different from PL 338 CM (p<0.05)  † significantly different from PL 188 CM 
(p<0.05), + significantly different from PL 237 CM (p<0.05)  ‡ significantly 
different from PL 407 CM (p<0.05) 



 

130 

 

Comparison between PL 188 and PEG 8000  

PEG 8000 has been extensively used as an EM carrier(Law et al., 2002; Law et al., 

2003; Vippagunta et al., 2007). It also has properties similar to PL 188 (chapter 1) and 

hence was used for comparison. The AIDR of IBU from PEG 8000 CMs was similar to 

that of etoposide from PEG 8000 systems(Shah et al., 1995) .It can be observed from 

figure 3.21 (Appendix table B.11) that PL 188 was much more effective than PEG 8000 

in zones B, C and D. The wetting and solubilization capacity effect cannot explain the 

high magnitude difference. The weight normalization would have the same effect for 

both polymers. Thus the increase can be mainly attributed to the lower Te of IBU PL 188 

CM as compared to IBU-PEG 8000 CM (Table 3.2). Another reason could be the ability 

of PL 188 micelles to keep the IBU in a solubilized form. Micelle formation can be 

checked using techniques like dynamic light scattering which was beyond the scope of 

this study. It is interesting to note that in zone D the AIDR of IBU PEG 8000 increased. 

As reported by Law and coworkers (Law et al., 2003) this can be attributed to the particle 

size reduction of the drug below the EC. In zone E PEG 8000 was better in improving 

the AIDR of IBU. As mentioned earlier this is a zone of carrier controlled dissolution and 

PEG 8000 dissolves at a much faster rate than PL 188 which tends to gel. Overall PL 

188 seems to be a better carrier than PEG 8000 in improving the dissolution rate of IBU.  

From the aforementioned discussion it can be seen that it is possible to improve the 

dissolution rate of poorly soluble drugs by forming eutectic mixtures. Eutectic mixture 

formation seems to be ideally suited for drugs which have good recrystallization 

tendencies, high molecular mobility and low configurational entropy. It is difficult to keep 

such drugs in the glassy state. In the IBU-PL 188 eutectic mixtures  the crystallinity of 

IBU does not change. IBU exists in its stable crystalline form. This approach gives more 

physical stability to the system compared to amorphous systems. Also authors (Law et 
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al., 2003; Vippagunta et al., 2007) have stressed the importance of EC by showing that 

there is considerable dissolution rate enhancement below the EC.  From the current 

work it is clear that Te of the system can also give an idea of the dissolution rate 

improvement effect. Further the gelling effect of polymers must also be taken into 

account while selecting an appropriate carrier. As mentioned by Shaw (Shaw et al., 

2005) and Hoelgaard(Hoelgaard and Moller, 1975) the ability of an agent to improve the 

solubility of a poorly soluble drug may not always translate into improvement in 

dissolution rate. A similar phenomenon can be seen in the current scenario where PL 

188 with the least solubilization capacity gave the highest improvement in AIDR. 

Poloxamers can crystallize in different forms as seen from the DSC data of neat PL 188. 

Such changes in form do not have an effect on the dissolution of the drug in PEG based 

polymers(Craig, 1990; Unga et al., 2010; Verheyen et al., 2004). 

 

 

 

Table 3.9. Factors affecting dissolution rate of IB U in zone B from various IBU 
poloxamer CMs 

 

Poloxamer  MW κ Wetting  

(seconds)  

Porosity  

% 

Gel 

Thickness 

(mm) 

Te 

PL 188 8400 0.0021 680 0.086 0.41 34.24 

PL 237 7700 0.005 700 0.014 0.47 34.94 

PL 407 12600 0.0062 550 0.094 0.50 37.50 

PL 338 14600 0.0056 560 0.23 0.54 39.99 
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Figure 3.20. Effect of PL grade on RAIDR of IBU (zon e B) at 25°C. * significantly 
different from PL 338 CM (p<0.05)  † significantly different from PL 188 CM 
(p<0.05), + significantly different from PL 237 CM (p<0.05)  ‡ significantly 
different from PL 407 CM (p<0.05) 

 

 

 

 

 

Figure 3.21. Comparison of RAIDR of IBU in PL 188 a nd PEG 8000 systems. 
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Stability 

There was no significant difference in the solid state properties of the IBU-PL 188 CMs 

across all zones after six months of storage at 25°C.  The  phase diagram of the system 

was unchanged and so was the crystallinity as measured by PXRD. As expected the 

dissolution properties of the CMs did not undergo any change (Figure 3.22 and appendix 

table B.12) 

 
 
 

 

 

Figure 3.22. AIDR of IBU from IBU-PL 188 CMs after 180 days storage at 25°C. 
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The current investigation showed eutectic mixture formation between IBU and four 
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diagram when the eutectic mixtures were prepared by either melting or  solvent 

evaporation. The phase diagram of the IBU-PL 188 physical mixture was similar to the 

eutectic mixtures. This showed that macroscopically various IBU-PL 188 systems 

behave in the same manner. Further, there was no change in the EC of the system with 

an increase in molecular weight and PPO content of the poloxamer. However the Te was 

dependent on the molecular weight of the polymer. 

Extensive solid state characterization of the IBU-PL 188 systems showed that the 

physical form of IBU and the polymer did not change across all drug:polymer ratios. DSC 

and HSM were effective is showing phase separation up to a  30% drug load. Using 

PXRD, it was possible to extend this observation to about 10% drug load. IR data was 

valuable in indicating the presence of the crystalline drug even in 5% w/w dispersions. 

SEM and CRM showed particle size reduction and lesser agglomeration of IBU particles 

below the EC. However CRM was a better technique to image the dispersion of the drug 

in the polymer matrix. Though PMs behaved similar to eutectic mixtures in zone A to C, 

particle size reduction below the EC can take place in eutectic mixtures. 

As seen from the pH solubility studies PL 188 is a better solubilizer for the unionized 

species of the drug. The Wood apparatus was an effective tool in studying the 

dissolution of IBU from eutectic mixtures. As opposed to popular belief maximum 

dissolution rate enhancement took place above the EC at 70% drug load. The major 

factor affecting the dissolution enhancement was the Te of the system. When dissolution 

was compared amongst various PL types the eutectics having Te below 37°C gave the 

maximum enhancement effect. As the amount of the poloxamer is increased the solid 

dispersions have a tendency to gel. This gelling effect reduces the dissolution 

enhancement effect due to particle size reduction below the EC. PL 188 was the most 

effective poloxamer in enhancing the dissolution rate of IBU. This was because it causes 

the highest reduction in IBU Tf  and has the least tendency to gel. When a comparison 
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was made between PL 188 eutectics and PEG 8000 eutectics the former were superior 

in dissolution enhancement effect. This was due to the lower Te of PL 188 eutectics. It is 

only at low drug loads (zone E) when there is polymer controlled dissolution PEG 8000 

is shown to perform better than PL 188.  The IBU-PL 188 CMs showed good stability 

and no change in dissolution properties after 6 months of storage at 25° C. 

It was shown that PL 188 can be used as a carrier to form eutectic mixtures of poorly 

soluble drugs. These systems are likely to show good dissolution rate enhancement 

when the Te of the system is less than 37° C. Eutectics with such values of Te seem to 

be a convenient formulation approach for Phase 1 clinical trials. Extensive formulation 

development work needs to be carried out to include  such mixtures in commercial 

products with good stability. Another approach could be using PL 188 based eutectic 

mixtures in suppository formulations.  
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CHAPTER 4 

COMPARISON OF KETOPROFEN POLOXAMER 188 SOLID DISPER SIONS WITH 

KETOPROFEN SOLUPLUS ® AND KETOPROFEN UREA SOLID DISPERSIONS 

Abbreviations 

∆Hf,d (enthalpy of fusion of drug), AIDR (apparent intrinsic dissolution rate), CM (comelt), 

CMC (critical micellar concentration), DSC (differential scanning calorimetry), DVS 

(dynamic vapor sorption), EC (eutectic composition), EM (eutectic mixture), ET (eutectic 

temperature), FT-IR (fourier transform infra-red spectroscopy), HLB (hydrophile lipophile 

balance), HSM (hot stage microscopy), IBU (ibuprofen), IDR (intrinsic dissolution rate), 

IR (infra-red spectroscopy), KETO (ketoprofen), mDSC (modulated differential scanning 

calorimetry), MW (molecular weight), NA (not applicable), NAIDR (normalized intrinsic 

dissolution rate), PEG (polyetheylene glycol), PEO (polyethylene oxide or 

polyoxyethylene), PL 188 (poloxamer 188), PM (physical mixture), PPO (polypropylene 

oxide or polyoxypropylene), PXRD (powder x-ray diffraction), RAIDR (relative apparent 

intrinsic dissolution rate), SD (solid dispersion), SEM (scanning electron microscopy), 

SOLU (Soluplus®) Te (eutectic temperature), Tf (melting point), Tg (glass transition 

temperature), TGA (thermogravimetric analysis) U (urea). 

Introduction 

Solid dispersions have been used extensively to enhance the dissolution rate of poorly 

water soluble drugs. Solid dispersions can be classified into various types depending on 

the physical form of the drug and carrier. The drug in the dispersion can exist in a 

crystalline form, molecular form or amorphous precipitate form. It is also possible that 

the compound exists in different forms within the same solid dispersion. Each class of 

solid dispersion has its associated advantages and limitations. 

In eutectic mixtures the drug and the carrier exist in the physically stable crystalline 

state. The system is phase separated and is an intimate physical mixture of the drug and 
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the carrier. Eutectic mixtures of poorly water soluble drugs with water soluble carriers 

have been shown to improve the dissolution rate of poorly water soluble drugs(Law et 

al., 2003; Vippagunta et al., 2007; Zerrouk et al., 2001). Such systems not only provide 

good dissolution enhancement effects but also superior physical stability(Alonso et al., 

1988). The crystalline form of the drug is the low energy form but exhibits lower solubility 

and dissolution rate compared to non-crystalline forms. As mentioned previously(Baird 

and Taylor, 2010; Law et al., 2002) the formulation development of an eutectic depends 

upon the eutectic composition, the eutectic temperature and the dose of the drug.  

In a glass solution, the drug is dispersed in a glassy carrier on a molecular level(Chiou 

and Riegelman, 1971). These solid dispersions are a single monophasic system. Since 

the system is homogenous, it will have a single glass transition temperature (Tg) which 

will be intermediate between the Tgs of the pure compounds (Moore and Wildfong, 2009) 

(Crowley and Zografi, 2002).  As the size of the drug particle is at the absolute minimum, 

no energy is needed to break down the crystal lattice during dissolution. This makes 

glass solutions better suited for dissolution rate enhancement than eutectic mixtures. 

However, such solutions are physically metastable and hence are prone to physical and 

chemical instability. Physical instability manifests itself as crystallization of the drug and 

seems to be the major drawback of such systems.  The free energy difference between 

the glassy and crystalline state, the molecular mobility of the system and the 

crystallization mechanism will determine the ability of the compound to revert to the 

crystalline state (Bhugra and Pikal, 2008; Craig et al., 1999). The formulation 

development of glass solutions will depend on the anti plasctisizing effect of the carrier, 

the ability of the carrier to form molecular interactions with the drug and the water vapor 

sorption properties of the system. A polymer with a higher Tg will result in a system 

which has a higher Tg than that of the neat drug and hence reduce molecular 

mobility(Eihei et al., 1989).  It has been shown that polymers can interact with the drug 
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molecules via hydrogen bonding and this can prevent crystallization (Vasanthavada et 

al., 2005). When water is taken up by the system the glass transition of the system is 

lowered (Oksanen and Zografi, 1990)  also water is capable of destroying the interaction 

between the drug and the polymer (Crowley and Zografi, 2002). Lowering of Tg and 

reduction of drug polymer interactions cause physical stability issues. 

Another type of solid dispersion occurs when the drug precipitates in the amorphous 

form in a crystalline carrier (Chiou and Riegelman, 1971; Etman, 2000). As opposed to 

glass solutions the drug is not molecularly dispersed and hence the system consists of 

two phases. One is the amorphous drug phase and the other is crystalline carrier phase. 

The system will have two Tgs. Such solid dispersions can provide enhancement in 

dissolution rate since the drug is present in a metastable form. Since the drug is present 

in high energy state these solid dispersions suffer limitations similar to that of glass 

solutions. 

In our previous work, we investigated the factors affecting eutectic mixture formation and 

dissolution mechanism of poloxamer 188 (PL 188) based eutectic mixtures. Comparison 

of PL 188 was also made with other polymeric carriers capable of forming eutectic 

mixtures. The aim of the current study was to compare PL 188  with carriers which result 

in a different class of solid dispersions. The two carriers selected were Soluplus®  and 

Urea (figure 3.1). Soluplus (SOLU) is an amorphous polymer and has been reported to 

form glass solutions(Thakral et al., 2011).  Also due to its Tg value of  around 70°C the 

hot melt method can be used to form dispersions at lower temperatures(Hardung et al., 

2010). Therefore it was selected as a carrier to form a glass solution. Urea (U) has been 

used as a non-polymeric crystalline carrier by various investigators(Collett et al., 1976; 

Ford, 1986; Rogers and Anderson, 1982)  and was selected for amorphous precipitation 

of the drug. Ketoprofen (KETO) was selected as the drug with low aqueous solubility. 

KETO has already been shown to form eutectic mixture with PL 188 (Chapter 1). Due to 
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the presence of hydrogen bond donors and hydrogen bond acceptors it can form a glass 

solution with a suitable carrier. Also KETO is a good glass former  (Tg/Tm = 0.74)  due to 

which it can precipitate in amorphous form in a crystalline carrier. Thus we hypothesize 

that KETO is a drug which is capable of existing in different forms in the solid dispersion 

depending upon the carrier.   An extensive evaluation of KETO-PL 188, KETO-SOLU 

and KETO-U dispersions has not yet been reported.  

The current investigation had three objectives  

1) The extensive solid state characterization of the solid dispersions to understand 

the physical status of KETO.  

2) The evaluation of KETO  dissolution rate from solid dispersions using the Wood 

apparatus.  

3) The  determination of physical stability of the solid dispersions.  

It is expected that at the end of the study it will be possible to establish the utility of PL 

188 as a suitable carrier for the formulation of KETO. 

Materials 

Poloxamer 188 (PL 188) and Soluplus were  generous gifts from BASF (Tarrytown, NY). 

KETO and U were purchased from Spectrum (Gardena, CA). 

Experimental Methods 

The Preparation of Solid Dispersions 

The drug and carrier were accurately weighed and mixed a glass mortar using a 

geometric dilution technique.  The mixture was then heated in a silicone oil bath until the 

ingredients melted completely. In the case of KETO-PL 188 and KETO-U the molten 

mass was then stirred using a magnetic stir bar for  5-10 minutes. The KETO-SOLU 

molten mixtures were mixed using a stainless steel spatula. The liquid miscibility was 

assessed visually. The molten samples were then uniformly spread on to a glass petri 
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dish. The samples were allowed to equilibrate in a covered petri dish at room 

temperature at 0% RH for a minimum of 15 days. The physical mixtures were prepared 

by grinding components in a glass mortar and pestle using a geometric dilution 

technique. All the samples were passed through a 60 mesh stainless steel sieve and 

collected on a 100 mesh stainless steel sieve.  Unless otherwise specified well sieved 

samples (250 -150 µm) were used for the studies. 

Differential Scanning Calorimetry (DSC) 

 
 
 

 

 
Figure 4.1. Structures of KETO and carriers 
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A TA DSC Q 1000 (New Castle, DE) with a refrigerated cooling accessory was used for 

the study.  A 2-6 mg of the sample (150 µ - 250 µ) was placed in a hermetically sealed 

aluminum pan with a pin hole and subjected to a heating rate of 5°C/min. The nitrogen 

purge rate was 50ml/min. The instrument was calibrated for temperature using 

benzophenone and indium. The enthalpic calibration was performed using indium. The 

TA Universal Analysis software (version 4.7A) was used for the data analysis. 

For Tg determination  the sample was cooled to – 20 C and equilibrated for 2 mins. Then 

DSC was run in   modulated  mode (mDSC).. The conditions used were heating rate of 

3°C/min with a modulation of ±1°C every 40 seconds. Th e modulation was calibrated 

using sapphire. There were more than 6 cycles through the Tg . The data analysis was 

carried out using the TA Universal Analysis software (version 4.7A) 

Hot Stage Microscopy (HSM) 

Sized samples with a 106µ - 150µ particle size range were used for HSM. The events 

were observed using a Nikon Eclipse polarizing light microscope (Melville, NJ) with a 

Mettler FP82HT hot stage and FP90 processor, (Hightstown, NJ). The hot stage was 

calibrated using benzophenone and benzoic acid. A Photometrics CoolSNAPcf digital 

camera (Tucson, AZ) was used to record the optical micrographs as a function of 

temperature. The samples were heated at a rate of 2°C  / min. 

Powder X – ray Diffraction (PXRD) 

The powder samples (150 µ - 250 µ) were placed on a sample holder and the 

diffractograms were collected using a Bruker D8 diffractometer (Madison, WI) with Cu 

Kα radiation. The voltage used was 40 kV and the current was 40mA. The samples were 

scanned from 5° to 40° 2 θ at a rate of 2° 2 θ/minute. The data analysis was performed 

using the Bruker–AXS Eva software (version 15) 
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Fourier Transform Infrared (FT-IR) Spectroscopy 

The IR spectra of drugs, PL188 and solid dispersions were collected using a 

PerkinElmer Spectrum 100 FTIR spectrometer (Waltham, MA) equipped with a 

PerkinElmer Universal attenuated total reflectance (ATR) polarization  accessory 

(Waltham, MA). The samples were scanned from 600 cm-1 to 4000 cm-1 at a resolution 

of 2 cm-1. The spectra were developed using 64 scans. 

Scanning Electron Microscopy (SEM) 

The morphology and surface of the eutectic mixtures were evaluated using  a FEI 

Quanta 600 FEG Mark II environmental scanning electron microscope (Hillsboro, OR) 

operating at 20 kV accelerating voltage. The samples were mounted on conventional 

SEM supports with conductive carbon tabs and were coated with a thin gold-palladium 

layer by using a Cressington Sputter Coater 108 (Watford, UK).  

Solubility Studies 

The equilibrium solubility studies were performed in 5 ml screw capped vials at 37º C by 

adding excess of KETO. As needed, polymer solutions were prepared in phosphate 

buffer pH 7.2 (USP). The samples were shaken in a reciprocating shaker bath for 72 

hours. This time was previously shown to be sufficient to attain equilibration. After 

shaking, the samples were filtered through a Millex 0.22 µm pore size filter PVDF filters 

(Billerica, MA). The samples were appropriately diluted and the KETO was assayed 

using Agilent 8453 UV-Visible spectrophotometer (Santa Clara, CA). The wavelength 

used was 260 nm.  The polymer did not possess any significant absorption at this 

wavelength. The absorption was linear in the range utilized. 

Dissolution Studies 

The Wood apparatus was used to measure the dissolution rate of KETO. A sample 

containing 130 mg of the powder was compressed at a pressure of 3000 psi in the die 

using a bench top Carver press (Wabash, IN). The dwell time was kept at 1 min.  
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Compressed air was used to remove loose particles on the die surface.  The die was 

attached to the spindle and dissolution experiments were performed using a Vankel VK 

7010 dissolution bath (Cary, NC). The dissolving surface was set at a distance of 1.5 

inches from the bottom of the vessel. The amount of the medium was 400 ml and the 

rotation speed used was 15 rpm. A 4 ml sample was withdrawn at the appropriate time 

intervals. The withdrawn medium was replaced by fresh medium. The UV assay of 

KETO was performed using the same method as mentioned in the solubility section. The 

dissolution medium was phosphate buffer pH 7.2 (USP). The temperature of the water 

bath was maintained at 37° C. Deaeration of the medi um was performed using 2 

methods. First, the medium was filtered under vacuum at 42° C. After which the medium 

was allowed to reach the set dissolution bath temperature. Finally the medium was 

sparged with Helium for 10 mins avoiding turbulence. Wherever necessary the 

dissolution data were analyzed by one way ANOVA and Tukey’s test to determine 

significant differences (p-0.05) (Minitab Ver. 16). 

Dynamic Vapor Sorption (DVS) 

The moisture absorption and desorption isotherms were generated at 25° C using a 

Surface Measurement Systems DVS-1 apparatus (Allentown, PA). About 10 mg of the 

sample was weighed into the  sample holder and subjected to 0-90% relative humidity 

(RH) using 10% increments.  Mass equilibration at each RH was determined with a 

dm/dt of 0.002%min-1. 

Results and Discussion 

In order to facilitate good comparisons all the dispersions were prepared by the fusion 

method. The fusion method can also give an indication of whether  hot melt extrusion 

can be used manufacture such systems. The KETO-PL 188 dispersion showed 

complete miscibility in the molten state. The KETO and SOLU showed complete 

miscibility for dispersions with drug content of 70% and more. When the amount of 
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KETO was less than 70%, the melt was viscous and clear. There were no visible 

particles seen so complete miscibility was assumed. The KETO and U dispersions did 

not show complete miscibility. The in solubility parameter difference was 0.26, 3.6 and 

16.5 (MPa)1/2  for  KETO-PL 188, KETO-SOLU and KETO-U systems respectively. 

These values confirm molten state miscibility for KETO-PL 188 and KETO-SOLU 

systems while immisibility for KETO-U system. Greenhalgh et al (Greenhalgh et al., 

1999) have stated that solubility parameter difference of less than 7.5 (MPa)1/2  is an 

indicator of miscibility in the molten state. The KETO-PL 188 and KETO U dispersions 

were off white in color. The KETO SOLU solid dispersions were transparent upto 70% 

KETO. The 70% dispersion was a transparent, sticky, rubbery substance at room 

temperature so it could not be used for dissolution studies. The SEM photomicrographs 

of 50 % dispersions are shown in figure 4.2 . The KETO-PL 188 and KETO-SOLU 

dispersions seem homogenous in nature. The SOLU dispersion shows a smooth glassy 

appearance. The KETO-U system does not appear homogenous.  This could be due to 

the immiscibility in the molten state. 

 
 
 

 

 
Figure 4.2. SEM photomicrographs showing the morpho logy of 50% KETO solid 

dispersions 
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HSM 

KETO-PL188 

The HSM observations for KETO-PL 188 solid dispersions were similar to those 

observed for IBU-PL 188 eutectic mixtures.  An example of KETO-PL 188 dispersion 

HSM photomicrograph is shown in figure 4.3. As reported previously (Espitalier et al., 

1997) KETO showed triclinic crystals. The solid dispersions showed birefringence at 

room temperature indicating the presence of crystalline phases. However it was difficult 

to distinguish between the KETO and PL 188 crystals at 25°C. Similar to the findings of  

Law et al (Law et al., 2003) most solid dispersion ratios showed two phase melting. The 

first melt indicated eutectic temperature and the second was associated with excess 

component melting. As expected the melting temperatures were higher for the high drug 

loaded dispersions (>30% KETO). The dispersion containing 20 % KETO melted at the 

lowest temperature. This indicated that the eutectic composition was approximately 20% 

KETO. 

 
 
 

 

 
Figure 4.3. HSM photomicrographs showing the events  on heating the  20% KETO-

PL 188 CM 
 
 
 
KETO-SOLU 

An example of KETO-SOLU dispersion HSM photomicrograph is shown in figure 4.4 

(Appendix figure C.1). The 10, 30 and 50% KETO solid dispersions showed similar 



 

146 

 

results. The systems did not show presence of birefringence at room temperature or on 

heating. However, on heating the particles started liquefying over a wide temperature 

range and all particles completely turned into liquid at about 110°C. It was very difficult to 

observe the temperature at which the liquefaction started. The absence of  birefringence 

is likely to indicate  the lack of crystalline components. This showed the KETO-SOLU  

solid dispersions were glassy in nature up to 50% drug load. By contrast the physical 

mixtures containing 10, 30 and 50% KETO showed birefringent particles  on heating. 

This indicated that KETO was present in its crystalline form in the PMs. HSM technique 

could not determine whether the system was a glass dispersion or a glass solution. In 

the former solid dispersion amorphous drug precipitates are seen in a glassy carrier 

(Chiou and Riegelman, 1971). The 90% dispersion showed the presence of crystalline 

KETO at room temperature. This indicated that 10% of SOLU could prevent the 

crystallization of KETO from the melt.  

 
 
 

 

 
Figure 4.4. HSM photomicrographs showing the events  on heating the 30% KETO- 

SOLU CM 
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KETO-U 

Pure U was seen as needle like crystals under the microscope. The solid dispersion 

containing 50, 70 and 90 % KETO showed similar events on heating. The solid 

dispersions were birefringent at 25° C (Appendix figure  C.2) however it was difficult to 

differentiate between the two components. On heating the dispersions showed bi phasic 

melting. The first event occurred at about 55°C  and indicated the apparent eutectic melt 

while the second event indicated excess component melt. Similar observations were 

made in the case of  50, 70 and 90 % KETO PMs. The 10% and 30% KETO dispersions 

showed a very low intensity first melting phase (compared to high drug loaded 

dispersions) but the U melting was clearly observed. The 10% and 20% PMs showed a 

more prominent first melt. These events might indicate either particle size reduction or at 

least partial amorphization of KETO in 10% and 30% dispersions. Nonetheless other 

techniques like PXRD and DSC are needed to confirm the presence of amorphous drug. 

 
 
. 

 

 
Figure 4.5. HSM photomicrographs showing the events  on heating the 50% KETO-

U CM 
 

 

DSC 

KETO-PL188 
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The thermogram of neat KETO showed a distinct endotherm with onset of melting at 

89.19°C and an enthalpy of fusion of 110 j/g. PL 188  presented a melting onset 

temperature of 39.45°C and enthalpy of fusion of 148 .6 j/g. The DSC thermograms were 

similar for CMs and PMs. Such a phenomenon is widely reported for eutectic 

mixtures(Du and Vasavada, 1993; Guillory et al., 1969). All CMs showed two 

endotherms except the one containing 20% KETO. The first endotherm indicated the 

eutectic melt and the second indicated excess component melting. The EC of the 

system was around 20% KETO. The phase diagram for KETO-PL 188 system is shown 

in figure 4.6. 

 
 
 

 

 
Figure 4.6. Phase diagrams of KETO-PL 188 eutectic mixture. The solid triangles and 

solid diamonds represent HSM and DSC temperature values respectively.  
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KETO-SOLU 

The thermogram of neat SOLU did not present a melting endotherm. This showed that 

the polymer was amorphous in nature. There was a relaxation endotherm at around  

65°C which indicated a glass transition temperature. Al so, a shallow water loss 

endotherm was seen around 100°C (Appendix figure C.3).  TGA confirmed that the 

endotherm around 100°C was due to loss of water. SOLU was kept over phosphorous 

pentoxide at 25°C for 2 days to get rid of the water .  The thermogram of the dried SOLU 

showed a Tg of 75.18°C  and the event associated with loss of water  was not seen.  It is 

a well-known fact that water can cause a plasticizing effect on substances. The glass 

transition of SOLU occurred over a wider temperature range when compared to KETO. 

This could be due to SOLU being a co polymer. 

The DSC thermograms of KETO-SOLU solid dispersions and PMs are shown in figures 

4.7 and 4.8 respectively. All the systems were kept over phosphorous pentoxide for 24-

48  hours before running DSC experiments. The solid dispersions containing upto 70% 

KETO did not exhibit the KETO melting endotherm.  Above 70% drug load the 

endotherm of crystalline KETO was seen. Hence it can be concluded that probably hot 

melting of KETO with SOLU lead to loss of KETO crystallinity. On heating the drug goes 

from a crystalline state to liquid state. In the presence of SOLU the drug remains locked 

in glassy state. In absence of SOLU, KETO reverts to its crystalline state within 10 

hours. Loss of KETO crystallinity when hot melted with other carriers has been reported 

previously (Yang et al., 2008). The PMs thermograms showed presence of crystalline 

KETO. The only exception was 10%  KETO-SOLU PM.  In the case of PMs there is no 

energy provided to convert the drug from crystalline to amorphous state. The absence of 

KETO melting endotherm in 10% PM could be due to the dissolution of KETO in the 

rubbery polymer. The presence of crystalline KETO in 10% PM was shown by PXRD. 
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Figure 4.7. DSC thermograms of KETO-SOLU CMs 

 
 
 

 

 
Figure 4.8. DSC thermograms of KETO- SOLU PMs 

 
 
 

 
The mDSC thermograms are shown in figure 4.9. The purpose of the mDSC 

experiments was to determine whether the KETO-SOLU solid dispersions were glass 

solutions or glass dispersions. As mentioned in the introduction section the presence of 

a single Tg for the system is an indicator of glass solution formation. It can be seen from 
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figure 4.9 that the systems which had non crystalline KETO showed a single Tg. This 

along with the transparent appearance of the solid dispersions indicated that the system 

was indeed a glass solution. SOLU had an antiplasticizing effect on KETO. This is 

advantageous from a physical stability viewpoint.  

 
 
 

 

 
Figure 4.9. mDSC thermograms of KETO-SOLU CMs showi ng the T g values at 

various drug loads ( 90% KETO-SOLU Tg obtained on the second heating 
cycle). 

 
 
 

 The Tg of the glass solution can affect the drug release from the matrix. This is because 

the diffusion coefficient of small molecules in a polymer matrix is significantly higher in 

the rubbery state compared to the glassy state (Karlsson et al., 2001).  The theoretical 

and experimental Tgs were obtained and compared. The theoretical Tg values were 

obtained using the Gordon-Taylor/Kelley-Bueche simplified equation (Equation 1) and  

are plotted in figure 4.10 (Appendix table C.1). It can be realized from figure 4.10 that the 

KETO-SOLU system shows negative deviation from ideality. Reasons for such a 

behavior have been given by Six et al(Six et al., 2003a) and Patterson et al(Patterson et 
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al., 2007). One possible reason could be the higher free volume in the glass solution as 

a result of weak heteromolecular interactions (compared to homomolecular interactions). 

Another reason could be presence of water which can act as a plasticizer.  Water 

plasticization was unlikely because the dispersions were thoroughly dried prior to the 

DSC experiments. Drug loads of greater than 70% do not produce a glass solutions. 

However in the context of this study KETO-SOLU dispersions are considered as glass 

solutions.  

 
 
 

 

 

Figure 4.10. Comparison of experimental and theoret ical T gs (red squares indicate Tgs 
obtained on second heating cycle). 

 
 
 

Txyz{ � |J}~JU�|M}~M|JU�|M                     ……………………………………………………………4.1 

Tgmix is the glass transition temperature of the blend 

260

280

300

320

340

360

380

0 50 100 150

T
g(

K
)

%KETOw/w

Experimental

Theorectical



 

153 

 

w1 is the weight fraction of KETO 

Tg1 is the glass transition temperature of KETO 

w2  is the weight fraction of SOLU 

Tg2 is the transition temperature of SOLU 

K is a constant given by equation 2 

K � �ρ�Tx��/�ρ,Tx,�      ………………………………………………………………………4.2 

 ρ1 = 1.253 g/cm3 is the true density of KETO (Blasi et al., 2007)   

 ρ2 = 1.082 g/cm3 ( obtained from BASF product literature)  

KETO-U 

U showed a sharp melting endotherm with an onset temperature of 124.32°C and heat 

of fusion value of 215 J/g (Appendix figure C.4). The CMs and the PMs showed identical 

patterns at drug loading above 30% (Appendix figure C.5 shows the DSC patterns of 

CMs). There were two endotherms observed. The first one was similar to an eutectic 

endotherm and occurred at about 55°C.  The second repr esented the excess component 

endotherm.  It is worth pointing out that this system cannot be regarded as a true 

eutectic because KETO and U were not completely miscible in the molten state. 

However the depression in melting point of the two components indicates there is some 

miscibility. Interestingly the 10 and 30% CMs did not show the lower temperature 

endotherm which is an indicator of crystalline KETO (Figure 4.11). The only event 

observed was the melting of excess U. However the DSC scans of the corresponding 

PMs presented two endotherms (Figure 4.11). This designated that KETO could be 

either present as an amorphous precipitate or molecularly dispersed form. To investigate 

further mDSC experiment was conducted on the of 30% KETO-U CM. As seen from 

figure 4.12 the thermogram showed a Tg at – 1. 94°C.  This value is very close to the Tg 

amorphous KETO. Hence it can be concluded that KETO was present as an amorphous 

precipitate in the solid dispersion. KETO is a good glass former as can be seen from its 
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Tg/Tm value of 0.74. Therefore on cooling the melt KETO forms a glass within crystalline 

U matrix. At higher drug loading it is possible that the amount of the U is not enough to 

prevent the crystallization of KETO. It could be concluded that KETO-U solid dispersions 

belonged to the class amorphous precipitation in crystalline carrier. The apparent phase 

diagram of KETO-U solid dispersions is given in figure 4.13 .The Tg of U could not be 

detected in the DSC thermograms this could be because there is negligible 

amorphization of U. 

 
 
 

 

 
Figure 4.11. DSC thermograms of 10% and 30 % KETO-U  (CM and PM) 

 
 
 

 

Figure 4.12. mDSC thermograms of  30 % KETO-U CM sh owing the T g of KETO 
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Figure 4.13. Apparent phase diagram of KETO-U syste m constructed using DSC 

technique 
 
 
 
PXRD 

It is possible that a single Tg might be obtained for a phase separated system(Lodge et 

al., 2006). Also the thermal treatment of the sample can have impact on the miscibility of 

the solid dispersion (Marsac et al., 2010; Rumondor et al., 2009). Thus thermal methods 

have limitations in establishing the physical form of the drug in a dispersion. PXRD 

technique can serve as a complimentary technique to DSC.  Pure KETO showed pattern 

of a crystalline substance with sharp peaks at 2θ values comparable to those reported in 

literature(Jachowicz et al., 2000). The diffractogram of KETO recrystallized from a melt 

was identical to that of neat KETO. 

KETO-PL 188 
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The KETO-PL 188 eutectic mixtures showed the presence of crystalline drug and 

crystalline carrier (Appendix figure C.6). There was no polymorphism observed for 

KETO. The CMs and the PMs had identical PXRD scans.  

KETO-SOLU 

The KETO-SOLU solid dispersions contained amorphous KETO except at 90% drug 

load (Figure 4.14 ). These observations were in agreement with the DSC results. By 

contrast the KETO SOLU PMs showed the presence of crystalline KETO at 10% drug 

load (Figure 4.15). PXRD results confirmed that SOLU matrix prevented the 

crystallization of KETO.  

KETO-U 

The diffractograms of neat and melt crystallized U were identical and exhibited the 

crystalline nature of U. As can be seen from figures 4.16 and 4.17, the KETO-U CMs 

and PMs showed identical PXRD patterns for drug loads >30%. PXRD did not show the 

presence of crystalline drug in the 10% and 30% CMs . The PMs for the KETO-U solid 

dispersions showed the presence of crystalline KETO even at the 30% drug load (Figure 

4.16). Surprisingly PXRD did not show the presence of KETO peaks in the 10% PM. 

This could be due to the limitation of the method. As seen in the discussion under DSC 

section the 10% PM did contain crystals of KETO. PXRD studies along with DSC data 

demonstrated that amorphous KETO precipitate was present in crystalline U.  

IR  

IR studies can be used to study the physical form of the components in the solid 

dispersion without temperature effects (Patterson 2005 ). Furthermore IR studies can 

also be used to study interactions between drug and carrier. The relevant IR peaks of  

KETO (Blasi et al., 2007), SOLU (Thakral et al., 2011), PL 188 (Ali et al., 2010) and U 

(Okonogi et al., 1997) are presented in table 4.1. Additionally the IR spectrum was 

obtained for amorphous KETO. It could be seen that the C=O peak underwent a blue 
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shift (shift to a higher wave number) in amorphous KETO.  Blue shift of the C=O bond on 

amorphization has been reported for other NSAIDS (Chan and Kazarian, 2006; Taylor 

and Zografi, 1997).  On amorphization the hydrogen bonding involving the C=O bond is 

reduced. This causes the KETO acid C=O bond to shift to a higher wavenumber.  

 
 
 

 

 

 
Figure 4.14. PXRD diffractograms of KETO-SOLU CMs 
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Figure 4.15. Comparison of PXRD diffractograms of 1 0% KETO-SOLU CM and PM. 

The  peaks of KETO which are seen in the PM  are marked.  
 
 
 

 

Figure 4.16. PXRD diffractograms of KETO-U CMs.  



 

159 

 

 

 
Figure 4.17. PXRD diffractograms of KETO-U PMs 

 
 
Table 4.1. IR peak assignments for KETO, PL 188, SO LU and U 

 
Compound  Wavenumber (cm -1) Assignment  

KETO 1655 

1695 

 

Benzoyl C=O 

Acid C=O of cyclic dimer 

 

Amorphous KETO 1655 

1703 

1737 (shoulder) 

Benzoyl C=O 

Acid C=O 

Non H bonded Acid C=O 

PL 188 1098 Ether C-O 

SOLU 1730 Ester C=O 

U 1676 C=O 
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Table 4.2. IR peak assignments for KETO solid dispe rsions and PMs 

 
System  Wavenumber (cm -1) Assignment  

KETO-PL 188 CM 30% 1655 

1696 

1098 

Benzoyl C=O 

Acid C=O of cyclic dimer 

Ether C-O 

KETO-PL 188 PM 30% 1655 

1696 

 

Benzoyl C=O 

Acid C=O of cyclic dimer 

 

KETO-SOLU 50 % CM 1654 

1728 

KETO Benzoyl C=O 

Non H bonded KETO Acid 

C=O 

KETO-SOLU 50 % PM 1654 

1695 

 

1730 (shoulder) 

KETO benzoyl C=O 

KETO acid C=O of cyclic 

dimer 

SOLU ester C=O 

KETO-U 30% CM 1654 

1676 

KETO benzoyl C=O 

U C=O 

KETO-U 30 % PM 1654 

1693 

Ester C=O 

 
 
 
KETO –PL 188 

There was no significant difference in the IR spectra comparing the CM and PM (Table 

4.2). The spectra were the weighted additions of the individual component spectra. 
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Similarity in  IR spectra of CMs and PMs has been reported for PL 188 based eutectic 

mixtures ( chapter 1 and chapter 2).  

KETO-SOLU 

The IR spectrum of 90% solid dispersion was similar to that of the corresponding PM. 

The IR spectra of systems containing 30 and 10 % KETO could not be used to make any 

logical conclusions. This was because the peaks of KETO were masked by those of 

SOLU. As seen from table 4.2 the spectra of the systems containing 50% KETO could 

be used to study the interactions between KETO and SOLU. The KETO acid C=O peak 

does not shift in the spectrum of the PM. This along with the DSC and PXRD data  

indicated the presence of crystalline KETO in PM. Interestingly the KETO acid C=O peak 

is not seen at 1695 cm-1 in the CM. Instead there is peak seen at 1728 cm-1. This is peak 

is most likely an overlap of KETO acid C=O peak  and SOLU C=O peak.  Had KETO 

been present as a crystalline form or as amorphous precipitate the acid C=O peak would 

have been visible in the range 1695-1703 cm-1. Such a shift to a higher wave number 

indicates the presence of non H bonded acid C=O group. Hence it is likely that KETO is 

present in the solid dispersion as molecularly dispersed non dimerized form. Thus the IR 

data along with the DSC data indicated the formation of a glass solution. The SOLU 

C=O band shifted to a lower wavenumber. This red shift could indicate that the SOLU 

C=O bond has at least to some extent hydrogen bonded with the KETO OH group. 

Yoshioka et al(Yoshioka et al., 1995) and Taylor and Zografi (Taylor and Zografi, 1998) 

have mentioned that hydrogen bonding between the drug and the carrier leads to 

increased stability of the solid dispersion.  

KETO-U 

As anticipated from the DSC and PXRD data the CMs and PMs containing more than 

30% KETO showed similar IR spectra for KETO-U systems. These spectra were the 

weighted additions of the individual component spectra. The KETO-U PM showed peaks 
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at 1654 cm-1 and 1693 cm-1. Thus KETO exists as a crystalline form in the 30% PM. The 

KETO acid C=O peak at 1693 cm-1 masks the U C=O peak at 1676 cm-1. The spectrum 

of the CM is a little different. The KETO U 30 % CM showed peaks at 1657 cm-1 and 

1675 cm-1. The KETO acid C=O peak at 1695 cm-1 is not seen.  It was realized in the 

current investigation that the intensity of amorphous KETO peak at 1703 cm-1  is lower 

than the crystalline KETO peak at 1695 cm-1. Based on the just mentioned observation 

the authors believe that the amorphous KETO peak was masked by the U C=O peak. 

Additionally, there was no change in the U spectrum which indicated the lack of H 

bonding. Based on IR, DSC and PXRD data it can be said that KETO precipitates in an 

amorphous form in crystalline U. In the 10% KETO U CM and PM the KETO peaks were 

masked by the U peaks. 

Solubility Studies 

The objective of the phase solubility studies was to establish the interaction between the 

carrier and drug in solution. Such interactions are helpful in elucidating the dissolution 

enhancement mechanism due to the solid dispersion formation. As can be seen from 

figure 4.18 (Appendix table C.2) the solubility of KETO increased in pH 7.2 with an 

increase carrier concentration. However the magnitude of effect each carrier has on the 

solubility of KETO is different. The increase was not exponential indicating that it was not 

a cosolvency effect. PL 188  is a well reported surfactant and has been shown to 

improve the solubility of large number of drugs (Strickley, 2004). SOLU has also been 

reported to have surfactant properties (Hughey et al., 2011; Nagy et al., 2011)  and that 

explained its ability to improve solubility. By contrast, U is not a surfactant but as 

mentioned by Jafari et al. (Jafari et al., 1988) and Okonogi et al. (Okonogi et al., 1997) 

hydrophilic small molecules like U can cause an improvement in drug solubility by 

hydrotropic effect. It can be clearly seen that PL 188  and SOLU were more effective in 
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increasing the solubility of KETO. It can be proposed that the presence of a hydrophobic 

segment in the carrier improves its solubilization capacity.  

 

 

 
Figure 4.18. Solubility of KETO in various carrier solutions at pH 7.2 

 
 
 

 
Dissolution Studies 

Dissolution studies were performed utilizing the Wood apparatus. As given in our 

previous study the relative apparent intrinsic dissolution rate (RAIDR) was used to 

understand the dissolution enhancement from the solid dispersions. The dissolution 

results are shown in figure 4.19 (Appendix table C.3).  

KETO-PL 188 

The KETO-PL 188 eutectic mixtures showed behavior similar to IBU-PL 188 eutectic 

mixtures. The 30% KETO dispersion showed the maximum RAIDR due to a combination 

of factors.  One of the main factor positively impacting drug dissolution was the Te of the 
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system which is 34.80°C. The drug dissolution enhancement decreases with an increase 

in PL 188 due to the gelling effect of the polymer. Surprisingly, at 10% drug load KETO 

and IBU (chapter 2) have the same AIDR value of 0.20 µg min-1 cm-2. Such similar 

dissolution values are obtained when the drug release is controlled by the carrier 

dissolution (Dubois and Ford, 1985). This further confirms our previous finding(chapter 

2) that at high PL 188 load (>90%w/w) drug dissolution is in fact controlled by PL 188 

release. 

 
 
 

 

 
Figure 4.19. RAIDR  of KETO in pH 7.2 at 37°C 

 
 
KETO-SOLU 

 As expected from the solid state and solubility data 10% SOLU was not sufficient to 

improve the dissolution of KETO. The 50% glass solution showed an improvement in 

drug dissolution compared to 90% solid dispersion (p<0.05). The presence of KETO in a 
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molecularly dispersed form increases its dissolution form SOLU glass solutions. In the 

case of glass solutions the energy barrier associated with dissolution of crystalline drug 

is not present and this leads to improved dissolution. Also a molecularly dispersed drug 

has a larger surface area than an amorphous precipitate or crystalline drug. Drug 

dissolution was further enhanced with an increase in SOLU content of the dispersion 

with the 10% dispersion showing the highest RAIDR. The increase was observed in 

spite of an increase in Tg (Figure 4.10) of the system. A higher Tg indicates lower 

mobility at a given temperature. This is turn indicates lower diffusion coefficient for the 

drug and hence lower dissolution rates. However in the current study SOLU wetting and 

solubilization effect was able to overcome the decrease in RAIDR due to increase in Tg.  

KETO-U 

U was not effective in improving the drug dissolution at amounts lower than 70% w/w. 

This was probably due to the low solubilization capacity of U and also due to the 

presence of KETO in its crystalline form. It was gathered from the apparent phase 

diagram that the apparent Te was around 55°C. This temperature was much higher than  

the dissolution medium temperature of 37°C and hence d id not aid in dissolution 

enhancement of KETO.  The 30% KETO-U solid dispersion displayed an improvement in 

KETO dissolution. This was mainly due to the amorphization of KETO at this ratio. Just 

like molecularly dispersed forms amorphous drugs have higher drug dissolution rate 

than the corresponding crystalline form. For the 10% KETO-U solid dispersion high 

flaking was observed on the surface of the pellet therefore, the AIDR could not be 

measured with accuracy. Based on the solid state and solubility results it is expected to 

have a higher AIDR than 30% KETO-U system.  

Comparison was made across the three types of solid dispersions using the drug load 

that resulted in the highest RAIDR in each case. Since the drug existed in different forms 

in the three dispersions an absolute comparison could not be made. However since the 
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aim of this work was to find the most suitable carrier for the formulation of KETO such a 

comparison can be justified. Thus 70% KETO-PL 188 , 10% KETO-SOLU and 30% 

KETO-U were selected.  Figure 4.20 shows some unexpected results.  First, the 

crystalline drug showed higher dissolution than molecularly dispersed and amorphous 

drug. Second, the dispersion containing the lowest percentage of carrier shows the best 

dissolution.  

 
 
 

 

Figure 4.20. Comparison of KETO RAIDR in pH 7.2 at 37°C. ǂ significantly different 
from 70% KETO-PL 188 (p<0.05),+ significantly different from 10% KETO-SOLU 
(p<0.05), * significantly different from 30% KETO-U (p<0.05) 

 
 
 
Although SOLU and PL 188 had similar solubilization potentials and KETO was present 

in molecularly dispersed form in SOLU glass solutions, the SOLU based dispersions 

were not as effective as eutectic mixtures. The slower dissolution of KETO in case of 

10% KETO SOLU glass solution could be due to the slow dissolution of SOLU. SOLU 

was shown to H bond with KETO. Such drug-polymer hydrogen bonding can reduce the 

ability of the polymer to absorb water and hence dissolve in water (Crowley and Zografi, 

2002; Puri et al., 2011). In the case of eutectic mixture the presence of a smaller amount 



 

167 

 

of carrier is sufficient to cause melting point depression but not sufficient to cause carrier 

controlled dissolution.  

U was least effective in enhancing KETO dissolution. There could be a number of 

causes supporting this result. As described by researchers(Konno and Taylor, 2006; Wu 

and Yu, 2006) there is possibility of conversion of amorphous drug to crystalline drug 

when exposed to the dissolution medium. This is more likely to be the case in the KETO 

U system since there is no hydrogen bonding between U and KETO-U had the lowest 

solubilization potential and the KETO-U system had high apparent eutectic temperature. 

Suzuki and Sunada (SUZUKI and SUNADA, 1997) have pointed out that the 

enhancement in drug dissolution is to a higher extent when the drug is soluble in the 

molten carrier. This could be another reason for the inferior performance of U compared 

to PL 188 and SOLU.  At times amorphous drugs exhibit a higher tendency to gel 

compared to crystalline drugs (Law et al., 2004) and this can lead to lower dissolution of 

amorphous form. Though gelling studies were beyond the scope of this work this effect 

cannot be disregarded. It could be hypothesized that 10% KETO-U system would result 

in the highest AIDR of KETO. However, due to the above mentioned reasons this seems 

unlikely. Also as seen later on in this investigation the utility of KETO-U solid dispersions 

is limited due to stability issues. In a study reported by Jafari et al  (Jafari et al., 1988) a 

comparison was made between PEG, U and polyvinylpyrrolidone. They reported the 

best dissolution enhancement for miconazole nitrate using  PEG and U as carriers. The 

reason for such an effect was the good solubilization potential of these two polymers 

compared to PVP. Their study along with ours might indicate that the solubilization 

potential and the eutectic temperature are primary factors influencing drug dissolution. 

The abovementioned discussion brings out the advantage of using PL 188 as a solid 

dispersion carrier. The conversion of solid eutectic mixture to molten form and its 

subsequent dissolution is a quicker process than release of molecularly dispersed or 
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amorphous KETO from carrier matrix. Also low amount of carrier is beneficial from a 

formulation standpoint since it reduces the bulk of the oral dosage form.  

Physical Stability Studies 

Physical stability of solid dispersions is still a concern and is the main reason for lack of 

solid dispersion containing formulations on the market .  Water is a known plasticizer 

and can affect the stability of glass solutions and amorphous dispersions. The moisture 

sorption profiles of the selected solid dispersions are given in figure 4.21. The 70% 

KETO-PL 188 absorbed about 0.1 % moisture. There was no change in powder 

properties at the end of the experiment. The KETO-SOLU dispersion absorbed 4.39% 

moisture at 70% RH.  At the end of the study though the dispersion sample contained 

almost 0% moisture it became hard and did not retain its free flowing nature.   The 

KETO-U solid dispersion absorbed about 13.8 % moisture at 70% RH. Also the 

dispersion retained about 12.3 % water after equilibrating at 0% RH on the desorption 

cycle.  Thus KETO-U dispersions were hygroscopic and the KETO-PL 188 eutectic 

mixtures were the least sensitive to moisture absorption.  

The water sorption studies indicated that storage of the solid dispersions at 0% RH was 

appropriate.   This is necessary for maintaining dissolution performance. Thus the solid 

dispersions were stored at 25°C and 0% RH for 180 days. The dissolution data after 

stability period is shown in figure 4.22 (Appendix table C.4). It can be seen that the 

RAIDR of KETO did not change in the PL 188 and SOLU dispersions. Contrastingly 

there was a significant reduction in the KETO RAIDR in case of U dispersion. To probe 

the reason for this decrease, solid state studies were conducted on the KETO-U system. 

The DSC and PXRD data showed the presence of crystalline KETO (figures 4.23 and 

4.24). Thus amorphous KETO converts to crystalline KETO in the U matrix and this 

causes a reduction in RAIDR. The low Tg of KETO and lack of hydrogen bonding 

between KETO and U could be a reason for this conversion. Based on the moisture 
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sorption and stability studies KETO-PL 188 eutectic mixture was the most physically 

stable system. 

 

Figure 4.21. Moisture absorption and desorption pro files of KETO solid 
dispersions at 25° C  

 
 
 

 

 
Figure 4.22. Comparison of KETO RAIDR after 180 day s, 25°C and 0% RH ( lighter 

bars indicate post stability results) 
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Figure 4.23. Comparison of 30% KETO-U DSC thermogra ms  

 
 
 

 

 

Figure 4.24. Comparison of 30% KETO-U PXRD scans  
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Conclusions 

The utility of PL 188 in forming eutectic mixtures with drug dissolution enhancement 

capabilities has been reported previously (chapter 1 and 2). The current research further 

emphasized  the advantages of using PL 188 based eutectic mixtures. The study 

involved comparison of KETO-PL 188 eutectic mixtures with two other solid dispersions. 

Solid state characterization techniques showed that KETO can form glass solutions and 

amorphous precipitates in SOLU and U respectively. PL 188 was the most effective in 

increasing the dissolution rate of KETO. The mechanism for such enhancement was a 

combination of solubilization potential and the eutectic temperature effect. Though KETO 

was present in high energy non crystalline forms in SOLU and U dispersions, these 

dispersions were not as effective as PL 188 eutectic mixtures. Another advantage 

associated with eutectic mixtures is the lower amount of carrier required for dissolution 

rate enhancement. This is particularly true when the Te of the system is lower than the 

body temperature.  The KETO-PL 188 eutectic mixtures were the most physically stable 

when exposed to moisture. Furthermore there was no reduction in the dissolution 

enhancement effect of PL 188 based eutectics after storage for 180 days at 25°C , 0% 

RH. Long term stability studies are needed to establish the advantage of PL 188 based 

eutectics in formulation of solid dosage forms. Nonetheless this study further highlights 

their utility in formulations for Phase 1 studies.  

 

 

 

 

 

 

 



 

172 

 

CHAPTER 5 

CONCLUSIONS OF THE THESIS 

PL 188 does form eutectic mixtures with drugs having diverse physicochemical 

properties. DSC along with HSM can be used to construct accurate experimental phase 

diagrams. PL 188 has a low ∆Sf  value and  can form type II eutectic mixtures with drugs 

which have high ∆Sf  values (e.g. IBU-S, LIDO, FLU ).  Such eutectic mixtures exhibit 

coupled growth and can enhance the dissolution rate of poorly water soluble drugs. The 

EC depends on the crystal energy of the drug. Drugs with low to moderate crystal 

energy have high drug load at EC and can be formulated as eutectic mixtures. Whereas 

drugs with high crystal energy have low drug load at EC and are challenging to formulate 

as eutectic mixtures unless they exhibit specific interaction with the carrier.  Lacoulonche 

et al’s model closely predicts the EC for drugs which exhibit no specific interactions such 

as IBU, KETO, etc. However its application is not straight forward when it comes to 

drugs showing specific interaction with the carrier and warrants the inclusion of ∆Wd,p 

term. Presence of such specific interactions can be shown by using IR spectroscopy. 

The observed interaction of hyrdroxy hydrogen of MA and ether oxygen of PL 188 was 

shown as a blue shift of the MA carbonyl band. A unique graphical method is proposed 

to measure the EC of drug PL 188 eutectics. The method requires less than 50 mg of 

the drug and can give an accurate estimate of the EC for drugs having specific 

interactions with PL 188. A eutectic mixture decision tree involving FTIR and DSC 

testing has been proposed for screening of drug candidates for eutectic mixture 

formation in the early phase of drug development. 

IBU can form eutectic mixtures with different types of poloxamers. The molecular weight 

and PEO content of the poloxamer has no effect on EC of the system. The Te of the 

system depends on the Tf of the poloxamer. Extensive solid state characterization using 

DSC, HSM, PXRD and IR showed the presence of crystalline IBU at drug loads as low 
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as 5%. CRM studies showed the phase separation of the drug and carrier across all 

zones and particle size reduction and reduced aggregation in zone E (0 to 20% drug 

load). 

The Wood apparatus was an effective tool in measuring the dissolution rate from IBU PL 

188 eutectics. Unexpectedly, drug dissolution was the most in zone B (60 to 80% drug 

load) and not in the zone E which is below the EC. The reason for drug dissolution 

enhancement in PL 188 eutectics was melting point depression of the drug. Thus the Te 

of the system is a major factor affecting drug dissolution from PL 188 eutectics. 

KETO a drug with intermediate crystallization tendencies was used to investigate the 

advantage of PL 188 as a eutectic mixture carrier. KETO-PL 188 solid dispersions were 

compared with KETO-SOLU and KETO-U solid dispersions. Solid state characterization 

techniques showed that KETO was present in molecular form and amorphous form 

when SOLU and U were used as carriers respectively. KETO PL 188 eutectic mixtures 

performed the best in the dissolution experiments. Also these systems were physically 

the most stable and did not show any alteration in dissolution properties after storage at 

25°C, 0% RH for 180 days.Thus the current dissertation brings out the advantages and 

applicability of eutectic mixtures for phase I clinical trial formulations. Based on the Te of 

the system suppository and liquid filled capsule formulations both seem to be a feasible 

approach for IBU-PL 188 eutectic mixtures. However, extensive formulation studies 

would be required before such suppository formulations can get on the market. 

Extension of the graphical method to eutectics of other polymers and formulation studies 

of IBU PL 188 suppositories would be topics worth considering as future studies. 

 

 

 

 



 

174 

 

REFERENCES 

Ahuja, N., Katare, O.P., Singh, B., 2007. Studies on dissolution enhancement and 
mathematical modeling of drug release of a poorly water-soluble drug using water-
soluble carriers. European Journal of Pharmaceutics and Biopharmaceutics 65, 26-38. 

Ali, W., Williams, A.C., Rawlinson, C.F., 2010. Stochiometrically governed molecular 
interactions in drug: poloxamer solid dispersions. Int J Pharm 391, 162-168. 

Allen Jr, L.V., Yanchick, V.A., Maness, D.D., 1977. Dissolution rates of corticosteroids 
utilizing sugar glass dispersions. Journal of Pharmaceutical Sciences 66, 494-497. 

Alonso, M., Maincent, P., Garcia-Arias, T., Vila-Jato, J., 1988. A comparative 
biopharmaceutical study of fresh and ageing tolbutamide-polyethyleneglycols solid 
dispersions. International Journal of Pharmaceutics 42, 27-33. 

Andrews, G.P., Zhai, H., Tipping, S., Jones, D.S., 2009. Characterisation of the thermal, 
spectroscopic and drug dissolution properties of mefenamic acid and polyoxyethylene–
polyoxypropylene solid dispersions. Journal of pharmaceutical sciences 98, 4545-4556. 

Attwood, D., Zhou, Z., Booth, C., 2007. Poly (ethylene oxide) based copolymers: 
solubilisation capacity and gelation. 

Avula, S., Alexander, K., Riga, A., 2010. Predicting eutectic behavior of drugs and 
excipients by unique calculations. Journal of thermal analysis and calorimetry 99, 655-
658. 

Badawi, H.M., Forner, W., 2010. Analysis of the infrared and Raman spectra of 
phenylacetic acid and mandelic (2-hydroxy-2-phenylacetic) acid. Spectrochimica Acta 
Part A: Molecular and Biomolecular Spectroscopy. 

Badens, E., Majerik, V., Horváth, G., Szokonya, L., Bosc, N., Teillaud, E., Charbit, G., 
2009. Comparison of solid dispersions produced by supercritical antisolvent and spray-
freezing technologies. International journal of pharmaceutics 377, 25-34. 

Baird, J., Taylor, L., 2010. Evaluation and modeling of the eutectic composition of 
various drug-polyethylene glycol solid dispersions. Pharmaceutical Development and 
Technology, 1-11. 

Bartsch, S., Griesser, U., 2004. Physicochemical properties of the binary system 
glibenclamide and polyethylene glycol 4000. Journal of thermal analysis and calorimetry 
77, 555-569. 

Benet, L.Z., Bhatia, V., Singh, P., Guillory, J.K., Sokoloski, T.D., 1966. Effect of inert 
tablet ingredients on drug absorption I. Effect of polyethylene glycol 4000 on the 
intestinal absorption of four barbiturates. Journal of Pharmaceutical Sciences 55, 63-68. 

Betageri, G., Makarla, K., 1995. Enhancement of dissolution of glyburide by solid 
dispersion and lyophilization techniques. International Journal of Pharmaceutics 126, 
155-160. 

Bhugra, C., Pikal, M.J., 2008. Role of thermodynamic, molecular, and kinetic factors in 
crystallization from the amorphous state. Journal of pharmaceutical sciences 97, 1329-
1349. 



 

175 

 

Bi, M., Hwang, S., Morris, K., 2003. Mechanism of eutectic formation upon compaction 
and its effects on tablet properties. Thermochimica Acta 404, 213-226. 

Bikiaris, D., Papageorgiou, G.Z., Stergiou, A., Pavlidou, E., Karavas, E., Kanaze, F., 
Georgarakis, M., 2005. Physicochemical studies on solid dispersions of poorly water-
soluble drugs:: Evaluation of capabilities and limitations of thermal analysis techniques. 
Thermochimica acta 439, 58-67. 

Blagden, N., de Matas, M., Gavan, P.T., York, P., 2007. Crystal engineering of active 
pharmaceutical ingredients to improve solubility and dissolution rates. Advanced Drug 
Delivery Reviews 59, 617-630. 

Blasi, P., Schoubben, A., Giovagnoli, S., Perioli, L., Ricci, M., Rossi, C., 2007. 
Ketoprofen poly (lactide-co-glycolide) physical interaction. AAPS PharmSciTech 8, 78-
85. 

Bley, H., Fussnegger, B., Bodmeier, R., 2010. Characterization and stability of solid 
dispersions based on PEG/polymer blends. International Journal of Pharmaceutics 390, 
165-173. 

Bogdanova, S., Pajeva, I., Nikolova, P., Tsakovska, I., Müller, B., 2005. Interactions of 
poly (vinylpyrrolidone) with ibuprofen and naproxen: Experimental and modeling studies. 
Pharmaceutical research 22, 806-815. 

Bowden, S., 1938. The phase rule and phase reactions: theoretical and practical. 
Macmillan. 

Breitenbach, J., Schrof, W., Neumann, J., 1999. Confocal Raman-spectroscopy: 
analytical approach to solid dispersions and mapping of drugs. Pharmaceutical research 
16, 1109-1113. 

Cal, K., Sollohub, K., 2010. Spray drying technique. I: Hardware and process 
parameters. J Pharm Sci 99, 575-586. 

Castro, S.G., Bruni, S.S., Lanusse, C.E., Allemandi, D.A., Palma, S.D., 2010. Improved 
Albendazole Dissolution Rate in Pluronic 188 Solid Dispersions. AAPS PharmSciTech, 
1-8. 

Chan, K.L.A., Kazarian, S.G., 2006. High-throughput study of poly (ethylene 
glycol)/ibuprofen formulations under controlled environment using FTIR imaging. Journal 
of Combinatorial Chemistry 8, 26-31. 

Chen, J., Qiu, L., Hu, M., Jin, Y., Han, J., 2008. Preparation, Characterization and In 
Vitro Evaluation of Solid Dispersions Containing Docetaxel. Drug development and 
industrial pharmacy 34, 588-594. 

Chen, Y., Zhang, G., Neilly, J., Marsh, K., Mawhinney, D., Sanzgiri, Y., 2004. Enhancing 
the bioavailability of ABT-963 using solid dispersion containing Pluronic F-68. 
International journal of pharmaceutics 286, 69-80. 

Chiou, W., 1977. Pharmaceutical applications of solid dispersion systems: X ray 
diffraction and aqueous solubility studies on griseofulvin polyethylene glycol 6000 
systems. Journal of pharmaceutical sciences 66, 989-991. 



 

176 

 

Chiou, W., Riegelman, S., 1971. Pharmaceutical applications of solid dispersion 
systems. Journal of pharmaceutical sciences 60, 1281-1302. 

Chiou, W.L., Niazi, S., 1971. Phase diagram and dissolution rate studies on sulfathiazole 
urea solid dispersions. Journal of Pharmaceutical Sciences 60, 1333-1338. 

Chiou, W.L., Riegelman, S., 1969. Preparation and dissolution characteristics of several 
fast release solid dispersions of griseofulvin. Journal of Pharmaceutical Sciences 58, 
1505-1510. 

Chokshi, R.J., Sandhu, H.K., Iyer, R.M., Shah, N.H., Malick, A.W., Zia, H., 2005. 
Characterization of physico mechanical properties of indomethacin and polymers to 
assess their suitability for hot melt extrusion processs as a means to manufacture solid 
dispersion/solution. Journal of pharmaceutical sciences 94, 2463-2474. 

Chokshi, R.J., Zia, H., Sandhu, H.K., Shah, N.H., Malick, W.A., 2007. Improving the 
dissolution rate of poorly water soluble drug by solid dispersion and solid solution-pros 
and cons. Drug Delivery 14, 33-45. 

Chutimaworapan, S., Ritthidej, G., Yonemochi, E., Oguchi, T., Yamamoto, K., 2000. 
Effect of water-soluble carriers on dissolution characteristics of nifedipine solid 
dispersions. Drug development and industrial pharmacy 26, 1141-1150. 

Collett, J., Flood, B., Sale, F., 1976. Some factors influencing dissolution from salicylic 
acid-urea solid dispersions. The Journal of pharmacy and pharmacology 28, 305. 

Corrigan, D.O., Healy, A.M., Corrigan, O.I., 2003. The effect of spray drying solutions of 
bendroflumethiazide/polyethylene glycol on the physicochemical properties of the 
resultant materials. International journal of pharmaceutics 262, 125-137. 

Corrigan, O., Murphy, C., Timoney, R., 1979. Dissolution properties of polyethylene 
glycols and polyethylene glycol-drug systems. International Journal of Pharmaceutics 4, 
67-74. 

Corrigan, O.I., 1985. Mechanisms of dissolution of fast release solid dispersions. Drug 
Development and Industrial Pharmacy 11, 697-724. 

Craig, D., 1990. Polyethyelene glycols and drug release. Drug Development and 
Industrial Pharmacy 16, 2501-2526. 

Craig, D., Newton, J., 1991a. Characterisation of polyethylene glycol solid dispersions 
using differential scanning calorimetry and solution calorimetry. International journal of 
pharmaceutics 76, 17-24. 

Craig, D., Newton, J., 1991b. Characterisation of polyethylene glycols using differential 
scanning calorimetry. International journal of pharmaceutics 74, 33-41. 

Craig, D., Newton, J., 1992. The dissolution of nortriptyline HCl from polyethylene glycol 
solid dispersions. International Journal of Pharmaceutics 78, 175-182. 

Craig, D.Q., 2002. The mechanisms of drug release from solid dispersions in water-
soluble polymers, Int J Pharm, Netherlands, pp. 131-144. 



 

177 

 

Craig, D.Q.M., Royall, P.G., Kett, V.L., Hopton, M.L., 1999. The relevance of the 
amorphous state to pharmaceutical dosage forms: glassy drugs and freeze dried 
systems. International journal of pharmaceutics 179, 179-207. 

Crowley, K.J., Zografi, G., 2002. Water vapor absorption into amorphous hydrophobic 
drug/poly (vinylpyrrolidone) dispersions. Journal of pharmaceutical sciences 91, 2150-
2165. 

Crowley, M.M., Zhang, F., Repka, M.A., Thumma, S., Upadhye, S.B., Battu, S.K., 
McGinity, J.W., Martin, C., 2007. Pharmaceutical applications of hot-melt extrusion: part 
I, Drug Dev Ind Pharm, United States, pp. 909-926. 

Cui, Y., Frank, S.G., 2006. Characterization of supersaturated lidocaine/polyacrylate 
pressure sensitive adhesive systems: Thermal analysis and FT IR. Journal of 
pharmaceutical sciences 95, 701-713. 

Damian, F., Blaton, N., Naesens, L., Balzarini, J., Kinget, R., Augustijns, P., Van den 
Mooter, G., 2000. Physicochemical characterization of solid dispersions of the antiviral 
agent UC-781 with polyethylene glycol 6000 and Gelucire 44/14. European Journal of 
Pharmaceutical Sciences 10, 311-322. 

Dinge, A., Nagarsenker, M., 2008. Formulation and evaluation of fast dissolving films for 
delivery of triclosan to the oral cavity. AAPS PharmSciTech 9, 349-356. 

Dodou, K., Saddique, W., Effect of manufacturing method on the in vitro drug release 
and adhesive performance of drug-in-adhesive films containing binary mixtures of 
ibuprofen with poloxamer 188. Pharmaceutical Development and Technology, 1-10. 

DORDUNOO, S.K., FORD, J.L., RUBINSTEIN, M.H., 1997. Physical stability of solid 
dispersions containing triamterene or temazepam in polyethylene glycols. Journal of 
pharmacy and pharmacology 49, 390-396. 

Dorset, D.L., 1990. Eutectic interactions between saturated and unsaturated chain 
cholesteryl esters: comparison of calculated and observed phase diagrams. Biochimica 
et Biophysica Acta (BBA) - Lipids and Lipid Metabolism 1046, 195-201. 

Du, J., Vasavada, R., 1993. Solubility and dissolution of etoposide from solid dispersions 
of PEG 8000. Drug development and industrial pharmacy 19, 903-914. 

Dubois, J., Ford, J., 1985. Similarities in the release rates of different drugs from 
polyethylene glycol 6000 solid dispersions. The Journal of pharmacy and pharmacology 
37, 494. 

Dudognon, E., Danède, F., Descamps, M., Correia, N.T., 2008. Evidence for a new 
crystalline phase of racemic ibuprofen. Pharmaceutical research 25, 2853-2858. 

Eihei, F., Midori, M., Shigeo, Y., 1989. Glassy State of Pharmaceuticals. III.: Thermal 
Properties and Stability of Glassy Pharmaceuticals and Their Binary Glass Systems. 
Chemical & pharmaceutical bulletin 37, 1047-1050. 

El Banna, H., Daabis, N., El fattah, S.A., 1978. Aspirin stability in solid dispersion binary 
systems. Journal of Pharmaceutical Sciences 67, 1631-1633. 



 

178 

 

Espitalier, F., Biscans, B., Laguerie, C., 1997. Particle design Part A: Nucleation kinetics 
of ketoprofen. Chemical Engineering Journal 68, 95-102. 

Etman, M., 2000. Praziquantel solid dispersions with polyethylene glycol and urea: 
Preparation, Characterization and in vitro dissolution. Alexandria journal of 
pharmaceutical sciences 14, 79-83. 

Fernández, M., Carmen Rodríguez, I., Margarit, M.V., Cerezo, A., 1992. 
Characterization of solid dispersions of piroxicam/polyethylene glycol 4000. International 
Journal of Pharmaceutics 84, 197-202. 

Fini, A., Moyano, J.R., Gines, J.M., Perez-Martinez, J.I., Rabasco, A.M., 2005. 
Diclofenac salts, II. Solid dispersions in PEG6000 and Gelucire 50/13. European journal 
of pharmaceutics and biopharmaceutics 60, 99-111. 

Fleisher, D., Bong, R., Stewart, B.H., 1996. Improved oral drug delivery: solubility 
limitations overcome by the use of prodrugs. Advanced Drug Delivery Reviews 19, 115-
130. 

Ford, J.L., 1986. The current status of solid dispersions. Pharm Acta Helv 61, 69-88. 

Ford, J.L., Elliott, P.N.C., 1985. The Effect of Particle Size on Some In-Vitro and In-Vivo 
Properties of Indomethacin-Polyethylene Glycol 6000 Solid Dispersions. Drug 
Development and Industrial Pharmacy 11, 537-549. 

Ford, J.L., Rubinstein, M.H., 1978. Phase equilibria and dissolution rates of 
indomethacin-polyethylene glycol 6000 solid dispersions. Pharm Acta Helv 53, 327-332. 

Ford, J.L., Rubinstein, M.H., 1980. Formulation and ageing of tablets prepared from 
indomethacin-polyethylene glycol 6000 solid dispersions. Pharm Acta Helv 55, 1-7. 

Ford, J.L., Stewart, A.F.,  Rubinstein, M.H., FORD, J.L., 1979. The assay and stability of 
chlorpropamide in solid dispersion with urea. Journal of Pharmacy and Pharmacology 
31, 726-729. 

Forster, A., Hempenstall, J., Tucker, I., Rades, T., 2001. Selection of excipients for melt 
extrusion with two poorly water-soluble drugs by solubility parameter calculation and 
thermal analysis. International journal of pharmaceutics 226, 147-161. 

Fricker, G., Kromp, T., Wendel, A., Blume, A., Zirkel, J., Rebmann, H., Setzer, C., 
Quinkert, R.O., Martin, F., Müller-Goymann, C., 2010. Phospholipids and lipid-based 
formulations in oral drug delivery. Pharm Res 27, 1469-1486. 

Garekani, H., Sadeghi, F., Badiee, A., Mostafa, S., Rajabi-Siahboomi, A.R., Rajabi-
Siahboomi, A., 2001. Crystal habit modifications of ibuprofen and their 
physicomechanical characteristics. Drug development and industrial pharmacy 27, 803-
809. 

Garekani, H.A., Ford, J.L., Rubinstein, M.H., Rajabi-Siahboomi, A.R., 1999. Formation 
and compression characteristics of prismatic polyhedral and thin plate-like crystals of 
paracetamol. International journal of pharmaceutics 187, 77-89. 

Ghanem, A., Meshali, M., Ibraheem, Y., 1980. Dissolution rates of sulfamethoxazole 
utilizing sugar glass dispersions. Journal of Pharmacy and Pharmacology 32, 675-677. 



 

179 

 

Goddeeris, C., Van den Mooter, G., 2008. Free flowing solid dispersions of the anti-HIV 
drug UC 781 with Poloxamer 407 and a maximum amount of TPGS 1000: Investigating 
the relationship between physicochemical characteristics and dissolution behaviour. 
European Journal of Pharmaceutical Sciences 35, 104-113. 

Goldberg, A., Gibaldi, M., Kanig, J., 1966. Increasing dissolution rates and 
gastrointestinal absorption of drugs via solid solutions and eutectic mixtures II: 
Experimental evaluation of a eutectic mixture: Urea acetaminophen system. Journal of 
pharmaceutical sciences 55, 482-487. 

Greenhalgh, D.J., Williams, A.C., Timmins, P., York, P., 1999. Solubility parameters as 
predictors of miscibility in solid dispersions. Journal of pharmaceutical sciences 88, 
1182-1190. 

Guillory, J.K., Hwang, S.C., Lach, J.L., 1969. Interactions between pharmaceutical 
compounds by thermal methods. Journal of Pharmaceutical Sciences 58, 301-308. 

Gupta, M.K., Tseng, Y.C., Goldman, D., Bogner, R.H., 2002. Hydrogen bonding with 
adsorbent during storage governs drug dissolution from solid-dispersion granules. 
Pharmaceutical research 19, 1663-1672. 

Hajratwala, B., Ho, D., 1984. Effect of aging on hydrocortisone—polyethylene glycol 
4000 and hydrocortisone—polyvinylpyrrolidone dispersions. Journal of pharmaceutical 
sciences 73, 1539-1541. 

Han, W., Bai, T.C., Zhu, J.J., 2009. Thermodynamic Properties for the Solid- Liquid 
Phase Transition of Silybin+ Poloxamer 188. Journal of Chemical & Engineering Data 
54, 1889-1893. 

Hancock, B.C., York, P., Rowe, R.C., 1997. The use of solubility parameters in 
pharmaceutical dosage form design. International Journal of pharmaceutics 148, 1-21. 

Hardung, H., Djuric, D., Ali, S., 2010. Combining HME & Solubilization: Soluplus®-The 
Solid Solution. Drug. Delivery Tech 10, 20-27. 

Hawley, A., Rowley, G., Lough, W., Chatham, S., 1992. Physical and chemical 
characterization of thermosoftened bases for molten filled hard gelatin capsule 
formulations. Drug development and industrial pharmacy 18, 1719-1739. 

Higuchi, W.I., 1967. Diffusional models useful in biopharmaceutics. Drug release rate 
processes. Journal of Pharmaceutical Sciences 56, 315-324. 

Hoelgaard, A., Moller, N., 1975. Solid dispersion systems of testosterone. Arch. Pharm. 
Chemi. Sci. Ed 3, 34–47. 

Hughey, J.R., Keen, J.M., Brough, C., Saeger, S., McGinity, J.W., 2011. Thermal 
Processing of a Poorly Water-Soluble Drug Substance Exhibiting a High Melting Point: 
The Utility of KinetiSol® Dispersing. International Journal of Pharmaceutics. 

Hulsmann, S., Backensfeld, T., Keitel, S., Bodmeier, R., 2000. Melt extrusion--an 
alternative method for enhancing the dissolution rate of 17beta-estradiol hemihydrate, 
Eur J Pharm Biopharm, Netherlands, pp. 237-242. 



 

180 

 

Hunt, J., Jackson, K., 1966. Binary eutectic solidification. Trans. Metallurg. Soc. AIME 
236, 843-852. 

Ignatious, F., Sun, L., Lee, C.P., Baldoni, J., 2010. Electrospun nanofibers in oral drug 
delivery. Pharm Res 27, 576-588. 

Ivanisevic, I., 2010. Physical stability studies of miscible amorphous solid dispersions. 
Journal of pharmaceutical sciences 99, 4005-4012. 

Jachowicz, R., 1987. Dissolution rates of partially water-soluble drugs from solid 
dispersion systems. II. Phenytoin. International journal of pharmaceutics 35, 7-12. 

Jachowicz, R., Nurnberg, E., Pieszczek, B., Kluczykowska, B., Maciejewska, A., 2000. 
Solid dispersion of ketoprofen in pellets. International journal of pharmaceutics 206, 13-
21. 

Jafari, M.R., Danti, A.G., Ahmed, I., 1988. Comparison of polyethylene glycol, 
polyvinylpyrrolidone and urea as excipients for solid dispersion systems of miconazole 
nitrate. International journal of pharmaceutics 48, 207-215. 

Jannin, V., Pochard, E., Chambin, O., 2006. Influence of poloxamers on the dissolution 
performance and stability of controlled-release formulations containing Precirol® ATO 5. 
International journal of pharmaceutics 309, 6-15. 

Janssens, S., Van den Mooter, G., 2009. Review: physical chemistry of solid 
dispersions. Journal of Pharmacy and Pharmacology 61, 1571-1586. 

Jinno, J., Oh, D., Crison, J.R., Amidon, G.L., 2000. Dissolution of ionizable water 
insoluble drugs: the combined effect of pH and surfactant. Journal of pharmaceutical 
sciences 89, 268-274. 

Johansson, A., Tegenfeldt, J., 1992. NMR study of crystalline and amorphous poly 
(ethylene oxide). Macromolecules 25, 4712-4715. 

Kabanov, A.V., Nazarova, I.R., Astafieva, I.V., Batrakova, E.V., Alakhov, V.Y., 
Yaroslavov, A.A., Kabanov, V.A., 1995. Micelle formation and solubilization of 
fluorescent probes in poly (oxyethylene-b-oxypropylene-b-oxyethylene) solutions. 
Macromolecules 28, 2303-2314. 

Karlsson, O., Stubbs, J., Karlsson, L., Sundberg, D., 2001. Estimating diffusion 
coefficients for small molecules in polymers and polymer solutions. Polymer 42, 4915-
4923. 

Kaur, R., Grant, D.J., Eaves, T., 1980. Comparison of polyethylene glycol and 
polyoxyethylene stearate as excipients for solid dispersion systems of griseofulvin and 
tolbutamide I: phase equilibria. J Pharm Sci 69, 1317-1321. 

Kesisoglou, F., Panmai, S., Wu, Y., 2007. Nanosizing -- Oral formulation development 
and biopharmaceutical evaluation. Advanced Drug Delivery Reviews 59, 631-644. 

Khalil, S.A.H., El-Fattah, S.A., Mortada, L.M., 1984. Stability and Dissolution Rates of 
Corticosteroids in Polyethylene Glycol Solid Dispersions. Drug Development and 
Industrial Pharmacy 10, 771-787. 



 

181 

 

Khan, G.M., Jiabi, Z., 1998. Preparation, characterization, and evaluation of 
physicochemical properties of different crystalline forms of ibuprofen. Drug development 
and industrial pharmacy 24, 463-471. 

Kocbek, P., Baumgartner, S., Kristl, J., 2006. Preparation and evaluation of 
nanosuspensions for enhancing the dissolution of poorly soluble drugs. International 
journal of pharmaceutics 312, 179-186. 

Konno, H., Taylor, L.S., 2006. Influence of different polymers on the crystallization 
tendency of molecularly dispersed amorphous felodipine. Journal of pharmaceutical 
sciences 95, 2692-2705. 

Kovacs, A., Gonthier, A., Straupe, C., 1975. Isothermal growth, thickening, and melting 
of poly (ethylene oxide) single crystals in the bulk. Wiley Online Library, pp. 283-325. 

Körner, A., Larsson, A., Andersson, Å., Piculell, L., 2010. Swelling and polymer erosion 
for poly (ethylene oxide) tablets of different molecular weights polydispersities. Journal of 
pharmaceutical sciences 99, 1225-1238. 

Lacoulonche, F., Chauvet, A., Masse, J., 1997. An investigation of flurbiprofen 
polymorphism by thermoanalytical and spectroscopic methods and a study of its 
interactions with poly-(ethylene glycol) 6000 by differential scanning calorimetry and 
modelling. International journal of pharmaceutics 153, 167-179. 

Lacoulonche, F., Chauvet, A., Masse, J., Egea, M., Garcia, M., 1998a. An investigation 
of FB interactions with poly (ethylene glycol) 6000, poly (ethylene glycol) 4000, and poly 
caprolactone by thermoanalytical and spectroscopic methods and modeling. Journal of 
pharmaceutical sciences 87, 543-551. 

Lacoulonche, F., Chauvet, A., Masse, J., Egea, M., Garcia, M., 1998b. An investigation 
of FB interactions with poly (ethylene glycol) 6000, poly (ethylene glycol) 4000, and poly-
&egr;-caprolactone by thermoanalytical and spectroscopic methods and modeling. 
Journal of pharmaceutical sciences 87, 543-551. 

Law, D., Krill, S.L., Schmitt, E.A., Fort, J.J., Qiu, Y., Wang, W., Porter, W.R., 2001. 
Physicochemical considerations in the preparation of amorphous ritonavir–poly (ethylene 
glycol) 8000 solid dispersions. Journal of pharmaceutical sciences 90, 1015-1025. 

Law, D., Schmitt, E.A., Marsh, K.C., Everitt, E.A., Wang, W., Fort, J.J., Krill, S.L., Qiu, Y., 
2004. Ritonavir–PEG 8000 amorphous solid dispersions: In vitro and in vivo evaluations. 
Journal of pharmaceutical sciences 93, 563-570. 

Law, D., Wang, W., Schmitt, E., Long, M., 2002. Prediction of poly (ethylene) glycol-drug 
eutectic compositions using an index based on the van't Hoff equation. Pharmaceutical 
research 19, 315-321. 

Law, D., Wang, W.L., Schmitt, E.A., Qiu, Y.H., Krill, S.L., Fort, J.J., 2003. Properties of 
rapidly dissolving eutectic mixtures of poly(ethylene glycol) and fenofibrate: The eutectic 
microstructure. Journal of Pharmaceutical Sciences 92, 505-515. 

Lerdkanchanaporn, S., Dollimore, D., Evans, S.J., 2001. Phase diagram for the mixtures 
of ibuprofen and stearic acid. Thermochimica acta 367, 1-8. 



 

182 

 

Leuner, C., Dressman, J., 2000. Improving drug solubility for oral delivery using solid 
dispersions. Eur J Pharm Biopharm 50, 47-60. 

Lheritier, J., Chauvet, A., Abramovici, B., Masse, J., 1995. Improvement of the 
dissolution kinetics of SR 33557 by means of solid dispersions containing PEG 6000. 
International journal of pharmaceutics 123, 273-279. 

Li, P., Hynes, S.R., Haefele, T.F., Pudipeddi, M., Royce, A.E., Serajuddin, A., 2009. 
Development of clinical dosage forms for a poorly water soluble drug II: Formulation and 
characterization of a novel solid microemulsion preconcentrate system for oral delivery 
of a poorly water soluble drug. Journal of pharmaceutical sciences 98, 1750-1764. 

Lima, Á.A.N., Soares Sobrinho, J.L., Silva, J.L., Corrêa Júnior, R.A.C., Lyra, M.A.M., 
Santos, F.L.A., Oliveira, B.G., Hernandes, M.Z., Rolim, L.A., Rolim Neto, P.J., The use 
of solid dispersion systems in hydrophilic carriers to increase benznidazole solubility. 
Journal of Pharmaceutical Sciences. 

Lipinski, C.A., 2000. Drug-like properties and the causes of poor solubility and poor 
permeability, J Pharmacol Toxicol Methods, United States, pp. 235-249. 

Liu, R., 2000. Water-insoluble drug formulation. Interpharm/CRC, Boca Raton. 

Lloyd, G., Craig, D., Smith, A., 1997a. An investigation into the melting behavior of 
binary mixes and solid dispersions of paracetamol and PEG 4000. Journal of 
pharmaceutical sciences 86, 991-996. 

Lloyd, G., Craig, D., Smith, A., 1997b. An investigation into the production of 
paracetamol solid dispersions in PEG 4000 using hot stage differential interference 
contrast microscopy. International journal of pharmaceutics 158, 39-46. 

Lloyd, G.R., Craig, D.Q., Smith, A., 1999. A calorimetric investigation into the interaction 
between paracetamol and polyethlene glycol 4000 in physical mixes and solid 
dispersions. Eur J Pharm Biopharm 48, 59-65. 

Lodge, T.P., Wood, E.R., Haley, J.C., 2006. Two calorimetric glass transitions do not 
necessarily indicate immiscibility: the case of PEO/PMMA. Journal of Polymer Science 
Part B: Polymer Physics 44, 756-763. 

Margarit, M.V., Rodríguez, I.C., Cerezo, A., 1994. Physical characteristics and 
dissolution kinetics of solid dispersions of ketoprofen and polyethylene glycol 6000. 
International Journal of Pharmaceutics 108, 101-107. 

Markovich, R.J., Anderson Evans, C., Coscolluela, C.B., Zibas, S.A., Rosen, J., 1997. 
Spectroscopic identification of an amorphous-to-crystalline drug transition in a solid 
dispersion SCH 48461 capsule formulation. Journal of pharmaceutical and biomedical 
analysis 16, 661-673. 

Marsac, P.J., Rumondor, A.C.F., Nivens, D.E., Kestur, U.S., Stanciu, L., Taylor, L.S., 
2010. Effect of temperature and moisture on the miscibility of amorphous dispersions of 
felodipine and poly (vinyl pyrrolidone). Journal of pharmaceutical sciences 99, 169-185. 



 

183 

 

Martinez-Oharriz, M., Martin, C., Rodríguez-Espinosa, C., Tros-Ilarduya, M., Zornoza, 
A., 1999. Influence of polyethylene glycol 4000 on the polymorphic forms of diflunisal. 
European journal of pharmaceutical sciences 8, 127-132. 

Mei, Z., Chen, H., Weng, T., Yang, Y., Yang, X., 2003. Solid lipid nanoparticle and 
microemulsion for topical delivery of triptolide. European journal of pharmaceutics and 
biopharmaceutics 56, 189-196. 

Miyako, Y., Khalef, N., Matsuzaki, K., Pinal, R., 2010. Solubility enhancement of 
hydrophobic compounds by cosolvents: role of solute hydrophobicity on the 
solubilization effect. Int J Pharm 393, 48-54. 

Moore, M., Wildfong, P., 2009. Aqueous Solubility Enhancement Through Engineering of 
Binary Solid Composites: Pharmaceutical Applications. Journal of Pharmaceutical 
Innovation 4, 36-49. 

Mura, P., Liguori, A., Bramanti, G., 1987. Preparation and dissolution characteristics of 
solid dispersions of ibuprofen in various polyethylene glycols. Il Farmaco; edizione 
pratica 42, 149. 

Mura, P., Manderioli, A., Bramanti, G., Ceccarelli, L., 1996. Properties of solid 
dispersions of naproxen in various polyethylene glycols. Drug Development and 
Industrial Pharmacy 22, 909-916. 

Nagy, Z.K., Balogh, A., Vajna, B., Farkas, A., Patyi, G., Kramarics, Á., Marosi, G., 2011. 
Comparison of electrospun and extruded soluplus®‐based solid dosage forms of 
improved dissolution. Journal of Pharmaceutical Sciences. 

Naima, Z., Siro, T., Juan-Manuel, G.D., Chantal, C., René, C., Jerome, D., 2001. 
Interactions between carbamazepine and polyethylene glycol (PEG) 6000: 
characterisations of the physical, solid dispersed and eutectic mixtures. European 
Journal of Pharmaceutical Sciences 12, 395-404. 

Najib, N., Suleiman, M., 1989a. Characterization of a diflunisal polyethylene glycol solid 
dispersion system. International Journal of Pharmaceutics 51, 225-232. 

Najib, N.M., Salem, M.S., 1987. Release of Ibuprofen from Polyethylene glycol solid 
dispersions:-Equilibrium solubility approach. Drug Development and Industrial Pharmacy 
13, 2263-2275. 

Najib, N.M., Suleiman, M.S., 1989b. The kinetics of dissolution of diflunisal and 
diflunisal-polyethylene glycol solid dispersion. International journal of pharmaceutics 57, 
197-203. 

Nepal, P.R., Han, H.K., Choi, H.K., 2010. Enhancement of solubility and dissolution of 
Coenzyme Q10 using solid dispersion formulation. International journal of pharmaceutics 
383, 147-153. 

Nernst, W., 1904. Theorie der Reaktionsgeschwindigkeit in heterogenen Systemen. Z. 
phys. Chem 47, 52–55. 



 

184 

 

Nerurkar, J., Beach, J., Park, M., Jun, H., 2005. Solubility of (±)-ibuprofen and S (+)-
ibuprofen in the presence of cosolvents and cyclodextrins. Pharmaceutical development 
and technology 10, 413-421. 

Newa, M., Bhandari, K., Oh, D., Kim, Y., Sung, J., Kim, J., Woo, J., Choi, H., Yong, C., 
2008. Enhanced dissolution of ibuprofen using solid dispersion with poloxamer 407. 
Archives of pharmacal research 31, 1497-1507. 

Newa, M., Bhandari, K.H., Li, D.X., Kwon, T.H., Kim, J., Yoo, B.K., Woo, J.S., Lyoo, 
W.S., Yong, C.S., Choi, H.G., 2007. Preparation, characterization and in vivo evaluation 
of ibuprofen binary solid dispersions with poloxamer 188. International journal of 
pharmaceutics 343, 228-237. 

Noyes, A., Whitney, W., 1897. The rate of solution of solid substances in their own 
solutions. Journal of the American Chemical Society 19, 930-934. 

Oberoi, L., Alexander, K., Riga, A., 2004. Evaluation of an index based on van't Hoff 
equation to predict PEG-drug eutectic composition. Journal of Thermal Analysis and 
Calorimetry 78, 83-89. 

Okonogi, S., Oguchi, T., Yonemochi, E., Puttipipatkhachorn, S., Yamamoto, K., 1997. 
Improved dissolution of ofloxacin via solid dispersion. International Journal of 
Pharmaceutics 156, 175-180. 

Oksanen, C.A., Zografi, G., 1990. The relationship between the glass transition 
temperature and water vapor absorption by poly (vinylpyrrolidone). Pharmaceutical 
research 7, 654-657. 

Ozeki, T., Yuasa, H., Kanaya, Y., 1997. Application of the solid dispersion method to the 
controlled release of medicine. IX. Difference in the release of flurbiprofen from solid 
dispersions with poly (ethylene oxide) and hydroxypropylcellulose and the interaction 
between medicine and polymers. International Journal of Pharmaceutics 155, 209-217. 

Pajula, K., Taskinen, M., Lehto, V.P., Ketolainen, J., Korhonen, O., 2010. Predicting the 
Formation and Stability of Amorphous Small Molecule Binary Mixtures from 
Computationally Determined Flory- Huggins Interaction Parameter and Phase Diagram. 
Molecular Pharmaceutics 7, 795-804. 

Palmieri, G., Antonini, I., Martelli, S., 1996. Characterization and dissolution studies of 
PEG 4000/fenofibrate solid dispersions. STP pharma sciences 6, 188-194. 

Paradkar, A., Ambike, A.A., Jadhav, B.K., Mahadik, K.R., 2004. Characterization of 
curcumin-PVP solid dispersion obtained by spray drying. Int J Pharm 271, 281-286. 

Passerini, N., Albertini, B., González-Rodríguez, M.L., Cavallari, C., Rodriguez, L., 2002. 
Preparation and characterisation of ibuprofen-poloxamer 188 granules obtained by melt 
granulation. European journal of pharmaceutical sciences 15, 71-78. 

Patterson, J.E., James, M.B., Forster, A.H., Lancaster, R.W., Butler, J.M., Rades, T., 
2007. Preparation of glass solutions of three poorly water soluble drugs by spray drying, 
melt extrusion and ball milling. International journal of pharmaceutics 336, 22-34. 



 

185 

 

Paudel, A., Van Humbeeck, J., Van den Mooter, G., 2010. Theoretical and Experimental 
Investigation on the Solid Solubility and Miscibility of Naproxen in Poly (vinylpyrrolidone). 
Molecular Pharmaceutics, 1281-1302. 

Podolinsky, V., Taran, Y., Drykin, V., 1989. Classification of binary eutectics. Journal of 
Crystal Growth 96, 445-449. 

Potthast, H., Dressman, J., Junginger, H., Midha, K., Oeser, H., Shah, V., Vogelpoel, H., 
Barends, D., 2005. Biowaiver monographs for immediate release solid oral dosage 
forms: Ibuprofen. Journal of pharmaceutical sciences 94, 2121-2131. 

Puri, V., Dantuluri, A.K., Bansal, A.K., 2011. Investigation of atypical dissolution behavior 
of an encapsulated amorphous solid dispersion. Journal of pharmaceutical sciences. 

Qian, F., Tao, J., Desikan, S., Hussain, M., Smith, R.L., 2007. Mechanistic investigation 
of Pluronic® based nano-crystalline drug-polymer solid dispersions. Pharmaceutical 
research 24, 1551-1560. 

Rai, U., Mandal, K., Singh, N., 1989. Thermochemical studies on organic eutectics and 
molecular complexes. Journal of Thermal Analysis and Calorimetry 35, 1687-1697. 

Rajewski, R.A., Stella, V.J., 1996. Pharmaceutical applications of cyclodextrins. 2. In 
vivo drug delivery. J Pharm Sci 85, 1142-1169. 

Ran, Y., Zhao, L., Xu, Q., Yalkowsky, S.H., 2001. Solubilization of cyclosporin A. AAPS 
PharmSciTech 2, E2. 

Rastogi, R.P., Rastogi, V.K., 1969. Mechanism of eutectic crystallization. II. Journal of 
Crystal Growth 5, 345-353. 

Reddy, R.K., Khalil, S.A., Gouda, M.W., 1976. Dissolution characteristics and oral 
absorption of digitoxin and digoxin coprecipitates. Journal of Pharmaceutical Sciences 
65, 1753-1758. 

Repka, M.A., Battu, S.K., Upadhye, S.B., Thumma, S., Crowley, M.M., Zhang, F., Martin, 
C., McGinity, J.W., 2007. Pharmaceutical applications of hot-melt extrusion: Part II, Drug 
Dev Ind Pharm, United States, pp. 1043-1057. 

Repka, M.A., Majumdar, S., Kumar Battu, S., Srirangam, R., Upadhye, S.B., 2008. 
Applications of hot-melt extrusion for drug delivery. Expert Opin Drug Deliv 5, 1357-
1376. 

Rogers, J., Anderson, A., 1982. Physical characteristics and dissolution profiles of 
ketoprofen-urea solid dispersions. Pharm Acta Helv 57, 276Y281. 

Rouchotas, C., Cassidy, O., Rowley, G., 2000. Comparison of surface modification and 
solid dispersion techniques for drug dissolution* 1. International journal of pharmaceutics 
195, 1-6. 

Rubino, J.T., Yalkowsky, S.H., 1987. Cosolvency and deviations from log-linear 
solubilization. Pharm Res 4, 231-236. 



 

186 

 

Rumondor, A.C.F., Marsac, P.J., Stanford, L.A., Taylor, L.S., 2009. Phase behavior of 
poly (vinylpyrrolidone) containing amorphous solid dispersions in the presence of 
moisture. Molecular Pharmaceutics 6, 1492-1505. 

Saers, E.S., Craig, D.Q.M., 1982. An investigation into the mechanisms of dissolution of 
alkyl p-aminobenzoates from polyethylene glycol solid dispersions. International Journal 
of Pharmaceutics 83, 211-219. 

Savchenko, P., 1959. The nature of eutectics. Russ J Inorg Chem 4, 186-189. 

Save, T., Venkitachalam, P., 1992. Studies on solid dispersions of nifedipine. Drug 
Development and Industrial Pharmacy 18, 1663-1679. 

Savolainen, M., Herder, J., Khoo, C., Lövqvist, K., Dahlqvist, C., Glad, H., Juppo, A.M., 
2003. Evaluation of polar lipid-hydrophilic polymer microparticles. International journal of 
pharmaceutics 262, 47-62. 

Schmid, S., Muller-Goymann, C., Schmidt, P., 2000. Interactions during aqueous film 
coating of ibuprofen with Aquacoat ECD. International journal of pharmaceutics 197, 35-
39. 

Schmolka, I.R., 1977. A review of block polymer surfactants. Journal of the American Oil 
Chemists' Society 54, 110-116. 

Schmolka, I.R., 1991. A comparison of block copolymer surfactant gels. Journal of the 
American Oil Chemists' Society 68, 206-209. 

Schmolka, I.R., Tarcha, P., 1991. Poloxamers in the pharmaceutical industry. CRC 
Press, Boca Raton, FL. 

Schubert, M., Müller-Goymann, C., 2003. Solvent injection as a new approach for 
manufacturing lipid nanoparticles-evaluation of the method and process parameters. 
European journal of pharmaceutics and biopharmaceutics 55, 125-131. 

Sekiguchi, K., Obi, N., 1961. Studies on absorption of eutectic mixture .1. Comparison of 
behavior of eutectic mixture of sulfathiazole and that of ordinary sulfathiazole in man. 
Chemical & Pharmaceutical Bulletin 9, 866-68. 

Sekiguchi, K., Obi, N., Ueda, Y., 1964. Studies on absorption of eutectic mixture. II. 
Absorption of fused conglomerates of chloramphenicol and urea in rabbits. Chemical & 
pharmaceutical bulletin 12, 134. 

Serajuddin, A.T., 1999. Solid dispersion of poorly water-soluble drugs: early promises, 
subsequent problems, and recent breakthroughs. J Pharm Sci 88, 1058-1066. 

Serajuddin, A.T., 2007. Salt formation to improve drug solubility. Adv Drug Deliv Rev 59, 
603-616. 

Sethia, S., Squillante, E., 2002. Physicochemical characterization of solid dispersions of 
carbamazepine formulated by supercritical carbon dioxide and conventional solvent 
evaporation method. Journal of pharmaceutical sciences 91, 1948-1957. 

Sethia, S., Squillante, E., 2003. Solid dispersions: revival with greater possibilities and 
applications in oral drug delivery. Crit Rev Ther Drug Carrier Syst 20, 215-247. 



 

187 

 

Sethia, S., Squillante, E., 2004a. In vitro–in vivo evaluation of supercritical processed 
solid dispersions: Permeability and viability assessment in Caco 2 cells. Journal of 
pharmaceutical sciences 93, 2985-2993. 

Sethia, S., Squillante, E., 2004b. Solid dispersion of carbamazepine in PVP K30 by 
conventional solvent evaporation and supercritical methods. Int J Pharm 272, 1-10. 

Shah, J.C., Chen, J.R., Chow, D., 1995. Preformulation study of etoposide: II. Increased 
solubility and dissolution rate by solid-solid dispersions. International journal of 
pharmaceutics 113, 103-111. 

Shah, T.J., Amin, A.F., Parikh, J.R., Parikh, R.H., 2007. Process optimization and 
characterization of poloxamer solid dispersions of a poorly water-soluble drug. AAPS 
PharmSciTech 8, 18-24. 

Shaw, L.R., Irwin, W.J., Grattan, T.J., Conway, B.R., 2005. The effect of selected water-
soluble excipients on the dissolution of paracetamol and ibuprofen. Drug development 
and industrial pharmacy 31, 515-525. 

Sheth, A.R., Bates, S., Muller, F.X., Grant, D.J.W., 2004. Polymorphism in piroxicam. 
Crystal growth & design 4, 1091-1098. 

Sheu, M.T., YEH, C.M.I.N., Sokoloski, T., 1994. Characterization and dissolution of 
fenofibrate solid dispersion systems. International journal of pharmaceutics 103, 137-
146. 

Shin, S.C., Cho, C.W., 1997. Physicochemical characterizations of piroxicam-poloxamer 
solid dispersion. Pharmaceutical Development and Technology 2, 403-407. 

Sivert, A., Bérard, V., Andrès, C., 2010. New binary solid dispersion of indomethacin 
with surfactant polymer: From physical characterization to in vitro dissolution 
enhancement. Journal of pharmaceutical sciences 99, 1399-1413. 

Six, K., Berghmans, H., Leuner, C., Dressman, J., Van Werde, K., Mullens, J., Benoist, 
L., Thimon, M., Meublat, L., Verreck, G., 2003a. Characterization of solid dispersions of 
itraconazole and hydroxypropylmethylcellulose prepared by melt extrusion, part II. 
Pharmaceutical research 20, 1047-1054. 

Six, K., Murphy, J., Weuts, I., Craig, D.Q.M., Verreck, G., Peeters, J., Brewster, M., Van 
den Mooter, G., 2003b. Identification of phase separation in solid dispersions of 
Itraconazole and Eudragit® E100 using microthermal analysis. Pharmaceutical research 
20, 135-138. 

Smikalla, M.M., Urbanetz, N.A., 2007. The influence of povidone K17 on the storage 
stability of solid dispersions of nimodipine and polyethylene glycol. European Journal of 
Pharmaceutics and Biopharmaceutics 66, 106-112. 

Smith, P., Pennings, A., 1974. Eutectic crystallization of pseudo binary systems of 
polyethylene and high melting diluents. Polymer 15, 413-419. 

Smith, P., Pennings, A., 1976. Eutectic solidification of the pseudo binary system of 
polyethylene and 1, 2, 4, 5-tetrachlorobenzene. Journal of Materials Science 11, 1450-
1458. 



 

188 

 

Sollohub, K., Cal, K., 2010. Spray drying technique: II. Current applications in 
pharmaceutical technology. J Pharm Sci 99, 587-597. 

Stegemann, S., Leveiller, F., Franchi, D., de Jong, H., Lindén, H., 2007. When poor 
solubility becomes an issue: from early stage to proof of concept. Eur J Pharm Sci 31, 
249-261. 

Stella, V.J., Nti-Addae, K.W., 2007. Prodrug strategies to overcome poor water solubility. 
Advanced Drug Delivery Reviews 59, 677-694. 

Stott, P., Williams, A., Barry, B., 1998. Transdermal delivery from eutectic systems: 
enhanced permeation of a model drug, ibuprofen. Journal of Controlled Release 50, 
297-308. 

Strickley, R.G., 2004. Solubilizing excipients in oral and injectable formulations. Pharm 
Res 21, 201-230. 

Suzuki, H., Sunada, H.,  1997. Comparison of nicotinamide, ethylurea and polyethylene 
glycol as carriers for nifedipine solid dispersion systems. Chemical & pharmaceutical 
bulletin 45, 1688-1693. 

Suzuki, H., Sunada, H., 1998. Some factors influencing the dissolution of solid 
dispersions with nicotinamide and hydroxypropylmethylcellulose as combined carriers. 
Chemical and pharmaceutical bulletin 46, 1015-1020. 

Sánchez-Soto, P.J., Ginés, J.M., Rabasco, A.M., Justo, A., Pérez Rodríguez, J.L., 1990. 
Thermal study of diazepam-poly(ethylene glycol) 6000 solid dispersions. Thermochimica 
Acta 158, 225-234. 

Taylor, L.S., Zografi, G., 1997. Spectroscopic characterization of interactions between 
PVP and indomethacin in amorphous molecular dispersions. Pharmaceutical research 
14, 1691-1698. 

Taylor, L.S., Zografi, G., 1997. Spectroscopic characterization of interactions between 
PVP and indomethacin in amorphous molecular dispersions. Pharmaceutical research 
14, 1691-1698. 

Taylor, L.S., Zografi, G., 1998. Sugar–polymer hydrogen bond interactions in lyophilized 
amorphous mixtures. Journal of pharmaceutical sciences 87, 1615-1621. 

Thakkar, A.L., Hirsch, C.A., Page, J.G., 1977. Solid dispersion approach for overcoming 
bioavailability problems due to polymorphism of nabilone, a cannabinoid derivative. 
Journal of Pharmacy and Pharmacology 29, 783-784. 

Thakral, N.K., Ray, A.R., Bar-Shalom, D., Eriksson, A.H., Majumdar, D.K., 2011. 
Soluplus-Solubilized Citrated Camptothecin—A Potential Drug Delivery Strategy in 
Colon Cancer. AAPS PharmSciTech, 1-8. 

Thomas, E., Rubino, J., 1996. Solubility, melting point and salting-out relationships in a 
group of secondary amine hydrochloride salts. International journal of pharmaceutics 
130, 179-185. 

Thümmler, S., Höhne, D., Husemann, K., 2008. Preparation of defined bulk densities for 
using the capillary rise method in the case of fine powders. Granular Matter 10, 309-314. 



 

189 

 

Unga, J., Matsson, P., Mahlin, D., 2010. Understanding polymer-lipid solid dispersions--
The properties of incorporated lipids govern the crystallisation behaviour of PEG. 
International journal of pharmaceutics 386, 61-70. 

Unga, J., Tajarobi, F., Norder, O., Frenning, G., Larsson, A., 2009. Relating solubility 
data of parabens in liquid PEG 400 to the behaviour of PEG 4000-parabens solid 
dispersions. European Journal of Pharmaceutics and Biopharmaceutics 73, 260-268. 

Urbanetz, N.A., 2006. Stabilization of solid dispersions of nimodipine and polyethylene 
glycol 2000. European journal of pharmaceutical sciences 28, 67-76. 

Van den Mooter, G., Augustijns, P., Blaton, N., Kinget, R., 1998. Physico-chemical 
characterization of solid dispersions of temazepam with polyethylene glycol 6000 and 
PVP K30. International Journal of Pharmaceutics 164, 67-80. 

Van Krevelen, D.W., Hoftyzer, P.J., 1976. Properties of polymers, their estimation and 
correlation with chemical structure. Elsevier Scientific Pub. Co., Amsterdam; New York. 

Vasanthavada, M., Tong, W.Q., Joshi, Y., Kislalioglu, M.S., 2005. Phase behavior of 
amorphous molecular dispersions II: Role of hydrogen bonding in solid solubility and 
phase separation kinetics. Pharmaceutical research 22, 440-448. 

Vasconcelos, T., Sarmento, B., Costa, P., 2007. Solid dispersions as strategy to improve 
oral bioavailability of poor water soluble drugs. Drug Discov Today 12, 1068-1075. 

Verheyen, S., Blaton, N., Kinget, R., Van den Mooter, G., 2004. Pharmaceutical 
performance of solid dispersions containing poly (ethylene glycol) 6000 and diazepam or 
temazepam. Journal of thermal analysis and calorimetry 76, 405-416. 

Vippagunta, S.R., Wang, Z., Hornung, S., Krill, S.L., 2007. Factors affecting the 
formation of eutectic solid dispersions and their dissolution behavior. J Pharm Sci 96, 
294-304. 

Vélaz, I., Sánchez, M., Martín, C., Martínez-Ohárriz, M., 1998. Effect of PEG 4000 on 
the dissolution rate of naproxen. European journal of drug metabolism and 
pharmacokinetics 23, 103-108. 

Weuts, I., Kempen, D., Decorte, A., Verreck, G., Peeters, J., Brewster, M., Van den 
Mooter, G., 2005a. Physical stability of the amorphous state of loperamide and two 
fragment molecules in solid dispersions with the polymers PVP-K30 and PVP-VA64. 
European journal of pharmaceutical sciences 25, 313-320. 

Weuts, I., Kempen, D., Decorte, A., Verreck, G., Peeters, J., Brewster, M., Van den 
Mooter, G., 2005a. Physical stability of the amorphous state of loperamide and two 
fragment molecules in solid dispersions with the polymers PVP-K30 and PVP-VA64. 
European journal of pharmaceutical sciences 25, 313-320. 

Weuts, I., Kempen, D., Verreck, G., Decorte, A., Heymans, K., Peeters, J., Brewster, M., 
Mooter, G.V.d., 2005b. Study of the physicochemical properties and stability of solid 
dispersions of loperamide and PEG6000 prepared by spray drying. European Journal of 
Pharmaceutics and Biopharmaceutics 59, 119-126. 



 

190 

 

Wong, J., Brugger, A., Khare, A., Chaubal, M., Papadopoulos, P., Rabinow, B., Kipp, J., 
Ning, J., 2008. Suspensions for intravenous (IV) injection: a review of development, 
preclinical and clinical aspects. Adv Drug Deliv Rev 60, 939-954. 

Wong, S., Kellaway, I., Murdan, S., 2006. Enhancement of the dissolution rate and oral 
absorption of a poorly water soluble drug by formation of surfactant-containing 
microparticles. International journal of pharmaceutics 317, 61-68. 

Wood, J.H., Syarto, J.E., Letterman, H., 1965. Improved holder for intrinsic dissolution 
rate studies. Journal of Pharmaceutical Sciences 54, 1068-1068. 

Wu, T., Yu, L., 2006. Surface crystallization of indomethacin below T g. Pharmaceutical 
research 23, 2350-2355. 

Yalkowsky, S.H., 1981. Solubility and partitioning V: Dependence of solubility on melting 
point. Journal of Pharmaceutical Sciences 70, 971-973. 

Yang, R., Wang, Y., Zheng, X., Meng, J., Tang, X., Zhang, X., 2008. Preparation and 
evaluation of ketoprofen hot-melt extruded enteric and sustained-release tablets. Drug 
development and industrial pharmacy 34, 83-89. 

Yener, G., Üner, M., Gönüllü, Ü., Yildirim, S., Kiliç, P., Aslan, S.S., Barla, A., 2010. 
Design of Meloxicam and Lornoxicam Transdermal Patches: Preparation, Physical 
Characterization, ex Vivo and in Vivo Studies. Chemical & pharmaceutical bulletin 58, 
1466-1473. 

York, P., 1983. Solid-state properties of powders in the formulation and processing of 
solid dosage forms. International Journal of Pharmaceutics 14, 1-28. 

Yoshioka, M., Hancock, B.C., Zografi, G., 1995. Inhibition of indomethacin crystallization 
in poly (vinylpyrrolidone) coprecipitates. Journal of pharmaceutical sciences 84, 983-
986. 

Yu, L.X., Carlin, A.S., Amidon, G.L., Hussain, A.S., 2004. Feasibility studies of utilizing 
disk intrinsic dissolution rate to classify drugs. International journal of pharmaceutics 
270, 221-227. 

Zajc, N., Sr i , S., 2004. Binary melting phase diagrams of nifedipine-PEG 4000 and 
nifedipine-mannitol systems. Journal of Thermal Analysis and Calorimetry 77, 571-580. 

Zallen, R., Wiley, J., 1983. The physics of amorphous solids. Wiley Online Library. 

Zerrouk, N., Chemtob, C., Arnaud, P., Toscani, S., Dugue, J., 2001. In vitro and in vivo 
evaluation of carbamazepine-PEG 6000 solid dispersions. International journal of 
pharmaceutics 225, 49-62. 

Zhu, Q., Taylor, L.S., Harris, M.T., 2010. Evaluation of the Microstructure of 
Semicrystalline Solid Dispersions. Molecular Pharmaceutics  7, 1291-1300. 

 

 

 



 

191 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

192 

 

APPENDIX A 

PHASE DIAGRAMS USED IN CHAPTER 2 

Abbreviation 

sd (standard deviation) 

 

 
 
Figure A.1. Experimental phase diagram of IBU-S 
 
 
 

 
 
Figure A.2. Experimental phase diagram of LIDO 



 

193 

 

 
 

Figure A.3. Experimental phase diagram of GUA  
 
 
 

 
 

 
Figure A.4. Experimental phase diagram of MA (diamonds indicate DSC data while 

triangles indicate HSM data) 
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Figure A.5. Experimental phase diagram of FL 
 
 
 

 
 
Figure A.6. Experimental phase diagram of NIMO  
 
 
 



 

195 

 

 
 
Figure A.7. Experimental phase diagram of CME 
 
 
 

 
 
Figure A.8. Experimental phase diagram of NAP  
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Figure A.9. Experimental phase diagram of ITR 
 
 
 

 
 

Figure A.10. Theoretical phase diagram of IBU  
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Figure A.11. Theoretical phase diagram of IBU-S 
 
 
 

 
 
Figure A.12. Theoretical phase diagram of LIDO  
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Figure A.13. Theoretical phase diagram of GUA 
 
 
 

 
 
Figure A.14. Theoretical phase diagram of FLU  



 

199 

 

 
 
Figure A.15. Theoretical phase diagram of MA 
 
 
 

 
 

Figure A.16. Theoretical phase diagram of NIMO  
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Figure A.17. Theoretical phase diagram of CME 
 
 
 

 
 
Figure A.18. Theoretical phase diagram of NAP  
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Figure A.19. Theoretical phase diagram of ITR 
 
 
 

 

 
 
Figure A.20. Theoretical phase diagram of ML  
 
 



 

 

 
Figure A.21. Experimental and theoretical phase dia gram (circles) of KETO

Diamonds indicate
 
 
 

Figure A.22. Experimental phase diagram of AC
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Figure A.21. Experimental and theoretical phase dia gram (circles) of KETO
Diamonds indicate DSC values and triangles indicate HSM values

 
Figure A.22. Experimental phase diagram of AC E 

 

 

Figure A.21. Experimental and theoretical phase dia gram (circles) of KETO . 
DSC values and triangles indicate HSM values 
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Figure A.23. Theoretical phase diagram of ACE 
 
 
 

 
 

Figure A.24. Experimental  phase diagram of PI  
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Figure A.25. Theoretical phase diagram of PI  
 
 
 

 
 
Figure A.26. TGA of ML at 5° C/min 
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Figure A.27. TGA of ML at 20° C/min 
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Table A.1. Properties of drugs used to prepare Tabl e 2.2 

 

 

 

 

 

 

 

 

 

 

 

 

Drug δ ∆δ tg °C  tg K Tf ° C  Tf K  tg/tm ∆H(j/g) ∆H(j/mol) ∆S ∆S/R 

IBU-S 19 -3.25 -38.71 234.44 51.32 324.47 0.72253 99.34 20460 63.0566 7.58439 

IBU 19 -3.25 -43.71 229.44 76.45 349.6 0.65629 140.2 23440 67.0480 8.06447 

GUA 25.85 3.6 -24.43 248.72 78.25 351.4 
0.70779

7 187.5 43910 124.957 15.0297 
LIDO 20.7 -1.55 -60 213.15 68.28 341.43 0.62428 69.19 16210 47.4767 5.71046 
KETO 21.99 -0.26 -1.45 271.7 95.33 368.48 0.73735 110.3 28050 76.1235 9.15606 

FLU 20.744 -1.506 -4.31 268.84 114.14 387.2 0.69415 112.6 27500 71.0062 8.54056 
NIMO 20.7 -1.55 13 286.15 125.43 398.5 0.71792 95.4 39900 100.105 12.0405 
CME 24.75 2.5 46.52 319.67 141.62 414.7 0.77071 166.4 41990 101.236 12.1766 

ACE  -22.25 16.3 289.45 153.12 426.2 0.67903 130.4 46190 108.358 13.0332 
NAP 24.88 2.63 6 279.15 156.6 429.75 0.64956 147.9 34050 79.2321 9.52996 
ITRA 21.6 -0.65 59.25 332.4 168.8 441.9 0.75212 91.53 64590 146.147 17.5785 

PI 22.4 0.15 -2.61 270.54 201.47 474.6 0.57001 113.3 37540 79.0948 9.51345 
ML 21.07 -1.18 - -! 257 530.15 - 203.1 27690 52.2305 6.28223 
MA 25.99 3.74 - #- 119.9 393.05 - 153.9 23420 59.58529 7.166862 

PL 188 22.25 0 -62 211.15 52.79 325.94 
0.64781

9  1248240 3829.662 460.6281 
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APPENDIX B 

SOLID STATE AND DISSOLUTION DATA USED IN CHAPTER 3 

Abbreviation 

sd (standard deviation) 

 
 
 

 
 

Figure B.1. TGA scan of 50% IBU PL 188 CE (showing less than 0.5% weight loss) 
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Table B.1. PXRD intensities of IBU (at 2 θ = 16.6°) and PL 188 (at 2 θ = 23.45°) peaks 
in the IBU PL 188 systems used to calculate % cryst allinity.  

 
A B C-CM 

IBU %w/w  16.671° 23.45° A/B 

10% 1129.81 6677.08 0.169207 

30% 2569.01 7115.24 0.361057 

50% 9421.01 3385.29 2.782926 

70% 3162.74 2055 1.539046 

90% 3789.14 1038.88 3.647332 

A B C-PM 

IBU % w/w  16.671° 23.45° A/B 

10% 1267.75 7189.6 0.176331 

20% 2077.79 5460 0.380548 

30% 8204.62 2631.08 3.118347 

70% 4470.83 2906.31 1.538318 

90% 5725.51 1464.46 3.909639 

 
Table  B.2. Ratios indicating crystallinity of IBU PL 188 CM (calculated using above 

table) 
 

Crystallinity = C -CM/C-PM  

95.95993479 

94.87837375 

89.24361797 

100.0473166 

93.29075388 
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Table B.3. Transmittance values in % at IBU “C=O” b and and PL 188 “C-O” band 
used to compare the amount of crystalline IBU in CM  and PM. 

 
CM 

  

PM 

C=O 

band at 

1700 cm -1 

C-O  

Band at 

1100 cm -1 

(%TC=O / 

%TC-O-C) 

C=O band 

at 

1700 cm -1 

C-O-C 

Band at 

1100 cm -

1 

(%TC=O / 

%TC-O-C) 

90% 47.66 62.33 0.764 49.55 68.69 0.721 

70% 62.9 34.31 1.833 54.2 32.81 1.651 

50% 68.89 26.02 2.647 74.75 21.49 3.478 

30% 87.67 18.39 4.767 92.05 18.39 5.005 

10% 93.81 14.16 6.625 93.41 11.93 7.829 

5% 94.51 13.29 7.111 94.81 11.1 8.541 

 
 
 
Table B.4.Solubility of IBU in PL 188 solutions at various pH values  
 

% w/v pH 7.2 sd pH4.5 sd 0.1N HCl sd 

0 0.022982 8.41E-05 0.0002808 0.00013 0.000117 2.11E-05 

0.8 0.025301 0.000944 0.0004387 8.56E-05 0.000139 6.85E-05 

3.1 0.026608 0.002688 0.0039969 0.000134 0.002088 0.000263 

7.2 0.036635 0.004988 0.0108762 0.000649 0.008746 0.000512 

12 - - 0.0280097 0.003119 0.016558 0.002438 

16.8 0.05863 0.002158 0.0359726 0.003398 0.02564 0.000228 
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Table B.5. Solubilities of IBU PL 188 CM, CE and PM  at pH 7.2 
 

 

CM sd CE sd PM sd 

0 0.022982 8.41E-05 0.022982 8.41E-05 0.022982 8.41E-05 

0.8 0.02133 0.003345 0.015998 0.001503 0.016967 0.003878 

3.1 0.0223 0.004315 0.023269 0.001018 0.020361 0.00446 

7.2 0.030056 0.004751 0.032965 0.004218 0.029571 0.001018 

16.8 0.044115 0.004896 0.049932 0.001697 0.046539 0.00286 

 
 
 
Table B.6. Solubility of IBU in different polymers solutions at pH 7.2 
 

% w/v PL 188 sd 

PEG 

4000 sd 

PEG 

8000 sd  

0 0.022982 8.41E-05 0.022982 8.41E-05 0.022982 8.41E-05 

0.8 0.025301 0.000944 0.027678 0.001518 0.025578 0.000717 

3.1 0.026608 0.002688 0.027084 0.00135 0.026133 0.000518 

7.2 0.036635 0.004988 0.034281 0.001655 0.030849 0.001315 

16.8 0.05863 0.002158 0.045917 0.001084 0.039885 0.00061 

% w/v PL237 sd PL 407 sd PL338 sd 

0 0.022982 8.41E-05 0.022982 8.41E-05 0.022982 8.41E-05 

0.8 0.022764 0.000247 0.028693 0.002496 0.019713 0.000238 

3.1 0.046384 0.002712 0.032553 0.004708 0.039924 0.004089 

7.2 0.05978 0.002905 0.065237 0.0076 0.062514 0.009864 

10 0.072065 0.003235 0.084856 0.001637 0.075157 0.006023 
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Table B.7. AIDR and NAIDR of IBU from PL 188 CMs at  pH 7.2 
 

% PL 188 AIDR sd NAIDR sd  

10 0.238075 0.015454 0.264525 0.017141 

30 1.4897 0.0842 2.1279 0.1201 

50 1.011033 0.020054 2.016667 0.040277 

70 0.5366 0.019545 1.788967 0.064631 

90 0.1986 0.00965 1.985967 0.096551 

 
 
 
Table B.8. AIDR of IBU from IBU PL  188 systems 
 

% PL 188 PL188 sd PL188PM sd PL188CE sd 

10 1.389002 0.090164 1.298911 0.049612 1.331583 0.055961 

30 8.691365 0.491249 7.836639 1.113468 7.998833 0.400915 

50 5.898678 0.116999 6.55387 0.317182 6.505251 0.452551 

70 3.130688 0.114031 2.376896 0.09512 3.160249 0.150365 

90 1.158693 0.056302 1.138273 0.036912 1.141385 0.034517 

 
 
 
Table B.9. AIDR of IBU from IBU PL 188 CMs at vario us pH values 
 

% PL 

188 pH 7.2 sd pH4.5 sd pH4.5 sd 

10 1.389002 0.090164 1.400641 0.182495 1.36 0.074833 

30 8.691365 0.491249 60.81731 0.721154 80.31 0.99 

50 5.898678 0.116999 50.54808 0.548077 65.08667 0.735089 

70 3.130688 0.114031 41.69712 1.168269 55.62667 2.423514 

90 1.158693 0.056302 21.61538 0.855769 35.13333 4.970133 
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Table. B.10. Comparison of AIDR of IBU at 37°C and 25°C 
 

37° C  PL188 sd PL407 sd PL237 sd PL338 sd 

8.6913 0.49124 3.48264 0.1678 7.4397 0.3715 2.2419 0.18334 

25°C  PL188 sd PL407 sd PL237 sd PL338 sd 

6.0013 0.02486 4.0181 0.1999 5.3708 0.0545 3.1169 0.13371 

 
 
 

Table B.11. AIDR of IBU from IBU PL 188 and IBU PEG  8000 CMs 
 

% Polymer  PL188 sd PEG8000 sd 

10 1.389002 0.090164 1.214508 0.048114 

30 8.691365 0.491249 1.348308 0.10746 

50 5.898678 0.116999 0.994749 0.054145 

70 3.130688 0.114031 2.061649 0.16655 

90 1.158693 0.056302 3.176585 0.367267 

 
 
 
Table B.12. AIDR of IBU from IBU PL 188 systems aft er  180 days of storage at 

25°C 
 

% PL 188 PL188 sd PL 188 180 Days  sd  

10 0.2380 0.015454 0.2329 0.005612 

30 1.4897 0.0842 1.4440 0.032638 

50 1.0110 0.020054 1.0553 0.03765 

70 0.5366 0.019545 0.5343 0.039553 

90 0.1986 0.00965 0.2003 0.012838 
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Figure B.2. HSM photomicrographs at 25°C of IBU-PL 188 CMs 
 
 
 

 
Figure B.3. SEM photomicrographs of IBU-PL 188 CMs  



 

 

 
Figure B.4. Raman spectra of IBU and PL 188
 
 
 

Figure B.5 . CRM data used to image IBU and PL 188 in IBU
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Raman spectra of IBU and PL 188  

 
 

. CRM data used to image IBU and PL 188 in IBU - PL 188 CMs

 

 

PL 188 CMs (zone E) 
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Figure B.6. CRM data used to image IBU and PL 188 i n IBU- PL 188 CMs (zone D)  
 
 
 
 

 
 
Figure B.7. CRM data used to image IBU and PL 188 i n IBU- PL 188 CMs (zone C) 
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Figure B.8. CRM data used to image IBU and PL 188 i n IBU- PL 188 CMs (zone B)  
 
 
 
 

 
 
Figure B.9. CRM data used to image IBU and PL 188 i n IBU- PL 188 CMs (zone A)  
 
 
 
 
 



 

217 

 

APPENDIX C 

SOLID STATE AND DISSOLUTION DATA USED IN CHAPTER 4 

Abbreviation 

sd (standard deviation) 

 
 
 
Table C.1. Theoretical and Experimental T g values of KETO SOLU glass systems 
 

% KETO Theoretical Tg  Experimental Tg  

0 348.33 348.33 

2.5 346.18 344.39 

5 344.04 342.18 

10 339.80 339.65 

20 331.46 320.39 

30 323.31 315.55 

40 315.32 305.65 

50 307.50 290.86 

60 299.85 284.9 

70 292.35 272.33 

80 285.01 272.21 

90 277.82 271.74 

95 274.27 271.54 

97.5 272.51 269.58 

100 270.77 270.77 
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Table C.2. Solubility of KETO in various carrier so lutions at pH 7.2 
 

% w/v PL 188 sd SOLU sd U sd  

0.08 12.24425 0.25 13.25 0.01 12.49946 0.001 

0.31 17.24425 0.398 18.25 0.458 13.25 0.21 

0.72 18.0176 0.258 21.35 0.958 13.65 0.258 

1 22.025 0.658 24.125 0.258 13.023 0.02 

1.68 25.02 0.858 27.25 0.756 17.25 0.125 

 
 
 
Table C.3. AIDR of KETO from various solid dispersi ons at pH 7.2 
 

% 

Carrier SOLU sd PL 188 sd U sd  

10 1.047959 0.023236 1.042101 0.037784 1.047959 0.023236 

30 10.17843 0.442969 0.983616 0.026966 

50 3.10704 0.096701 6.696753 0.33708 1.285076 0.048853 

70 3.561414 0.066886 4.08589 0.049244 3.02681 0.349248 

90 4.509284 0.187475 0.601529 0.056184 

 
 
 
Table. C.4. AIDR of KETO after storage at 0% RH, 25 °C and 180 days 
 

0 days  

PL188 sd SOLU sd U sd 

10.17843 0.442969 4.509284 0.187475 3.02681 0.349248 

180 days  

9.532023 0.48 4.709097 0.21 2.001874 0.2 
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Figure C.1. HSM photomicrographs of KETO -SOLU CMs  
 
 
 

 
 

Figure C.2. HSM photomicrographs of KETO- U CMs 
 
 
 

 
 

Figure C.3. DSC thermogram of SOLU (not desiccated)  
 



 

 

 
Figure C.4. DSC thermogram of U
 
 
 

 
Figure C.5. DSC thermograms of KETO
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Figure C.4. DSC thermogram of U  

Figure C.5. DSC thermograms of KETO -U CMs 
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Figure C.6. PXRD diffractograms of KETO- PL 188 CMs  
 
 
 
 
 

 


