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Abstract  

Amorphous solid dispersion is one of the techniques used for enhancing dissolution 

rate of drugs with low aqueous solubility.   The physical stability of the amorphous 

solid dispersion is the main challenge for their formulation development and 

commercialisation by pharmaceutical industry.    The aims of the project were to 

prepare amorphous solid solution of a poorly aqueous soluble drug using different 

molecular weight mixtures of PEG and PEG mixed with other polymers such as PVP 

and poloxamers, the formulations were prepared using melt method, solvent 

evaporation and quench cooled from melt method.   Also, to find a system with 

controlled instability to study the impact of various features on the stability of the 

formulation.   A series of physicochemical characterisation techniques were used to 

evaluate the different formulations such as XRPD, VT XRPD, DSC, dissolution and 

microscopy.   The cooling temperature of the formulation from melt has a great 

impact on forming amorphous CBZ in PEG mixture.    PEG 300 did show the ability 

to reduce the crystallinity in the other PEG used and to reduce the enthalpy of CBZ 

recrystallisation which indicates that less crystals been formed.   The higher the PEG 

concentration in the formulation, the more stable the CBZ amorphous form.   The 

best performing formulations in terms of controlling the recrystallisation of the CBZ 

from melt were the PEG 4000 and 6000 mixed with PEG 300, but their dissolution 

profile was not as good as the formulations with one PEG.   The substitution of just 

5% of PEG weight with PVP did show an increase in CBZ amorphous form stability.   

The quench cooling method did not show any decomposition of CBZ and that was 

proven by the HPLC method used.    

CBZ amorphous solid solution can be achieved by formulating the drug with PEG 

using melt method and the addition of secondary polymer such as PVP to the 

formulation at low concentration can inhibit the CBZ recrystallisation from the 

glassy/ liquid state and increases CBZ physical stability.  
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Chapter 1 Introduction  

1.1 General introduction 

In drug administration routes, oral administration is the most popular and common 

method for drug administration because it is convenient, relatively safe and 

inexpensive (Florence, 2011).   The major drawback for this route is the low 

bioavailability, which depends on drug aqueous solubility, drug permeability, 

dissolution rate, first-pass metabolism, and presystemic metabolism (Savjani et al., 

2012).   For orally administered drugs to appear in the blood stream and have a 

therapeutic effect, the drug has to go through a dissolution process and then 

permeation across the gastric membrane.   In recent years, the number of potential 

active pharmaceutical ingredients (API) has increased very quickly as a result of the 

use of combinatorial chemistry and high throughput screening (Sarode et al., 2012).   

These new APIs have problems hindering their development and commercialisation 

into effective drugs due to showing low aqueous solubility, which will have an 

impact on the dissolution rate and hence their bioavailability (Sinha et al., 2010).   

According to the Biopharmaceutics Classification System (BCS) drugs are divided 

into four different classes according to their solubility and permeability (Amidon et 

al., 1995).   Butler and colleague did propose a revised version of the BCS system 

which is designed to focus more on drug developability such as intestinal solubility 

and permeability in the small intestine and an estimate of the particle size needed to 

overcome dissolution rate limited absorption were all considered in the revised 

system which been named as developability classification system (DCS) (refer to 

Figure 1.1-1).   Most of these discovered drugs are of class II where the solubility is 

very low but they exhibit high permeability (Butler and Dressman, 2010).  The figure 

below was reproduced from Butler and Dressman, 2010.   
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Figure 1.1-1 DCS drug classification 

 

Solubility is the ability of a substance to dissolve in a solvent, in this situation 

aqueous systems are the most relevant.   Solubility measurements of a drug can be 

divided into four groups (Box et al., 2009):  

¶ Equilibrium solubility (also known as thermodynamic solubility) is the 

concentration of a drug in a saturated solution when excess solid is present in 

the solution and both (solution and solid) are in equilibrium.   It can be 

measured using the shake flask method. 

¶ Intrinsic solubility is the equilibrium solubility of the drug at a pH where it is 

fully un-ionised.   It can be measured using potentiometric acid/base titration. 

¶ Supersaturated solutions contain excess neutral species in solution, which 

will carry on precipitating until the system reaches equilibrium.    

¶ Kinetic solubility is the concentration of a drug in a super-saturated solution 

when induced precipitation first appears.   The precipitation can be measured 

using light scattering. 
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Dissolution can be defined as the process by which a solid solute enters into a 

solution in the presence of solvent (Beyssac et al., 2005).   Solubility is a 

thermodynamic process while dissolution is a kinetic process.   The dissolution rate 

of a solute in a solvent is directly proportional to its solubility, as described by the 

Noyes-Whitney equation (Noyes and Witney, 1897): 

                                           Equation 1-1 

 

dM/dt is the rate of mass transfer, D is the diffusion coefficient (cm2/s), A is the 

surface area of the drug (cm2), h is the static boundary layer (cm), Cs is the saturation 

solubility of the drug, Ct is the concentration of the drug at time (t).   There are lots 

of factors which will affect the solubility and the dissolution of a drug such as the 

temperature, the pressure, different polymorphic forms and the polarity of the solute 

and solvent (Kansara et al., 2015).    

The solubility and the dissolution rate of a drug can be improved by physically 

modifying the solid material such as decreasing the particle size of the powder, 

which will increase the surface area for dissolution, the use of surfactant or 

cyclodextrin, co-solvent, the use of the amorphous form of the drug and solid 

dispersion (Kansara et al., 2015).   These methods have disadvantages, such as poor 

control of the particle size distribution in the sample and surfactants suffers from 

adsorption of the drug formulation at the container wall either during manufacturing 

or storage which will affect the potency and the stability of the drug formulation 

(Florence, 2011).   Therefore, there is the need to develop a good, reliable and 

efficient technique to improve solubility of poorly soluble aqueous drugs and to 

enhance their bioavailability.   Solid dispersion has gained a good reputation as a 

platform technology for the formulation of poorly-soluble drugs.   Solid dispersion 

technology has been successfully applied to develop formulations with a high drug 

loading and containing drugs with a high tendency to crystallise, besides there are a 
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few drugs that have been approved and are on the market such Gris-pegTM, NorvirTM 

and SporanoxTM (Huang et al., 2014).     

There are many different methods can be used to prepare solid dispersion 

formulations such as co-precipitation, kneading, electrospinning and lyophilisation 

(Nikghalb et al., 2012).    

1.2 Crystalline and amorphous solids 

Solid drugs can be broadly divided in two categories: crystalline and amorphous 

forms.   In the crystalline form the drug molecules are held together by non-covalent 

bond in a highly ordered repeated unit.   The crystal form can be subdivided by 

polymorphism (the ability of a drug substance to exist in more than one structural 

arrangement), co-crystals (drug molecules mixed with other crystals to form a single 

phase materials), solvate and hydrates (they are crystalline solid adducts containing 

either stoichiometric or nonstoichiometric amounts of a solvent/ water incorporated 

within the crystal structure) (Florence, 2011).  

These different crystal forms of an API solid can have different chemical and 

physical properties such as melting point, apparent solubility, and dissolution rate.   

These properties can have a direct impact on performance of drug products, such as 

stability, dissolution, and bioavailability.   The disadvantages of these crystal forms 

are: for the polymorph the most thermodynamically stable form is the least soluble 

and the metastable form is more soluble but less stable.   The metastable form can 

revert to the more stable form during storage or due to environmental conditions 

(Vippagunta et al., 2001).    

Amorphous form has no long range ordering of molecules (as shown in Figure 1.2-1) 

which have a rigid structure and wide range of dissolving temperature.   The 

solubility and stability of amorphous drug is different from the crystalline form.   

Amorphous solids have higher energy state than the crystalline form, which makes 

them thermodynamically unstable, and in favour of changing to more stable 

crystalline form during storage.   Besides, the type of drug solid will have an effect 

on the solid dispersion dissolution behaviour as the dissolution of amorphous drug is 

higher than the crystalline form. 
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Figure 1.2-1 Crystalline, polymorph and amorphous arrangement 

1.3 Solid dispersions 

Solid dispersions can be described as the dispersion of one or more hydrophobic 

API(s) in a hydrophilic carrier.   The carrier used in this process can be either 

crystalline (e.g. mannitol) or amorphous (e.g. polymers) and the drug can be 

dispersed in the carrier molecularly, in amorphous state or in crystalline particles 

(Varma et al., 2012).   Solid dispersions can be divided into three categories: eutectic 

mixtures, solid solutions and glass suspensions (Sinha et al., 2010).    

1.3.1 Eutectic mixtures 

A eutectic mixture consists of two compounds (A and B) they are miscible in the 

liquid state but not moderately in the solid state.   At a particular composition of A 

and B the eutectic point can be reached where the melting point of this composition 

is the lowest compared to any mixture of A and B and both compounds will 

crystallise simultaneously when cooled whereas at any other composition the 

components begin to crystallise consecutively (Figure 1.3-1).   The advantages of the 

solid eutectic mixture are low processing temperature and a reduction in the particle 

sizes of A and B, hence, the increased surface area of the drug crystals which will 

enhance the dissolution of the eutectic mixture compared to the dissolution of A and 

B alone.   Griseofulvin and succinic acid eutectic mixture was prepared as a solid 

dispersion by Chiou and colleague and showed an increase in the dissolution rate of 

griseofulvin from the formulation (Chiou and Niazi, 1976).    
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Figure 1.3-1 Eutectic mixture 

1.3.2 Solid solution  

In a solid solution, the drug will be molecularly dissolved in a good water-soluble 

solid carrier.   The drug particle size has to be reduced and the dissolution rate will 

be determined by the dissolution rate of the carrier (Leuner and Dressman, 2000).   

Solid solutions can be divided into sub groups according to the drug and carrier 

miscibility (continuous and discontinuous) and the API distribution within the matrix 

(crystalline and amorphous solid solution) as shown in Table 1.3-1 (Leuner and 

Dressman, 2000): 
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Table 1.3-1 Solid solution sub groups 

Group  

Continuous solid solution: The components of the solid dispersion are miscible 

at any composition in the solid state.    

Discontinuous solid 

solution 

The solubility of each of the components in each 

other is limited above certain temperature.    

Crystalline solid solution This section can be divided into two categories:  

¶ substitutional :The API molecules occupy 

crystal lattice sites, the miscibility can be 

continuous or discontinuous.  

¶ Interstitial: the API molecules can occupy the 

interstitial spaces in the crystal lattice, the 

miscibility can only de discontinuous.  

Amorphous solid solution The API is distributed irregularly within the 

amorphous solvent 

 

As an example griseofulvin dispersed in PEG 4000 and 2000 (1:1) did show an 

increase in dissolution rate, also indomethacin dispersed in PEG 6000 did produce a 

faster dissolution rate and this is due to the formation of interstitial solid solution 

(Chiou and Riegelman, 1971).   

1.3.3 Glass suspension 

Glass suspension is when the amorphous drug is suspended in a homogeneous 

system with the matrix, which has a glass forming consistency (Shah et al., 2013).   

An example of this would be Griseofulvin in the citric acid glass suspension obtained 

from melt and this formulation did show an increase in dissolution rate Chiou and 

Riegelman, 1971).     
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1.3.4 Solid dispersion 

This is the dispersion of an API in an inert carrier in the solid state prepared by 

solvent or melting method.   Crystalline and amorphous solid dispersions can be 

produced.    

A crystalline solid dispersion is prepared by dispersing crystalline drug in an 

amorphous carrier.    This technique can be used for controlled drug release profile 

for fast soluble drug (Shah et al., 2013).   The API in this technique is stable but the 

dissolution rate does not hugely increase compared to the pure API.    

An amorphous solid dispersion is prepared by cooling of the drug-polymer melt at a 

rate that does not allow recrystallisation of the drug but the drug remains immiscible 

with the carrier.   The advantage of this technique is the increase in the dissolution 

rate of the API; on the other hand, the amorphous API can revert back during storage 

or manufacturing to the stable crystalline form (Shah et al., 2013).    

1.4 Methods of preparing solid dispersion  

The most common routes for solid dispersion preparation are: fusion method, solvent 

evaporation, spray drying and hot melt extrusion (Nikghalb et al., 2012).    

1.4.1 Fusion (melting) method 

The method consists of the dispersion of an API in a matrix by melting using a 

physical mixture at eutectic composition followed by a cooling step.   The matrix can 

be either crystalline or amorphous, the most common matrix used are urea, 

cyclodextrin and polymers.   It is a very simple method; solvent free and only simple 

equipment is needed.   (Shah et al., 2013)   The first solid dispersion made using this 

method was the dispersion of Sulphathiazole in urea (Sekiguchi and Obi., 1961).  

This method can only be used when drug and matrix are compatible and can be 

mixed well when heated to form a homogeneous solid dispersion.   When the drug- 

matrix is cooled, the miscibility changes and separation can occur, which will affect 

the formulation, dissolution and stability.   The use of this method can be affected by 
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the degradation of the drug or matrix if they are thermally unstable during the 

melting step. 

1.4.2 Solvent evaporation  

In this technique, the API and the polymer are dissolved in a solvent and then the 

solvent will be removed to produce a thin solvent free film and then dried as shown 

in Figure 1.4-1.   The solvent should have the ability to dissolve both ingredients and 

to be removed completely using many methods such as freeze-drying and spray 

drying. 

It is a useful technique in producing solid dispersion when other techniques fail (such 

as the hot melt extrusion technique) due to thermal issues but the main drawback of 

this technique is the solvent used has to be pharmaceutically acceptable and safe as 

some solvent residues can stay in the formulation.   These residues can have adverse 

effects on the chemical stability of the API and on the patient health, it is also, 

considered to be an expensive technique (Sridhar et al., 2013).   The first formulation 

prepared using this method was the formation of molecularly dispersed ȸ-carotene in 

polyvinylpyrrolidone (PVP) and chloroform was used as the solvent (Tachibana and 

Nakamura, 1965).    

 

 

Figure 1.4-1 Solvent evaporation process 



 

25 

 

1.4.3 Spray drying  

The spray drying technique transforms a liquid sample into dry particles by passing 

the liquid through hot gas as shown in Figure 1.4-2.   This process consists of four 

steps: 

1. Feed preparation: the feed should be homogenous and free from impurities.   

It can be solution, suspension or emulsion. 

2. Atomization/droplet formation and hot gas contact: in this step the liquid is 

dispersed into fine droplets using two fluid nozzles, pressure nozzles, rotary 

disk atomizer or ultrasonic nozzles.   The atomizer type is selected according 

to the rate of the feed and its nature also, on the required droplets size.   

(drying chamber in Figure 1.4-2) 

3. Evaporation, particle shape formation and drying: The hot drying gas will 

evaporate the droplets.   The morphology of the particles depends on the 

solvent, sample composition, flow rate of the drying gas and the temperature.   

The hot drying gas used is air but nitrogen is used when oxygen-free drying is 

required. 

4. Separation of the dried product from the gas: The particles are separated from 

the gas by passing them into a cyclone.   The fine particles will sediment after 

hitting the cyclone wall.    

Spray drying technique is a rapid, robust and continuous process.   It is very useful in 

controlling particle size, shape and morphology of the solid dispersion by altering the 

spray drying conditions.   Also, the particles produced do not require additional 

process before tableting (Douroumis, 2013).    

The disadvantage of this technique is that the drug and the polymer require a volatile 

solvent, which may leave some residue in the final product (Shah et al., 2013).    
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Figure 1.4-2 Spray drying technique 

The figure above was reproduced from Akers et al., 2014 

 

1.4.4 Hot melt extrusion (HME) 

HME process can be defined as melting a mixture of API and carriers and forcing 

them through an orifice under controlled conditions to form a new material.   HME 

involves the compaction and conversion of blends from a powder or a granular mix 

into a product of uniform shape. 

The process involves four steps: (see Figure 1.4-3)  

1. Feeding: feeding of the extruder through a hopper with the API and the 

polymer previously weighed according to the formulation prepared.    

2. Mixing: A conveying and kneading system for mixing the API with the 

carrier (polymer) to reduce particle size. 

3. Extrusion: a die system for forming the extrudates.  

4. Downstream: auxiliary equipment where the cooling and the sample 

collection for further processing occurs. 
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An extruder consists of heated barrels which contain in the middle a rotating single 

or twin screw which transport and force the melt through a die to give the required 

shape in a continuous process.   The screws can either rotate in the same direction 

(co-rotating) or in the opposite direction (counter-rotating). 

The main drawback of the use of HME is the requirements of pharmaceutical grade 

polymers which have a low Tg to be used with thermally sensitive drugs.   Also, all 

the components of the solid dispersion must be thermally stable at the required 

temperature during the heating process (Douroumis, 2013).    

 

HME offers many advantages such as:  

1. The molten polymers during the extrusion process can function as thermal 

binders and act as drug depots and/or drug release retardants or taste masking 

upon cooling and solidification. 

2. Does not require solvents therefore, solvent residue free. 

3. Water is not necessary, hence fewer processing steps and drying steps.    

4. Uniform dispersion of the API.  

5. Increased solubility and bioavailability. 

6. Reduced processing time. 

7. Continuous and efficient process. 

Disadvantages of HME:  

1. Drug/polymer stability at high temperature.    

2. A limited number of polymers can be used. 
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Figure 1.4-3 HME process 

The figure was reproduced from Patil et al., 2015 

 

1.5 Carriers used in Solid Dispersion 

Over the years, a wide range of substances have been used as a carrier in solid 

dispersion formulations to enhance dissolution and stability of poorly aqueous 

soluble drugs.   The first solid dispersion used Urea in the preparation of 

sulfathiazole solid dispersion by Sekiguchi and colleague in 1961.   Sugars like 

mannitol, sorbitol and sucrose were also used to prepare solid dispersion and to 

enhance the dissolution rate of Prednisone (Allen et al., 1977).    

Synthetic or semi- synthetic polymers are also used as a carrier in formulating 

amorphous solid dispersion such as polyethylene glycol (PEG), polyvinylpyrrolidone 

(PVP) and hydroxypropyl methylcellulose (HPMC) are the most commonly used 

polymers (Leuner and Dressman, 2000).   Each polymer has different characteristics 

and properties which make it suitable in the formation of the solid dispersion using 

different methods.   PEG has a low melting point which make suitable to prepare 

solid dispersion with melt method whereas, PVP has a high Tg value which is better 

used with solvent evaporation method (Leuner and Dressman, 2000).    
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Surfactants were also used as a matrix especially when mixed with one of the 

polymers stated above.   The surfactant (Tween 80, Sodium Lauryl Sulphate (SLS) 

and Pluronic 68) used in a study made by Ghebremeskel and colleagues was found to 

help the stability of the formulations prepared by hot melt extrusion by lowering the 

viscosity of the melt also, by decreasing the API melting temperature, Tg of the 

polymer and the combined Tg of API and polymer (Ghebremeskel et al., 2007).    

Carriers in solid dispersion play a big role not only in enhancing the dissolution rate 

of a drug but also, in the stability of drug as an amorphous form within the 

formulation or preventing precipitation and maintain supersaturation of the drug in 

solution (Alonzo et al., 2010).    

1.5.1 Polyethylene glycols (PEG)  

1.5.1.1 Properties of PEG  

Polyethylene glycols (PEG) (Figure 1.5-1) are manufactured by polymerisation of 

ethylene oxide (EO) with water, ethylene glycol or diethylene glycol under alkaline 

conditions (Herzberger et al., 2015).   PEG can have a molecular weight between 

200- 100000 g/mol.    

 

 

Figure 1.5-1 PEG structure 

(Rowe et al. Handbook of Pharmaceutical Excipients, Sixth edition, 2009) 

Low molecular weight PEGs with a mean molecular weight up to 600 are non-

volatile liquids at room temperature, the melting point of the PEG increases with 

increasing molecular weight. 
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The most important property of all PEGs is their solubility in water.   Liquid PEGs 

up to PEG 600 are miscible with water in any ratio, as the molecular weight of PEG 

increases the solubility decreases slightly (As shown in Table 1.5-1).    

Table 1.5-1 PEG properties with increasing molecular weight 

Name  n Molecular 

weight 

average 

Melting or 

freezing 

point 

Appearance Solubility 

in water at 

20°C, % 

by weight  

PEG 300 6 285-315 -15 - -8°C Liquid  miscible 

PEG 1500 32 1305-1595 42 - 46°C Solid 72 

PEG 4000 90 3600-4400 53 - 59°C Solid  66 

PEG 20000 455 16000-24000 63 - 66°C Solid  52 

PEG 35000 795 35000-no 

range 

64 - 66°C Solid  50 

* This table was produced from ócarbowax polyethylene glycolsô brochure from Dow 

published October 2011 and from the MSDS of each PEG from Sigma-Aldrich 

website  

PEGs have been used for many years in cosmetics, food industry and the 

pharmaceutical industry because they are non-ionic substances; they have low 

toxicity, low cost and they solidify quickly which make them useful for many 

applications (Papadimitriou et al., 2012).    

High molecular weight PEGs have a good water solubility, they are in the solid form 

and they have higher melting point ( ~65°C) than the low molecular weight PEGs 

which make them ideal in the formation of solid dispersion using the melt method.   

On the other hand, PEGs are soluble in many organic solvents which make them very 
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useful in the formation of solid dispersion using solvent evaporation method (Price et 

al., 1994).    

1.5.1.2 PEG based solid dispersion  

The dissolution rate of a solid dispersion will be affected by the PEG molecular 

weights.   A study made by Kapsi and colleagues shows, that the itraconazole solid 

dispersion with PEG 20000 has a higher dissolution rate than the one prepared with 

PEG 8000 and PEG 3350 (Kapsi et al., 2001).   The performance of a solid 

dispersion is directly related to the drug: PEG ratio and it should be studied carefully 

before the formation of solid dispersion.   The higher the drug load the more chances 

for the drug to be in the crystal form not molecularly dispersed within the matrix 

hence, a lower dissolution rate will be observed (Lin and Cham, 1996).   On the other 

hand, the crystallinity of the drug within the solid dispersion has an influence on the 

dissolution rate.   The quick release of carbamazepine and nifedipine from the solid 

dispersion with PEG 1500 over the other formulations prepared with a mixture of 

PEG1500 with different polymers (1:1 PEG1500: PVP30, PVP12, PVP/VA, 

Eudragit EPO) is due to the reduced crystallinity of the APIs (Bley et al., 2010).    

The stability of the PEG based solid dispersions are affected by crystal growth during 

manufacturing process or during storage (Shah et al., 1995).   Also, PEGs with low 

molecular weights used in solid dispersion will result in a sticky or soft solid 

dispersion which makes the formulation hard to handle and to be processed as a final 

product (Bley et al., 2010).    

1.5.1.3 Formulations prepared with PEG  

The most studied drug in PEG dispersion is griseofulvin and it did result in a 

marketed formulation (Gris-PEG) (Leuner and Dressman, 2000).    Ritonavir which 

is an antiviral drug which exists in two crystal forms that will affect its solubility was 

made into a solid dispersion in PEG8000 in a study made by Law and colleagues.   

The study shows an increase in the dissolution rate, bioavalibility and stability of 

ritonavir (Law et al 2001).    
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The table below show some drugs formulated in PEG based solid dispersion.  

Drug Polymer  Method used  Comments  Reference 

Nimodipine PEG 2000 

20 and 40% drug 

loading  

melt method  Formulations did recrystallize during storage 

at elevated temperature and humidity. 

Urbanetz et al., 

(2005) 

Sirolimus PEG 6000 

Poloxamer-188 

Mannitol  

Solvent 

evaporation, 

melt method 

Formulations containing PEG6000 were 

amorphous and the 1:1 (drug: PEG 6000) 

showed highest dissolution rate 

Preetham et  

al., (2011) 

Gliclazide PEG6000  Solvent 

evaporation, 

melt method 

Drug was in microcrystalline or amorphous 

state within the formulation. the dissolution 

rate was enhanced in all the formulations. 

Biswal et  

al., (2008) 

Itraconazole  PEG 6000 mixed with 

HPMC 2910E5 

Spray drying  

extrusion 

20% Itraconazole in 15/85 w/w PEG 

6000:HPMC formulation was the best 

performing formulation and the drug was in 

amorphous state 

Jassens  

et al.,(2008) 

Nifedipine PEG 1500, blended 

with PVP/VA, PVP 

30, PVP 12 and 

Eudragit  

Melt method nifedipine: PEG1500 alone showed the best 

dissolution rate.  

All the formulations with polymer blend 

were amorphous except nif: PEG1500 

Bley et al.,  

(2010).  
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Phenylbutazone  PEG 8000 Melt method   Increased dissolution rate compared to the 

physical mixture  

Khan et al.,  

(2011) 

Naproxen  PEG 3350 Melt method  API-PEG interaction slows the 

crystallisation of the API compared to the 

pure drug. Also, PEG 6000 help increase the 

dissolution rate of naproxen.  

Zhu et al., (2013) 

Valdecoxib PEG 4000 PVP K30  

And a mixture of both 

Melt method a complete transformation of the drug from 

crystalline to amorphous form and enhanced 

dissolution rate in both polymer and in 

combination. 

Shah et al., (2008) 

Carbamazepine PEG6000 Melt method 

 

CBZ form II crystallises from the melt and 

PEG 6000 favours this crystallisation. CBZ 

and PEG 6000 interact in the liquid state.  

Naima et al., 

(2001) 
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1.5.2 PolyVinylPyrrolidone (PVP) 

1.5.2.1  Introduction and properties of PVP  

PVP is a water-soluble polymer; it is polymerised from vinylpyrrolidone monomer 

(Figure 1.5-2) and has a molecular weight ranging from 2500 to 1000000 (Haaf et 

al., 1985).   PVP are named according to their K-value (thermal conductivity value) 

as each molecular weight has a different K-value.    

PVP exhibits some useful properties (PVP PolyVinylPyrrolidone polymers, Ashland, 

brochure, n.d) such as: 

1. High solubility in water as well as in a range of polar solvents.    

2. Adhesive and dispersive properties.  

3. Film formation ability.  

4. Complex formation especially with H donors.   

5. Stable in wide pH range. 

6. Hygroscopic. 

 

 

Figure 1.5-2 PVP structure 

(Rowe et al. Handbook of Pharmaceutical Excipients, Sixth edition, 2009) 

The glass transition temperature (Tg) of PVP is generally high but it will increase as 

K-value increases.   The Tg value for PVP K12 is around 101̄C and for PVP K90 is 
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174̄ C.   The high glass transition temperature limits the use of PVP in the formation 

of solid dispersions by hot melt extrusion but it can be used by the solvent method.    

Table 1.5-2 Properties of different PVP 

PVP  Molecular weight 

g/mol 

Tg °C n Appearance 

K12  4,000 6,000 120 36-54 Off-white 

powder 

K15 6000-15000 130 54-135 Off-white 

powder 

K30 40000-80000 163 360-720 Off-white 

powder 

K90 900000-1500000 174 8108-13513 Off-white 

powder 

(The table was reproduced from Ashland. (2013). PVP/VA polyvinylpyrrolidone/Vinyl Acetate 

copolymers Intermediates. brochure) 

The dissolution rate of PVP in any solvent is affected by its molecular weight, the 

longer the polymer chain length the lower the dissolution rate.   The solubility 

decreases as the K-value of PVP increases and the viscosity increases as the K-value 

increase, which will decrease the dissolution rate (Rowe et al., Handbook of 

Pharmaceutical Excipients, Sixth edition, 2009).    

PVP has the ability to inhibit and retard the recrystallization process of an amorphous 

API by forming a network around the crystal surface or between the drug molecules, 

hence limiting the molecular mobility of the API in the matrix (Tantishaiyakul et al., 

1999).    
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1.5.2.2 Solid dispersion prepared with PVP 

The dissolution rate from the solid dispersion will be affected by the ratio of drug to 

polymer in the formulation.   This was observed in the study made on Bicalutamide 

(BL) solid dispersions prepared with PVP K25 using hot melt method.   The solid 

dispersions had different drug to polymer ratio (1:10, 2:10 and 3:10 (w/w)).   The 

result of the study shows that all the solid dispersions had a single glass transition 

temperature indicating that the drug was totally miscible with the polymer.   The 

release rate from the dispersion was higher than the pure compound but the 

concentration of BL released depended on the polymer ratio in the dispersion, the 

higher the polymer to drug ratio the greater the dissolution rate was observed 

(Andrews et al., 2009).    

Some studies suggested that the use of polymer mixtures i.e. PVP/PEG with drugs in 

the formation of solid dispersion will enhance their dissolution and the stability.   

One study showed (Shah et al., 2008), that the solid dispersions prepared from a 

mixture of polymers PVP and PEG enhanced the dissolution rate of Valdecoxib 

compared to the formulations prepared from one polymer and the drug was 

transformed into an amorphous state.   Another study used PVP K30 with PEG 200 

to prepare Felodipine solid dispersion by melt mixing.   The low molecular weight of 

PEG200 had a plasticiser effect on PVP and reduced its glass transition temperature.   

The drug was found in the amorphous state, nano-dispersed in the matrix blend.   

These solid dispersions showed a higher dissolution profile than the pure drug, but 

the dissolution rate was dependent on the drug to polymer blend ratio, the lower the 

drug load the higher the dissolution rate (Papadimitriou et al., 2012).    
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The table below shows some of the solid dispersion formulations prepared with PVP  

Drug Polymer  Method used  Comments  Reference 

Bicalutamide PVP K25 Hot met extrusion Formulations showed higher dissolution rate and 

were stable for 12 months at 20̄C, 40%RH  

Andrews et al., 

(2010) 

Carvedilol PVP K30 Solvent 

evaporation 

Drug was found to be in amorphous form in the 

formulation and the dissolution rate was 

enhanced compared to pure drug. 

Sharma et al., 

( 2010) 

Piroxicam PVP K25  spray drying and 

precipitation with 

compressed 

antisolvent 

1: 4 (w/w drug: polymer) formulations. The 

results show better dissolution rate compared to 

pure drug. 

Wu et al.,  

(2009) 

Felodipine  PVP K30, HPMC 

(606), HPMCAS 

(AS-MF) 

Solvent 

evaporation  

All the polymers used did reduce the crystal 

growth from the supersaturated solution. PVP 

was less effective in enhancing the dissolution 

compared to the other polymers used. 

Konno et al., 

(2008) 

 PVP K30, 

HPMC, 

Poloxamer  

Solvent wetting 

1:5 w/w 

All the formulations were in amorphous state. 

PVP and poloxmer formulations showed better 

dissolution than the HPMC formulations. 

Kim  et al.,  

(2006).  

Gliclazide PVP K90 Solvent 

evaporation  

Increased dissolution rate compared to the 

physical mixture  

Biswal et al.,  

(2009) 
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Tibolone PVP Fumed with  SiO2  the formulations with PVP were amorphous and 

showed immediate release dissolution profile.  

Papadimitri et al., 

(2009) 

T-OA (anti-

tumour lead 

compound) 

PVP K30  Solvent 

evaporation 

The highest dissolution rate was observed in the 

1:5 (drug: PVP K-30) formulation, followed by 

the 1:3 then 1:8. 

 

Hou et al., (2013) 

Mefenamic acid  PVP K12 cryomilling The solid dispersions were amorphous and the 

dissolution rate significantly increased. 

Kang et al., 

 (2015) 

Carbamazepine PVP K30 

Gelucire 44/14 or 

Vitamin E TPGS 

(1:5 w/w) 

solvent evaporation 

and supercritical 

fluid process 

 

CBZ: PVP K30 prepared by superficial fluid 

process showed the best dissolution profile. The 

drug was amorphous in the formulations.  

Sethia et al., 

(2004) 
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1.5.3 PVP copolymers 

1.5.3.1 Properties of PVP copolymers 

Polyvinylalcohol (PVA), crospovidone (PVP-CL) and polyvinylpyrrolidone-

polyvinyl acetate (PVP/VA) copolymers are three different polymers belonging to 

the polyvinyl group.    

 
 

PVA PVP/VA 

Figure 1.5-3 PVA and PVP/VA structures 

(Rowe et al., Handbook of Pharmaceutical Excipients, Sixth edition, 2009) 

Crospovidone is a cross-linked polyvinyl-based polymer; it is insoluble in water and 

most organic solvents.   It shows a wettability effect on hydrophobic drugs due to its 

swelling ability.   PVP/VA is used in the pharmaceutical industry as a disintegrating 

agent, excipient and solubilising agent (Mohamed et al., 2012).    

PVA is made by dissolving polyvinyl acetate (PVAc), in an alcohol such as methanol 

and treating it with an alkaline catalyst such as sodium hydroxide. The resulting 

hydrolysis reaction removes the acetate groups from the PVAc molecules without 

disrupting their long-chain structure.   PVA is highly soluble in water and insoluble 

in almost all organic solvents.   (https://www.britannica.com/science/polyvinyl-

alcohol) 

PVP/VA copolymer, is formed from PVP and VA at different ratios such as 6:4 and 

3:7.   The Tg value of different ratios decreases as the PVP content in copolymer 

decreases (PVP/VA, Ashland brochure, 2014 http:// ragitesting.com/ 

resourcePortfolio/ wp-content/ uploads/2014/09/ ASH- PC8092_PVP_VA_ 

Brochure_VF.pdf).   PVP/VA used in the pharmaceutical industry as dry binders for 

direct compression tableting; also it can be used in hot melt extrusion processes.   In 

https://www.britannica.com/science/polyvinyl-alcohol
https://www.britannica.com/science/polyvinyl-alcohol
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the formulation PVP/VA acts as solubilising agent, dispersant and crystallisation 

inhibitor (Kollidon-VA64, basf, brochure, (https://pharmaceutical.basf.com/en/Drug-

Formulation/Kollidon-VA64.html) 

 

1.5.3.2 Solid dispersion prepared with PVP copolymers 

A study prepared furosemide in crosspovidone (1:2) solid dispersion which showed a 

6-fold increase in dissolution rate compared to the pure drug due to the drug 

amorphous state in the dispersion (Shin et al., 1998).    

In another study carried out using carbamazepine and nifedipine solid dispersions 

prepared with 1:1 mixtures of PEG 1500 and PVP/VA, Eudragit EPO, PVP 30 or 

PVP 12.   The results show that the higher dissolution rate from carbamazepine was 

shown in the formulation prepared with PEG 1500 alone and PVP K30 followed by 

PVP/VA then PVP 12.    For nifedipine the highest dissolution rate was shown in the 

formulations prepared PEG1500 alone followed by PVP/VA then the formulations 

prepared PVP K30 and PVP 12.   From the same study, after 6 months storage both 

drugs had the highest release rate from the formulation with PEG 1500/PVP/VA 

(Bley et al., 2010).    

 

 

 

 

 

 

https://pharmaceutical.basf.com/en/Drug-Formulation/Kollidon-VA64.html
https://pharmaceutical.basf.com/en/Drug-Formulation/Kollidon-VA64.html
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1.5.4 HPMC/HPMCP  

1.5.4.1 Properties of HPMC polymers 

Cellulose is a long chain un-branched polysaccharide with very high molecular 

weight (162 g/mol for one monomer) naturally found in every plant.   Semi synthetic 

cellulose derivatives can be produced by alkylation such as methyl cellulose (MC), 

hydroxypropylmethylcellulose (HPMC) and hydroxypropylmethylcellulose phthalate 

(HPMCP). 

 

 

Figure 1.5-4 HPMC structure (A) HPMCP structure (B) 

 (Rowe et al., Handbook of Pharmaceutical Excipients, Sixth edition, 2009) 

 

 

A 

B 
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HPMCs have a mixture of ethers, some of the hydroxyl groups are methylated and 

the others are derivatised with hydroxypropyl groups.   HPMCs have a molecular 

weight of around 10000 to 1500000, they are solid at room temperature, non-toxic 

and they are non-ionic water-soluble polymers (Ford, J., 2014).   The solubility of 

HPMC is pH independent, stable at a wide range of pH and resistant to enzymatic 

degradation (Tiwari et al., 2008).   HMPC is used as a food additive for thickening 

and emulsifying liquids as well as in pharmaceutical industry in tablet coating, 

granulation, controlled or modified release formulations (Methocel cellulose ethers, 

Dow, brochure, 2013).    

1.5.4.2  Solid dispersions prepared with HPMC 

Studies with Itraconazole solid dispersion prepared by spray drying using different 

carriers such as Eudragit E100 (Butylated Methacrylate Copolymer), PEG 20000, 

PVP and HMPC showed that the dissolution rate of all solid dispersions is higher 

than the itraconazole pure drug.   The dissolution rate of the solid dispersion made 

from HMPC is higher than the one prepared with PVP and similar to the one 

prepared with PEG 20000 but the highest dissolution rate was shown from the solid 

dispersion with Eudragit E100.   The best performing formulation was the one 

prepared with 1:1 (w/w) (drug: polymer) (Jung et al., 1999).    

A study made by Leuner and colleague to prepare solid dispersion using HPMCP as 

the matrix with anti-fungal drug (MFB-1041) prepared by spray drying, showed 

increase in the dissolution rate of the drug and enhancing its bioavailability (Leuner 

and Dressman, 2000). 

 

 



 

43 

 

1.5.5 Poly (meth) acrylate  

1.5.5.1 Polymethacrylate polymer structure and properties  

Poly (meth) acrylate is the commercial name of polymethacrylate polymer.   It is 

produced from the polymerisation of acrylic and methacrylic acid (Nikam et al., 

2011).    

 

Figure 1.5-5 Polymethacrylate polymer structure   

(The figure above was reproduced from Date et al., 2010) 

 

Polymacrylate polymer can be divided into two groups according to the pH 

dependent behaviour.   The pH dependent forms are polymethacrylate L, S and E and 

pH independent forms are polymethacrylate RS and RL.    
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The table below shows some properties of the different Poly(methacrylate) forms 

(Joshi M., 2013).    

Table 1.5-3 Properties of various Poly(methacrylate) copolymers 

Form  Availability  Dissolution properties Applications 

L 100 powder Dissolution above pH 6 Enteric coatings 

L 100-55 powder Dissolution above pH 5.5 Enteric coating 

S 100 powder Dissolution above pH 7 Enteric coatings 

E 100 granules Soluble in gastric fluid up to 

pH 5 and permeable above 

pH 5 

Film coating 

RL 100 granules High permeability Sustained release 

RS 100 granules Low permeability Sustained release 

NE 40 D 40% aqueous 

dispersion  

Swellable, permeable Sustained release 

 

1.5.5.2 Polymethacrylate based solid dispersion  

In a study carried out on the solid dispersions prepared by hot melt extrusion for 

three drugs (indomethacin, itraconazole and griseofulvin) with one of these polymers 

(Eudragit E PO, Eudragit L100-55, kollidon VA-64, HPMCAS-LF and HPMCAS-

MF), showed the highest dissolution rate from the solid dispersion of indomethacin 

prepared with Eudragit E PO, itraconazole with the polymer HPMCAS-LF and 

griseofulvin with the polymer Eudragit L100-55 (Sarode et al., 2013).    
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1.5.6 Other carriers 

Urea was one of the first carriers used to produce solid dispersions in order to 

enhance dissolution and bioavailabity of sulphathiazole drug.   It is the waste product 

from the decomposition of protein in human body; it is highly water soluble and non-

toxic.    

Emulsifiers can also be used to enhance wettability and the dissolution of a drug 

along with other polymers such as polysorbate 80 (Okonogi et al., 2006), sodium 

lauryl sulphate (SLS)   (Urbanetz, 2005).   Poloxamers have been used as a carrier 

and they are block of copolymers of Poly(EthyleneOxide) (PEO) and 

Poly(PropyleneOxide) (PPO).   Poloxamers are available in a broad range of 

molecular weight and PPO/PEO ratios such as: poloxamer 188 and poloxamer 407 

(Bodratti and Alexandridis, 2018).     

1.6 Characterisation of solid dispersions 

Analytical characterization of the solid dispersion is very important in determining 

the solid state of the drug in the matrix, the drug/polymer miscibility and 

crystallization.   There are a number of thermal, spectroscopic and microscopic 

techniques, which can be used to provide information on the solid dispersion.    

1.6.1 Thermal techniques  

Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry is an important technique for detecting phase 

transformations.   The sample and a reference sample are heated at the same rate.   

The difference in electrical signals arising from identical temperature sensors placed 

in the sample and reference holders are recorded.   The sample may require more or 

less power to be maintained at the same temperature as that of the reference.   During 

a phase transition of a sample, for example from solid to liquid state (melting), heat 

is absorbed and therefore, heat flow to the sample is higher than that to the reference, 

hence heat flow is positive.   This process is called endothermic process as the 

transition absorbs energy.   On the other hand, crystallisation is an exothermic 

process; due to the heat flow is negative and the transition releases energy.   This 



 

46 

 

differential power is represented as a plot between temperature and the peak area or 

the energy of transition.    

This technique can be used as a primary screening technique to indicate the 

drug/polymer miscibility and give information about the property of the sample such 

as: melting points, enthalpies of melting, crystallisation temperatures, glass transition 

temperatures and degradation temperatures (Shah et al., 2013).    

There are two types of DSC instruments:  

1. The power compensation DSC in which the sample and reference 

temperatures are controlled separately by identical furnaces.    

2. The heat flux DSC in which the sample and reference are enclosed together in 

a single furnace and their temperatures are controlled by a single temperature 

sensor. 

A standard DSC curve for a particular polymer is shown in Figure 1.6-1 it shows a 

glass transition where the amorphous materials of the polymer are molten and in a 

rubber like state, crystallisation where the material gains energy to arrange their self 

into a solid crystal form and melting of the polymer where all the bonds are lost and 

the polymer is in the liquid state. 

Temperature (°C) 

Crystallisation  

melting Glass  
Transition  

Features of a DSC trace  
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Figure 1.6-1 Typical DSC curve  

(http://www.flemingptc.co.uk/our-services/dsc-tga/) 



 

47 

 

DSC can be used in the pharmaceutical industry to study the polymorphic form and 

purity of a compound as well as melting point.   Also, it can be used in the food 

industry to test storage and process temperature.    

1.6.2 Spectroscopic techniques 

Molecules can absorb energy when hit by a photon.   This energy allows the 

molecule to vibrate.   Vibrational spectroscopy measures which wavelengths of light 

are absorbed by a molecule.   Infrared and Raman spectroscopy are both vibrational 

spectroscopy methods.   These techniques are very useful in identifying unknown 

molecules by comparing its absorbance to the other molecule.   The absorbance 

peaks are dependent on the structure and the conformation of the molecule. 

1.6.2.1 Fourier Transform - Infra Red (FT-IR) 

Infrared generally referred to any electromagnetic radiation falling in the region from 

0.7 µm to 1000 µm wavelength, it is divided into three regions: near-IR (0.8ï

2.5 ɛm), mid-IR (2.5ï25 ɛm) this region includes the frequencies corresponding to 

the fundamental vibrations of nearly all of the functional groups of organic 

molecules, and far-IR (25ï1000 ɛm).     

Infra Red (IR) spectroscopy is a very useful technique used in identifying unknown 

samples by assigning the chemical group to the specific absorption bands.   Infrared 

light passes through a sample and certain frequencies of the light are absorbed by the 

chemical bonds of the substance, leading to molecular vibrations due to a change in 

the dipole moment of the molecules.    

Infrared spectrum usually presented as % transmittance versus wavenumber (cm-1) 

(wavenumber = 1/ wavelength in cm) ranging from 4000-200 cm-1.   The absorption 

spectrum of the sample will create a molecular fingerprint of the sample, (fingerprint 

region 900-1500 cm-1) this region is a very specific and important as this region can 

be used as confirmation of identity because it is unique for each substance.    

Fourier transformed IR uses an optical device called an interferometer to collect an 

interferogram of the IR light.   Using a beam splitter and a moving mirror (refer to 

Figure 1.6-2) the interferometer measures all the IR frequencies simultaneously.   



 

48 

 

When interferogram signal is transmitted through or reflected off the surface of a 

sample, specific IR frequencies are absorbed.   In the detector the interferogram 

signal (which is a complex wave pattern) has to be decoded by the mathematical 

Fourier transformation into absorbance or transmission data.    

Advantages of FT-IR techniques are:  non-destructive, precise measurement, increase 

speed (collecting a scan every second), good sensitivity, specific and the ability to 

differentiate between polymorphs.    

 

Figure 1.6-2 FT-IR instrument 

(Ismail et al., 1997) 

FT-IR is a very useful technique because it provides specific information on 

molecular structure and chemical bonding.   For this reason, FT-IR is widely used in 

multiple areas such as pharmaceutical industry to study chemical structure, in the 

agriculture industry to analyse the soil, food industry, biochemistry and in 

environmental area to measure air pollution. 
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1.6.2.2 Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique provides information 

about molecular vibrations that can be used for sample identification and 

quantification.   This technique is based on inelastic scattering of monochromatic 

light, usually from a laser source. Photons of the laser light are absorbed by the 

sample and then reemitted into three forms (Rayleigh, Stokes and anti-Stokes) refer 

to Figure 1.6-3.   The photons emitted by Stokes scattering have a lower energy and 

frequency than that of the photons absorbed by the molecule.   The anti-Stokes 

scattering is when the photons emitted have a higher energy and frequency than the 

photons absorbed.   Inelastic scattering means that the frequency of photons in 

monochromatic light changes upon interaction with a sample (ie. Stokes and anti-

Stokes).   Raman spectroscopy is a useful technique used in collecting the unique 

chemical fingerprint of molecules because each molecule has a different set of 

vibrational energy levels depending on their structure and confirmation, and the 

photons emitted have unique wavelength shifts.    

 

Figure 1.6-3 Jablonski energy diagram 

(Frackowiak, 1988) 
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1.6.3 X-Ray Diffraction (XRD)  

X-ray diffraction is a non-destructive analytical technique which can identify 

crystalline material and measure the dimension of the crystals.   When an X-ray 

beam is applied to a crystal, the atoms in the crystal interact with the x-ray to 

produce interference bands as shown in Figure 1.6-4.   The angle at which the 

interference bands were detected depends on the wavelength applied and the 

geometry of the sample.   This can be described as the Braggôs law and can be 

summarised in the equation below.    

                                                 Equation 1-2 

 

Where n is the integer (order of the diffracted beam), ɚ is the wavelength of the 

incident X-ray beam, d is the distance between adjacent planes of atoms, ɗ is the 

angle of incidence of the X-ray beam.    

There is a region in the diffraction pattern called the fingerprint region and it can 

only be observed when drug in crystalline form is detected. 

The fingerprint region is very specific and it is possible to distinguish between the 

crystallinity of the drug from the crystallinity of the carrier (Leuner and Dressman, 

2000). 

 

Figure 1.6-4 X-Ray diffraction  

(klug et al., 1974) 
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This technique is widely used to identify unknown crystalline materials, 

characterisation of crystalline materials and in determining sample purity. 

The advantages of XRD are sample preparation is minimal, data interpretation is 

straight forward and it is a rapid technique.   The disadvantages are peak overlay may 

occur and large sample quantity in powder form is needed  

XRD technique is used to identify the composition of a pharmaceutical compound.   

It is also used in forensic science for trace analysis of stains, glass and paint flakes.   

It is a very useful technique in geological studies.    

1.6.4 Microscopy techniques  

Light microscopy is used to visualise the crystal shape and the appearance of sample 

at high magnification.   A light source on the opposite side of the sample is shone on 

the sample and then the light passes through a condenser to focus it on the sample to 

get a maximum illumination.   After the light passes through the sample it goes 

through the objective lens to magnify the image of the sample and then to the 

oculars, where the enlarged image is viewed.  

Hot stage microscopy is identical to the light microscopy but has a temperature 

controlled stage.   The sample can be heated or cooled any changes occurring in the 

sample with temperature can be visualized and this information can be used along 

with the DSC curve.    

Polarised light microscopy uses plane-polarised light to analyse birefringent 

materials (materials that have their refractive index dependent on polarisation).     

The microscopy techniques are used study the surface morphology of the solid 

dispersion and to detect crystallinity in amorphous formulation.    
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Figure 1.6-5 Light microscope schematic 

(Keller, 2003) 

 

1.6.5 Dissolution testing 

Dissolution is a kinetic process and can be defined by the rate at which the solute 

dissolves.   The higher the dissolution rate for a drug enhances the drug 

bioavailability if it has a good gut permeability (refer to Figure 1.1-1).    

There are many apparatus for dissolution test but the main ones for testing tablets 

and capsules are the basket and the paddle (refer to British Pharmacopoeia, Appendix 

XII B. dissolution, BP 2017).   In both instruments, the sample is placed in a vessel 

with 900 ml or 1000 ml dissolution medium contained within a thermostated water 

bath.   The stirring rate which will affect the dissolution rate can be varied.   Sample 

aliquots can be removed at regular interval time and the concentration of the drug 

can be measured using High Performance Liquid Chromatography (HPLC) or UV 

spectrometry. 

In recent years, small-scale dissolution apparatus are becoming more available in the 

pharmaceutical industry such as Sirius T3 or Sirius SDI.   These instruments are used 

during the pre-formulation stage using powder-based assays or compressed discs.   

These instruments can determine the dissolution rate using minimal amounts of 
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material, also it has a UV dip probes to read concentration over time and a pH meter 

where the pH of the dissolution medium can be controlled.   These instruments are 

useful in giving an idea on the drug behaviour in solution and can accelerate pre-

formulation development. 

1.7 Problems with solid dispersion  

There are lots of factors affecting the behaviour of solid dispersions with different 

effects on performance (refer to Figure 1.7-1).   The main problem facing solid 

dispersion production is the maintenance of their physical stability. 

The main aim of producing solid dispersion is to enhance dissolution of the drug and 

to keep the dissolution profile unchanged during storage.   The physical state and the 

molecular structure of the drug within the solid dispersion have to stay the same 

during storage in order to obtain consistent dissolution results.    

 

Figure 1.7-1 Factors affecting solid dispersion performance  

(Reproduced with modification ref. Van den Mooter) 

In the crystalline solid dispersions, the crystal particle can act as nuclei where further 

crystals can grow.   In the amorphous solid dispersion, the crystallisation can occur 

but a nucleation step is needed.   Therefore, a small amount of drug crystal in the 

amorphous dispersion will be the start point for crystallisation.   If the drug was 

molecularly dispersed in the amorphous solid dispersion, the drug has to move within 

the matrix before nucleation and crystallisation will occur.   Therefore, the molecular 

mobility should be kept as low as possible.   The molecular mobility can be 

measured by solid state NMR.   The stability of amorphous solid dispersion depends 
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not only on the crystallisation of drug but also to the molecular distribution of the 

drug and the ability of the polymer to inhibit the crystallisation.    

Amorphous materials are thermodynamically unstable and tend to go back to lower 

energy crystalline state but they are kinetically stable below their glass transition 

temperature (Tg) where they have low molecular mobility and slow recrystallisation.   

When a drug mixed with a matrix which has a high Tg, the solid dispersion will have 

a higher Tg than the pure drug and it will result in low drug mobility.    Also, more 

research is needed to identify why some carriers stabilise some drugs and other not 

(Van der Mooter, 2012).     

1.7.1 Spring and parachute mediated supersaturation  

Amorphous solid dispersion when placed in water release its potential energy and a 

thermodynamically unstable supersaturated drug solution will be generated this is 

referred to as óspringô.   As this solution is unstable it tends to crystallise and 

precipitate quickly which will affect absorption of the drug.   The theoretical idea is 

that the polymer used in the formulation has to act as a óparachuteô to maintain the 

supersaturation state by preventing the drug crystallisation and to ensure maximum 

drug absorption (Brough et al.,2013).   Therefore, the choice of the polymer is very 

important; it should have the óparachuteô effect in order to hold the supersaturation.    

 

Figure 1.7-2 'Spring ' and 'parachute' concept for supersaturation 

(Brough et al., 2013) 
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1.8 Marketed formulations 

A list of some of the marketed drugs prepared using different solid dispersion 

technique and polymers are shown in the Table 1.8-1. 

Table 1.8-1 Name of some marketed drugs produced using solid dispersion 

technique 

Trade 

name 

Drug  Carrier  Processing 

technique  

Company  FDA 

approval  

Kaletra Lopinavir/ 

Ritonavir 

PVP/VA Melt 

extrusion 

Abbot  2007 

Onmel  Itraconazole  CL-PVP Melt 

extrusion  

Merz 

Pharma 

2010 

Prograf Tacrolimus HPMC Spray 

drying 

Astellas 

Pharma 

1994 

Zortress Everolimus HPMC Spray 

drying  

Norvatis 2010 

Intelence Etravirine HPMC Spray 

drying  

Janssen 2008 

Cesamet Nabilone PVP Solvent 

evaporation  

Meda 

Pharmace

uticals 

1985 

(Brough et al., 2013 and Guy Van den Mooter, 2012) 
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1.9 Conclusion 

The number of discovered drugs which exhibit low solubility has risen in the past 

two decades (Shah et al., 2013) and there is a need to find a suitable formulation for 

these drugs.   The formation of these drugs into solid dispersions using the method 

discussed above (section 1.3) and especially by HME is becoming increasingly 

popular due to the promising results in enhancing dissolution.      

In the literature, substantial research describes how to prepare solid dispersions and 

how the solid dispersion enhances bioavailability and solubility but the number of 

marketed drug using this technique is very low.   Only a few drugs have reached the 

market.   This is due to the problems solid dispersion has with physical stability and 

the crystal growth during the dissolution step or during storage (Van den Mooter, 

2012).   Before formulating a drug as a solid dispersion, there are parameters (such as 

melting point, solubility, Tg temperature and toxicity) should be taken into account 

regarding the physico-chemical properties, stability and miscibility of the excipient.   

The drug/polymer and the appearance of the final dosage form should also be 

considered.   The use of polymer blends is gaining attention due to the better 

physico-chemical contributions to the pharmaceutical properties dosage form 

compared to the use of a single polymer.    The benefit of forming a solid dispersion 

is that the carriers that are used in the formation of solid dispersions are already 

being used in the pharmaceutical industry as excipients so there is no need to do 

toxicity studies on them.    

Finally, there is a need to fully understand the solubility enhancement mechanism of 

the solid dispersion over the pure drug to use it as a guide in the formation of best 

performing solid dispersion.   Also, there is a potential to use this technique in 

different area such as controlled release or target release dosage form.     
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1.10 Aims and objectives  

The aims of this project are to generate a procedure for the preparation of solid 

dispersion in PEG based formulation for oral administration of poorly soluble drugs 

using simple melting, solvent evaporation and quench cooling from melt to enhance 

the solubility and the stability of these formulations.    A range of formulations with 

different ratios of active pharmaceutical ingredient and polymer will be prepared to 

produce the best performing formulation. 

The drug solid state within the polymer of the final formulation will be assessed 

using differential scanning calorimeter, spectroscopic techniques FTIR and Raman, 

microscopy technique and dissolution studies.   These techniques will be used in 

order to build an idea on the drug-matrix interaction, the drug solid state within the 

formulation and to check if the dissolution has improved.    The stability of these 

formulations will be assessed under different temperature storage.    

PEG mixes have been used in a range of CRUK formulation unit formulations and 

instability was noticed in some of the formulations therefore, the aim was to find a 

system where we can control the instability and study the impact of various features 

on stability.    



 

58 

 

 

Chapter 2 Materials and methods 

 

2.1 Materials  

Details of the model drugs, excipients and instruments are listed in the sections 

below. 

2.1.1 Model drugs  

Carbamazepine (MW 236.27 g/mol) > 98% pure was purchased from Sigma-Aldrich, 

Dorset, UK. 

Nifedipine (MW 346.33 g/mol) >98% pure was purchased from Sigma-Aldrich, 

Dorset, UK. 

Carvedilol, Probucol, Fenofibrate, Naproxen, Itraconazol and Indomethacin were 

gifted from Dr Ibrahim Khadra (ORBITO) 

2.1.2 Excipients used 

PEG of different molecular weights (300, 1500, 4000, 6000, 20000 and 35000) , 

Pluronics F127, F68, P103, P123 and PVP K12 were purchased from Sigma-Aldrich, 

Dorset, UK 

2.1.3 Other materials used  

Sodium acetate buffer Sigma-Aldrich, Dorset, UK. 

Circular glass coverslips  

no 1.5,16mm diameter 

Fischer scientific, Loughborough, UK 

40 ɛl aluminium DSC pan Mettler Toledo, Leicester, UK 

Potassium chloride (KCl) Sigma-Aldrich, Dorset, UK. 

Glacial acetic acid  Fischer Scientific, Leicestershire, UK. 
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Sodium dihydrogen 

phosphate  

Sigma-Aldrich, Dorset, UK. 

XRPD Capillaries Capillary Tube Supplies Ltd, Cornwall, 

UK. 

Liquid nitrogen  SIPBS store 

Hydranal coulomat A Sigma-Aldrich, Dorset, UK. 

 

2.1.4 Instrument used  

Differential Scanning Calorimetry, 

DSC model 822e 

Sample robot, TS0801RO 

Mettler Toledo Ltd, Leicester, UK. 

Sirius T3 Sirius Analytical, East Sussex, UK 

Disc press  

connected to TR150 Load Cell Indicator 

Applied measurement, Reading, UK 

LCM Systems, Newport Isle of 

Wight, UK 

Varian Cary eclipse fluorescence 

spectrophotometer 

Cuvette used:  

Material: Suprasil quartz  

Light length: 10x10mm 

Volume: 3500 ɛl 

Agilent technologies, United States.    

 

 

Hellma- analytics, 

Müllheim,Germany 

Karl Fischer (DL39) Mettler Toledo, Leicestershire, UK 
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D8 advance II, capillary XRPD  Bruker, MA, USA 

Hot stage (TMS-91) Linkam scientific, Tadworth, UK  

Polyvar microscope 

 Equipped with Infinity 1camera 

(1.3Megapixel, 640x480 resolution) 

Reichert inc, NY, USA 

Lumenera Corporation, Ontario, 

Canada 

Mettlet MT5 analytical balance Mettler Toledo, Leicestershire, UK 

JASCO 4200 FTIR Jasco, Maryland, USA 

D8 advanced II, plate XRPD  Bruker, MA, USA 

DXR Raman  Thermo scientific, MA, USA 

Thermo Finnigan Surveyor HPLC  Thermo scientific, MA, USA 

 

2.1.5 Software used  

Thermal analysis software, STARe Mettler Toledo Ltd, Leicester, UK. 

Minitab version 14 Minitab Ltd, Coventry, UK. 

FTIR spectra manager  JASCO, Maryland, USA 

Diffrac plus xrd commander Bruker, MA, USA 

Sirius T3 control version 1.1.3.0 Sirius analytical, East Sussex, UK 

Infinity analyse microscope software  Lumenera Corporation, Ontario, Canada 

Chromquest Hplc software (version 

4.2.34) 

Thermo scientific, MA, USA 
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2.2 Methods of solid dispersion preparation 

2.2.1 Preparation of PEG mixtures (no drug)  

PEG mixtures were prepared to investigate the effect of its molecular weight on heat 

of fusion, melting point and the freezing point.    

Mixtures of PEGs (see Table 2.2-1 for ratios used) were weighed into a glass vial 

then heated to the liquid state (at around 70C̄) with continuous stirring to mix well 

then left to cool in a desiccator for further analysis.    

The table below shows the different ratios of PEG 300 used with higher PEG 

molecular weight (PEG 4000, PEG 6000, PEG 20000 and PEG 35000). 

Table 2.2-1 The different ratios used to study the melting and freezing point of 

different PEG mixtures 

PEG300 (%w/w) Higher molecular weight 

PEG (%w/w) 

100 0 

90 10 

75 25 

50 50 

25 75 

10 90 

0 100 
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2.2.2 Preparation of drug solid dispersion in PEG 

2.2.2.1 Physical mix 

Physical mixture is the mixing of drug with the polymer.   This method was used in 

formulations with PEG 300 alone since PEG 300 is liquid at room temperature. 

Physical mixtures of Carbamazepine (CBZ) or Nifedipine (NIF) were prepared with 

PEG 300 at different ratios.   The ratios used in this experiment were 1:1, 1:5 and 

1:10 (w/w).   In an Eppendorf tube, 10 mg of the drug was added to the appropriate 

amount of PEG, mixed thoroughly using a vortex for 2 minutes and then analysed.    

2.2.2.2 Melt method 

The required amount of the polymer was weighed and then heated to the melting 

point (i.e. for PEG the melting point around 60°C) then the drug was added and 

mixed thoroughly for few minutes until the drug crystals are dissolved and the drug 

was fully solubilised in the molten polymer. 

2.2.2.3 CBZ: PEG mixture 300:4000 using melt method 

The drug was mixed with PEG 300 and 4000 mixtures at different ratios (refer to 

Table 2.2-2).   The PEG mixtures were heated on a hot plate to 60°C where it melts 

then the required amount of drug was added and mixed quickly where the drug 

dissolves in the hot PEG.   The formulation was left to cool at room temperature, and 

then placed in a closed desiccator containing silica beads.    

The mixtures were analysed in the DSC using óthe normal cool DSCô method. 
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Table 2.2-2 Compositions of the different CBZ: PEG300: 4000 mixtures 

   Compositional 

ratio 

 

Formulation Drug Total PEG 

mixture  

PEG300 PEG4000 

A 1 1 0.75 0.25 

B 1 1 0.5 0.5 

C 1 1 0.25 0.75 

D 1 5 3.75 1.25 

E 1 5 2.5 2.5 

F 1 5 1.25 3.75 

G 1 10 7.5 2.5 

H 1 10 5 5 

I 1 10 2.5 7.5 

Formulation A, B and C have 1:1 drug: PEG mixture.   Formulation D, E and F 

contains 1:5 drug: PEG mixture and the formulation G, H and I have 1:10 drug: PEG 

mixture. 

2.2.2.4 Solvent evaporation method 

PEG mixtures were weighed, and then the drug was added.   Methanol was used as a 

solvent; 1ml of Methanol was added for every 5 mg of drug.   The solution was 

placed on a heated plate at 50°C with continuous stirring until the solvent 

evaporated. 
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2.2.2.5 Quench cooled method 

Quench cooled solution was prepared by either method stated above (melt or solvent 

evaporation), then placed in an oven heating the sample from 20-210°C.   Once the 

sample reaches 210°C, it was quickly transferred to -80°C freezer for 10 minutes.   

Then placed at the required temperature for further studies.    

2.2.2.6 CBZ solid dispersion with PEG and Pluronic  

Pluronic of different molecular weights and different ratio of PEO-PPO (refer to 

chapter 7) such as P103, P123, F68 and F127 was added to the CBZ formulation.   

The melting method was used to prepare the formulations.   The polymers (PEG and 

Pluronic) were weighed and then heated to the molten state then the drug was added 

and mixed well until the drug dissolves in the polymer mix.   A 10%w/w of PEG was 

replaced by the pluronic used in the CBZ: PEG300: 4000 and CBZ: PEG6000 

formulations.    

P103 was added to the CBZ: PEG300: 4000 formulation at different concentrations 

(1, 2, 5, 7 and 10 %w/w of the PEG mixture). The formulations were prepared by the 

same method mentioned above.    

2.2.2.7 CBZ Formulations with  PEG and PVP 

The formulations were prepared using solvent method mentioned in section 2.2.2.4.  

The formulations contain different PVP concentrations.   The concentration of CBZ 

in the formulations was fixed and the Polymer mixture ratio to drug was also fixed to 

50:50 %w/w.   The PVP concentration used were 1, 5, 10 and 20%.   The PEG used 

in this experiment were 1500, 4000, and 6000.    
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2.2.3 Stability of the solid solution  

Mixture B (refer to the Table 2.2-2) showed evidence of an exothermic event after 

rapid cooling (refer to 4.3.2.2).   To further investigate the temperature dependence 

of this phenomenon two samples of mixture B were prepared by physical mixing.   

One sample was kept in the fridge at 4°C and the other in the freezer at -20°C.    

2.2.3.1 Stability of the solid solution with increasing temperature 

The stability of the solid solution with increasing temperature was studied by 

preparing samples of mixture B and then analysed in the DSC, by following a 

heating ï quench cooling (30°C/min)- isothermal hold at required temperature (0, 10, 

20 and 30°C) for 1hour then reheat to melting point.    

2.2.4 Method used in the characterisation of the solid dispersion  

2.2.4.1 Thermal analysis of the physical mixtures using differential 

scanning calorimetry (DSC)  

An accurately weighed quantity (between 5-15mg) of the sample to be analysed was 

placed in a 40µl aluminium DSC pan then covered with a pierced aluminium cover 

and then sealed.   The DSC instrument is purged with nitrogen at 50ml/min rate.   

The DSC trace data was exported and plotted using Microsoft Excel version 2010 

operated on windows 7.   Two main DSC thermal profiles - normal cooling and 

quench cooling (sections 2.2.4.1.1- 2.2.4.1.3), employed where other profiles were 

used these will be stated with the experimental details specified within the results 

section. 

The methods used in the DSC were: 

2.2.4.1.1 Normal cooling method 

The samples were heated from -20 to 210°C at a rate of 10°C/min then cooled to -

20°C at the same rate. 
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2.2.4.1.2 Quench cooling method 

The samples were heated from  -20-210°C at a rate of 10°C/min then cooled to -20°C 

at the rate of 30°C/min. 

2.2.4.1.3 PEG mixture DSC method 

The mixtures were analysed in the DSC using the following method:  

Heating from -20-70°C at 10°C/min, hold for 2 minutes at 70°C then cool to -20°C at 

the same rate. 

2.2.5 Mixture B stability DSC method 

The DSC method used to study the stability of the solid solution of mixture B was 

heating the samples from -20-210°C at a rate of 10°C/min then cooled to -20°C at the 

rate of 30°C/min.   The sample was held at -20°C for 60 minutes then reheated again 

to 210°C at 10°C/min. 

2.2.5.1 Mixture B stability at different temperature DSC method  

The DSC method used in this experiment was: heating the sample to 210°C at 

10°C/min then rapidly cooled at 30°C/min to -20°C then held at different 

temperature for one hour (0, 10, 20 and 30°C) then heated again to examine at which 

temperature the exothermic peak will convert back to melting peak. 

Also, the stability at higher temperature was investigated by storing one sample at 

25°C and another one at 40°C for 12 hours in a temperature controlled incubator then 

the sample was investigated using the DSC with the quench cooling method. 

2.2.6 Hot stage microscopy 

In order to visualise the effect of thermal changes on the solid dispersion, HSM was 

used.   The experiments were carried out on Linkam TMS91 hot stage using the same 

cycles in the DSC.   For the cooling part, the hot stage was connected to Linkam 

LNP1 cooling pump attached to liquid nitrogen Dewar.   The cycles were examined 

under Polyvar microscope equipped with Infinity1 camera.   The microscope was set 
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to take a picture every minute for the duration of the experiment.   The contrast of the 

images was balanced using preview software in order to see clearly the crystals.    

A very small amount of the solid dispersion was placed on a glass circular cover 

slide then placed on the hot stage.    

The hot stage was calibrated using caffeine. The result was in agreement with the 

melting point range of caffeine which is 235-238°C (Agyemang-yeboah, et al., 2013) 

2.2.7 Fourier Transform -Infra Red 

Around 1 mg of the drug physical mix were accurately weighed and then mixed well 

with KBr.   The mixtures were pressed to form a thin disc.   The discs were placed in 

the FT-IR instrument and analysed from 400-4000 cm-1. 

2.2.8 Dissolution rate  

Sirius T3 was used to study the dissolution rate of the formulations.   The 

experiments were conducted at a temperature of 25°C under an argon atmosphere.   

The apparatus was controlled from Sirius T3 control software.   The T3 set up 

includes a Ag/AgCl double junction reference pH electrode, a Peltier temperature 

control device, with thermocouple temperature probe, an overhead stirrer (variable 

speed, computer controlled).   The spectrophotometer was a MMS UVïvis Carl Zeiss 

Microimaging spectrophotometer with an ultra-mini immersion probe attached 

(Welwyn Garden City, Hertfordshire, UK) 
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Figure 2.2-1 T3 probes 

 

The formulations were made into a thin disc of 5-7 mg using hydraulic disc press.   

The powdered sample was placed in a metal disc holder and the compression 

compartment then placed.   A pressure of 60 Kg was put on the sample, the sample 

was held for 2 minutes when the pressure is constant to form a disc.    

The disc was analysed at four different pH 2.0, 4.0, 5.5 and 7.0 over 2 hours period, 

half an hour for every pH starting from low pH to high pH.   The dissolution medium 

used was GI fluid at pH2 (refer to 2.2.8.1).    

A clean up and calibration of the probe were performed every time before the 

experiment starts.    

2.2.8.1 GI buffer preparation  

The GI buffer was prepared according to Sirius GI dissolution manual.    

KCl 11.18g ± 0.1g were weighed into a clean weighing boat then transferred to a 

1000ml volumetric flask using funnel.   The weighing boat and funnel were rinsed 
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with deionized water and the water was added to the flask.   1.37g ± 0.1g of sodium 

dihydrogen phosphate (monohydrate) were weighed and added to the flask.   572 ɛL 

of glacial acetic acid was added to the flask.   The flask was sealed and shaken well 

until all the components were fully dissolved.    

The pH was adjusted to 2 with HCl using a pH meter.   The flask was filled to the 

mark with deionized water from the MilliQ water tank in the lab.     

2.2.9 XRPD  

2.2.9.1 Powder pattern experiment for the formulations: 

The Powder X-ray diffraction was carried out on D8 advance (Bruker AXS).   The 

scan parameters are:  

1. Measurements made under KŬ1 radiation at 1.5406Å 

2. Scan Range: 4-35° with 2ɗ. 

3. Step Size: 0.02° 

4. Count time: 1 sec/Step 

5. Generator Voltage: 40 kV and 50 mA. 

The sample was placed on a multiwell plate then analysed using the parameters 

stated above. 

2.2.9.2 Variable temperature XRPD experiments.    

Sample was powdered using a mortar and pestle.   The powder than was transferred 

to an XRPD glass capillary.   The capillary then sealed and mounted into a holder for 

analysis.   A scan was taken at room temperature, and then the capillary was heated 

to 210̄ C another scan was taken.   The capillary was cooled to -20̄ C using liquid 

nitrogen flow from the cryostream then a scan was taken.   The sample was heated to 

the required temperature and a scan was taken.    
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For the stability at 25̄C, the same procedure is followed and when the temperature 

was 25̄C a scan was taken every hour for 24hours.    

The parameters of scan used were:  

A 2q scan from 4°-35° with a step size of 0.02° and 1s/step.    A 0.6mm anti 

diversion slit was employed with a Cu monochromated source tuned to ka1 x-ray 

emission.    A LynxEYE PSD detector was used operating in 1D mode.     

2.2.10 HPLC and forced degradation study for CBZ   

A gradient HPLC method was developed for identifying the degradent of CBZ.   The 

mobile phase used 10 mM acetate buffer at pH 5.2 (mobile phase A) and methanol 

(mobile phase B).   The mobile phase composition at the start of the run is 95% A 

then it decrease to 5% in 30 mins.   A 15 mins equilibration time at the initial mobile 

phase ratio is added.   The flow rate used is 1.00ml/min and the wavelength used are 

214 and 285nm.   The column used was Luna C18 column, 15cm, 5ɛm.    

2.2.10.1 Forced degradation for CBZ 

A CBZ stock solution in methanol was prepared at a concentration of 1mg/ml.   Then 

the required aliquots were taken from the stock to prepare a 100ɛg CBZ in 1.5M 

HCl, 1.5M NaOH, 3% H2O2 and in mobile phase stored at 80°C for 2 hours.   The 

degradation solutions were also stored for 2 days at 55°C.    

2.2.11 Design of experiment  

Minitab software was used to produce a design of experiment for the occurrence of 

CBZ solid solution in different PEG mixtures (such as PEG300: 4000, PEG300: 

6000 and PEG200: 4000).   The formulations from the design of experiment were 

prepared using solvent evaporation method (section 2.2.2.4).   The formulations then 

analysed on the DSC using the quench cooled DSC method (section 2.2.4.1.2).   The 

results then entered into Minitab software and a contour plot was obtained.     
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2.2.12 Fluorescence experiment  

The fluorescence of Carbamazepine and the different solid dispersions dissolved in 

methanol and in water was measured using the fluorescence spectrophotometer.    

For the solid-state samples, the cuvette was filled with the powder then scanned from 

300 to 500nm using integration time 1 second.   An excitation spectrum was 

collected at 360nm and the emission spectrum was collected at 417nm at 5nm slit 

width.    

For the methanol and water samples, a small amount of the powder sample (~50 mg) 

was dissolved in 3 ml of the specific solvent then filtered into the cuvette.   The 

filtrate was then analysed at the same excitation and emission wavelengths as stated 

above.    

2.2.13 Experiments with other drugs 

The different model drugs were prepared as a PEG based solid dispersion. The solid 

dispersions were prepared using the melt method described in section 2.2.2.3.   The 

ratios used were drug: PEG300: 4000 (50:25:25 %w/w). 

The solid dispersions were analysed using DSC (using the method mentioned in 

section 2.2.4.1.2).    
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Chapter 3 Thermal analysis of different molecular weights 

PEG 

3.1 Introduction  

PEG in the solid state contains amorphous and crystalline regions whose occurrence 

is dependent upon the way the polymer was synthesised and its thermal history.   The 

crystalline molecules of the polymer exist as a helical structure packed in layers 

called lamellae (Gines et al, 1996).    

Most PEGs have one endothermic peak when heated, but PEG 4000 and 6000 have 

two due to the presence of two polymeric chain types (folded and extended).   The 

folded chains are metastable compared to the extended ones (Gines et al, 1996).    

PEG like most materials, can store thermal energy called latent energy.   PEG has 

been classified as a good thermal energy storage material due to the large heat of 

fusion and the wide phase change temperature from solid to liquid depending on its 

molecular weight (Han et al., 1994).   The large heat of fusion released when the 

PEG melts can affect the melting point of the drug used in the solid dispersion.   PEG 

melts before the drug, and the drug can absorb the energy released therefore, the drug 

can melt at a lower temperature when forming eutectic formulation.    

PEG has a wide molecular weight range and the melting / freezing point changes 

with molecular weight.   The thermal history of PEG can slightly alter the melting 

and freezing points of the PEG; also, it might affect the crystal form of the drug in 

the final formulation and the dissolution rate of the drug.   Therefore, the thermal 

transitions measured in the 1st heating cycle will be different than the 2nd heating 

cycle, which is more reproducible.     
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3.2 Method  

In this chapter, PEG 300 was mixed with higher PEG molecular weights at different 

ratios to study the thermal behaviour of PEG mixtures.   The mixtures were prepared 

by weight ratio then melted to form a homogeneous mixture, and then the mixtures 

were left to cool in a desiccator filled with silica for further analysis.   The samples 

were analysed by the DSC according to section 2.2.4.1.3 to the molten state at 70̄C. 

The degree of crystallinity of PEG was calculated according to equation used from 

Wei et al., 2014. 

 

Equation 3-1 

 

Where  is the melting of 100% crystalline polymer (determined to be 196.8 J/g) 

(Clariant, 2007) and  is the melting enthalpy of the polymers investigated in this 

project. 

3.3 Results  

3.3.1 Thermal history 

The table below shows the melting point and the enthalpy of PEG 4000 heated to the 

liquid state then cooled.   This cycle was repeated three times on the same sample.   

The data shows that the melting point and the enthalpy are more consistent in the 2nd 

and 3rd cycle compared to the 1st cycle. 

Table 3.3-1 The enthalpy and melting point of PEG after 3 heating cycles 

Heat cycle Peak min ̄ C Endothermic enthalpy J/g 

1 46.9 -46.45 

2 48.7 -46.08 

3 48.9 -46.05 
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3.3.2 Melting and freezing points of the different PEGs 

PEG 300 has a reported melting/freezing point between -8 to- 15°C (Carbowax 

brochure, 2011) and at room temperature is therefore liquid.   However, in this study 

PEG 300 did not show any freezing event despite going to -20°C (Figure 3.3-1) this 

is might be due to the difference in the batch used compared to the literature or due 

to the PEG molecular weight is usually an average and it might have lots of ethlyene 

glycol (used as antifreeze) which might affect the freezing temperature.    

 

Figure 3.3-1 Heating and cooling DSC trace of PEG 300 

 

 

 

 

 

 

Endo 
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The data of melting and freezing point of the different PEG molecular weights along 

with the enthalpy are presented below in Table 3.3-2.    

Table 3.3-2 The melting and freezing results for the different PEG 

PEG 

Mw 

Mpt °C Enthalpy 

of 

melting 

J/g 

Mpt °C 

literature*  

Enthalpy 

of 

melting 

J/g 

literature 

Fpt °C Enthalpy 

of 

freezing   

J/g 

Xc (%) 

300 N/A N/A   N/A N/A N/A 

1500 49 -174 59.35 -262 38 150 88.4 

4000 63 -189 68.35 -281 42 156 96.0 

6000 65 -208 73.65 -291 44 179 105.6 

20000 67 -179 74.95 -273 49 176 90.9 

35000 69 -195 73.85 -263 46 164 99.1 

PEG 300 did not melt or freeze therefore, not data was recorded in the table above.   

Mpt: melting point, Fpt: freezing point.   Literature values are from Gines et al., 1996 

PEG 4000 and PEG 6000 as discussed in section 3.1 shows two endothermic peak 

during melting this is due to the polymer has two polymeric chain types (folded and 

extended), this phenomena was also seen in the PEG used in this study.  The DSC 

data of the different PEG shows that the melting point of PEG increases as the 

molecular weight increases.   From PEG 1500 to PEG4000 there is a 14C̄ increase 

but from PEG 4000 to PEG 6000 the increase is only 2 C̄.   This is due to the degree 
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of crystallinity since higher molecular weight PEG, above 4000, are nearly 100% 

crystalline (Wei et al., 2014).    

The enthalpy of melting of the different PEGs increases as the molecular weight 

increases except for PEG 20000 and PEG 35000, where the enthalpy values were 

lower than the melting enthalpy of PEG 6000.   The same phenomenon was seen by a 

study reported by Pielichowski et al., 2002.   The results for PEG melting used in this 

project were compared to the literature and it shows that the PEG used had a lower 

melting point than the literature by around 7°C, but the results did follow the same 

trend as the molecular weight of PEG increases the melting point increases than a 

drop for PEG 20000 and 35000.   The enthalpies of melting in the literature value 

were also higher than the one in our study but the same trend was observed.   The 

slight difference in the values between the PEG used and the literature may be due to 

the thermal history of the PEG and the difference in the source of the PEG.    

The freezing point also increases as the molecular weight increases, but the freezing 

point of PEG 20000 was higher than the expected result (49C̄).   In the literature, the 

freezing point increases as the molecular weight of PEG increases.   The highest 

freezing point for PEG 20000 was 42̄C and for PEG 35000 was 44̄C whereas for 

the materials in this project the freezing point for PEG 35000 was 46C̄.   

(Pielichowski et al., 2002.) 

 

3.3.3 Thermal analysis of different PEG molecular weight blend 

with PEG 300 

The addition of PEG 300 to a higher molecular weight PEG affects the melting and 

freezing point as well as the melting and freezing enthalpy.   The figure below 

(Figure 3.3-2) presents the DSC traces for some of the PEG mixtures tested.   The 

addition of 10% w/w of PEG 300 to PEG 20000 (purple trace) decreases the melting 

point of PEG 20000 by 5̄ C and the freezing point by 2̄C.   The enthalpy of melting 

decreased by 19 J/g whereas the freezing enthalpy decreased 27 J/g.   The small 

quantity of PEG 300 decreased the degree of crystallisation of the PEG 20000 by 
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10% (based on Equation 3-1)   The results also showed that the higher the PEG 300 

content in the mixture with PEG 6000 (75:25 w/w red trace) affects the melting and 

freezing points of PEG 6000 in the mixture, they were decreased by 12 and 15̄C 

respectively but the enthalpy of melting was very low (47 J/g) and the degree of 

crystallinity of PEG 6000 dropped to 24% (based on Equation 3-1).    

 

Figure 3.3-2 DSC traces for some of the PEG mixtures 

The figure shows the difference in the melting and freezing point with the different 

PEG mixtures. 

The results of the melting and freezing from mixtures of PEG 300 together with 

PEGôs 4000, 6000, 20000 and 35000 are shown in Figure 3.3-3 to Figure 3.3-6.   The 

results show that in all the mixtures of PEG the melting and freezing point changes 

with the different ratio of PEG 300 added.    
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Figure 3.3-3 Melting and freezing point of PEG 300: 4000 mixtures 

 

The melting point of PEG 4000 decreased as the PEG 300 ratio increased in the 

mixture.   The figure above (Figure 3.3-3) shows that the enthalpy of melting is very 

close to the freezing enthalpy also, it illustrates that there is a gap of 15 to 25̄C 

between the freezing and the melting point at each ratio except 25:75 PEG 300: PEG 

4000 there was 8 C̄ differences between the melting and freezing point.   The lowest 

melting point (44.5̄C) and freezing point (22.2̄C) were observed in the 75:25 PEG 

300: PEG 4000.    
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Figure 3.3-4 Melting and freezing point of PEG 300:6000 mixtures 

 

The DSC data from the PEG 6000 mixtures results shows that the 90:10 mixture of 

PEG 300: 6000 did not freeze from melt during the cooling step.   The melting points 

are consistently higher than the freezing points by 10 to 25C̄.    The melting and 

freezing points of all the mixtures did follow a trend, which decreases as the PEG 

300 ratio increases in the mixture.   The enthalpy of melting and freezing did follow 

the same trend except for 10:90 PEG 300: 6000 mixture where both enthalpies were 

lower than the other formulations.   The lowest melting point was 47.3̄C observed in 

the PEG 300: 6000 (90:10) mixture. 
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Figure 3.3-5 Melting and freezing point of PEG 300:20000 mixtures 

 

For the PEG 20000 mixtures with PEG 300 the results show that the melting and 

freezing enthalpies are following the same trend by decreasing as PEG 300 increases 

in the mixtures.   Besides, the values of melting enthalpy were similar to the freezing 

enthalpy.    

The melting point did decrease as the PEG 300 in the mixture increases except for 

75: 25 mixture where the melting point increases.   The same trend was observed 

with the freezing point.   The lowest melting point (50°C) was observed in the 90:10 

mixture and the freezing point at this mixture was 38°C. 
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Figure 3.3-6 Melting and freezing point of PEG 300: 35000 mixtures 

 

For the PEG 35000 mixtures, the enthalpies did not follow the same trends as the 

other PEGs stated before.   The melting and freezing enthalpies of 25:75, 50:50 and 

75:25 mixtures have similar values.   For the other mixtures there was a big 

difference between the melting and freezing enthalpy.   The freezing enthalpy of the 

mixtures decreases as the PEG 300 increases in the mixture.   The melting enthalpy 

decrease as PEG 300 increase in the mixture but at 90:10 mixture increases again.   

The melting and freezing point of the mixtures followed the same trend as the 

melting enthalpy by decreasing and then increase at 90:10 mixture.   The lowest 

melting point (52.4°C) was observed at 75:25 mixture with a freezing point of 

32.4°C. 
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3.3.4 Effect of the cooling rate on the freezing point of PEG 

The effect of the cooling rate on the freezing properties of PEG was investigated 

using PEG 300:4000 (50:50) mixture and the results shows that when the cooling 

rate increased the temperature of crystallization/freezing decreases, but the freezing 

enthalpy did not follow the same trend.   The results shown in Figure 3.3-7 were in 

agreement with the Pielichowski, 2002 study on the crystallization temperature but 

different in the freezing enthalpy as the literature study stated that increasing cooling 

rate increased the freezing enthalpy. 

 

Figure 3.3-7 The freezing point and enthalpy at different cooling rate of PEG 

300:4000 
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3.3.5 Hot stage microscopy of melting and cooling of PEG. 

The effect of the cooling rate on PEG 4000 was investigated under hot stage 

microscopy.   The sample was heated to the molten state than cooled at 10°C/min 

(normal cool) or 30°C/min (quench cooled).   The hot stage microscopy images were 

taken at optical X10 magnification.    

 

Figure 3.3-8 PEG 4000 DSC trace and hot stage microscopy images 

(PEG 4000 at room temperature (1), PEG 4000 at 60°C (2), at 25°C after normal 

cooling (3 N) and at 25°C after quench cooling (3 Q)) 

At both cooling rates used, the PEG morphology was the same as both samples 

formed a striation sheet, but with the faster cooling rate the sheet was thicker.    The 

PEG sheet appears thicker due to the number of folds in the PEG chain when cooled 

(Pielichowski et al., 2002).    
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3.4 Discussion  

The thermal behaviour of PEG along with the effect of PEG 300 on the other higher 

molecular weight PEGs mixtures used in this project were studied.   The melting and 

freezing point of PEG increases as the molecular weight increases; this is due to the 

degree of crystallinity of the PEG.    

The blend of PEG 300 with higher molecular weight PEG did have an effect on the 

melting and freezing point of the mixture.   The melting and freezing point of the 

mixtures were lower than the higher molecular weight PEG used alone.   This 

temperature difference between the melting and the freezing point of PEG is due to 

the increase in polydispersity of the PEG and the decrease in degree of crystallisation 

during the preparation of the PEG mixture with PEG 300, also this temperature 

difference will increase with increasing molecular weight of PEG   (Wei et al., 2014).   

The results from our study were similar to the one carried out by Pielichowki and 

colleagues, the freezing temperature of the blend they used (PEG 1000: 3400, PEG 

1000:10000 and PEG 3400: 10000) was lower than the each PEG alone and they 

suggested that this is due to the PEG blend when cooled it has a morphological 

restrictions and it gets trapped in interlamellar regions which prevent them from 

freezing quickly (Pielichowki et al., 2002).   The melting and freezing enthalpy in all 

the mixtures decreases as the higher molecular weight PEG content decreases in the 

mixture, which suggests that thermal event happening is due to the higher molecular 

weight PEG in the mixture and PEG 300 acts as a solvent.   The PEG mixtures did 

give the ability to control or change the melting and freezing point as well as the 

enthalpy associated with them by changing the ratio or by using different PEG 

molecular weights.   The melting and freezing enthalpies in all the PEG mixtures 

used did follow a straight line which is behaving as ideal solution according to 

Raoult Law whereas as the melting and freezing temperature were non ideal system 

as they were curved.   These results were achieved from n of 1 and no statistical 

analysis could be done to show the differences.    

The information gathered from this section was used to understand the behaviour of 

PEG alone and as blend before using it as the carrier for solid dispersion studies.     
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Chapter 4 Carbamazepine with PEGs mixtures solid 

dispersion 

4.1 Introduction  

4.1.1 CBZ background information 

Carbamazepine is an effective antiepileptic drug widely used worldwide (Naima et 

al., 2001).   CBZ belongs to the class II according to the biopharmaceutical 

classification system.   It has poor gastrointestinal absorption after oral 

administration due to the reduced aqueous solubility and slow dissolution rate that 

will affect its therapeutic effect but exhibit high intestinal permeability (Liu et al., 

2013).    

The drug appears as a white crystalline powder with a molecular weight of 236.3 

g/mol and melting point of 189 °C to 193 °C. (BP, volume I&II, 2014 online 

accessed).   CBZ is a neutral drug, hence the drug will stay in unionised form with 

change of pH (Nghiem et al., 2005) and its glass transition temperature (Tg) is 60°C 

(Naima et al., 2001).    

 

Figure 4.1-1 Carbamazepine chemical structure 
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Carbamazepine exists in four different polymorphic forms and a dihydrate:   Triclinic 

(form I), Trigonal (form II), P-monoclinic (form III) and C-monoclinic (form IV) 

(Grzesiak et al., 2003).   CBZ usually exists as form III which is the most 

thermodynamically stable form.   Form I can be seen at elevated temperature 

(Grzesiak et al., 2003) therefore when CBZ form III is heated a change in polymorph 

can be seen on the DSC and the hot stage microscopy.    

CBZ DSC trace along with hot stage microscopy images are shown below:  

 

Figure 4.1-2 DSC and hot stage microscopy of CBZ 

The figure above shows the thermal changes of CBZ crystals as they are heated.   

The transformation of form III to form I was observed under the microscope as the 

crystals change shape from rocky to needle shape at higher temperature before they 

melt.    
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The different forms of CBZ have different X-ray patterns.   The figure below shows 

the different pattern (these pattern were generated using calculated pattern from 

Cambridge structure database) 

 

Figure 4.1-3 XRPD pattern of CBZ different forms 

The main peaks for each form are:  

Form I has peaks at 2ɗ= 7.92, 9.37, 12.28 and 19.99.   Form II has peaks at 2ɗ= 8.68, 

13.26, 18.56 and 24.54.   Form III has peaks at 2ɗ= 15.36, 19.56, 25.00 and 27.47.   

Form IV has peaks at 2ɗ= 14.11, 17.89, 21.79 and 33.11. (Grzesiak et al., 2003)   

Form V has peaks at 2ɗ= 7.12, 17.32, 20.08 and 24.28.    
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4.1.2 Aims 

As discussed in the introduction solid dispersions may be prepared by many different 

mechanisms, and in this chapter CBZ solid dispersions were prepared using the 

fusion (or melt) method.   The solid dispersions were prepared with a mixture of 

PEG 300 and higher molecular weight PEG (such as PEG 4000, 6000, 20000 and 

35000) varying both the drug to total PEG mixture ratio and ratio of PEG 300 to high 

molecular weight PEG.   The aims of this chapter are to prepare the different 

formulations mentioned above and then they were analytically assessed by DSC, hot-

stage microscopy and dissolution to study the effect of the various components on 

the quench cooled form of CBZ.    

4.2 Method  

In this chapter the formulations were prepared either by physical mixture (for PEG 

300 only formulations) or by the melt method (for the formulations with higher PEG 

molecular weights) refer to section 2.2.2.    

The CBZ: PEG 300 formulations were prepared at a ratio of 1:1, 1:5 and 1:10 w/w 

(CBZ: PEG 300), the other CBZ: PEG formulations were prepared according to 

Table 3.3-2.   These formulations were assessed by DSC using both normal and 

quench cooling profiles (see section 2.2.4.1).    

Solid solution terminology will be used to discuss the solution obtained after quench 

cooling (where no crystalline material was observed under the light microscope) and 

solid dispersion will be used to describe a crystalline material.   Also CBZ dissolving 

will be used when no CBZ endothermic peak is observed and melting when the 

endothermic peak is observed.    

4.3 Results  

4.3.1 CBZ: PEG 300 

A physical mixture of carbamazepine (CBZ) (melting point 189-194°C) was 

prepared with PEG 300 at different ratios.   The DSC results for these formulations 

show that there was one endothermic event for the formulations (between 90-100°C 
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for CBZ) during the first heating cycle (refer to Figure 4.3-1).   In these formulations 

no crystallisation or melting peak was observed during the second heating step 

except for CBZ: PEG 300 (1:1 w/w) formulation, where an exothermic event occurs 

at around 83°C followed by a melting event at 131°C.   The exothermic event may be 

due to CBZ crystallisation from a supersaturated drug solution created during 

cooling, the temperature at which this event occurs is not for the PEG 300 as it does 

not have a solidification peak at the temperatures studied (see section 3.3.2).    

 

Figure 4.3-1 DSC traces of CBZ: PEG 300 different formulations 

 

The results show that the sharp endothermic peak of CBZ at 194°C is missing and is 

replaced by a broad peak.   The results suggest that CBZ molecules in the crystal are 

breaking apart requiring thermal energy.   It could be proposed that the CBZ is 

dissolving in PEG 300 (see microscopy results below) rather than melting.   The 

enthalpy of melting for the different CBZ: PEG 300 formulations remained the same 



 

90 

 

for the 1:1 and 1:10 (64 J/g) despite a 10 fold decrease in the drug concentration in 

the formulation.   This may indicate that the underlying thermal event is independent 

of CBZ concentration, or that it is caused by a small amount of CBZ in the PEG, and 

so at higher CBZ concentrations no additional energy is released.    

Table 4.3-1 CBZ: PEG 300 thermodynamic parameters 

Drug to 

polymer 

ratio 

Enthalpy J/g 

(of 

formulation) 

Dissolving 

point °C 

Crystallisation 

peak (2nd 

heating ) 

Melting peak (2nd 

heating ) 

1:1 -64.44 96.26 17.32 J/g 

88.24°C 

-13.29 J/g 

137.76°C 

1:5 -71.0 96.54 n/a n/a 

1:10 -64.16 105.48 n/a n/a 

 

4.3.2 Hot stage microscopy  

CBZ: PEG 300 formulations were assessed using hot stage microscopy, with both 

thermal profiles used in the DSC.   The results show that the solid particles of CBZ 

dissolves in the liquid PEG in all the formulations as the temperature increases until 

all the CBZ is dissolved before the solid state melting point (194̄C) is reached.   

During both the normal and quench cooling steps no crystal growth was observed in 

the 1:10 and 1: 5 formulations.    

During the 2nd heating step only the CBZ: PEG 300 (1:1 w/w) formulation showed a 

crystallisation event at around 65̄C irrespective of cooling rates used.   The % CBZ 

crystallised in the formulation was around 30% (based on visual assessment) and as 

only a few crystals appeared then quickly dissolved in the liquid PEG.  
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4.3.2.2 CBZ: PEG 300 (1:1 w/w) 

 

Figure 4.3-2 DSC trace of CBZ: PEG 300 1:1 

(Image number relates to the DSC trace number) 

The figure above shows the quench cooled DSC trace along with the hot stage 

microscopy of CBZ: PEG 300 (1:1 w/w).   Image 1 was taken at 10X objective; it 

shows CBZ crystals in PEG 300 at room temperature (20°C), the CBZ can be seen 

covered by the PEG.   As the sample was heated, the CBZ molecules start to dissolve 

in the liquid PEG 300.   Image 2 was taken at 25X objective, it shows CBZ crystals 

in liquid PEG at 85̄ C and the CBZ crystals exists in form III as they have a rock 

shape.    As heating continues, fewer crystals can be seen at 115C̄ (image 3).   At 
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150 C̄ (image 4), all the CBZ crystals have dissolved in PEG and there was no CBZ 

form change to form I as the crystals had all dissolved before they reach the required 

phase transition temperature of 180°C.    During normal or quench cooling profiles 

no crystal growth was observed as image 5 shows (image 5 was taken during quench 

cooling).   When the sample was reheated after quench cooling a crystal growth 

appears at around 100°C, the arrow in image 6Q pointing to the new crystal formed.   

For the normal cooled sample a crystal growth was also observed but at a higher 

temperature around 115°C (image 6N) but the crystals looked very fine.   Image 7 

was taken 130°C, where the re-formed crystals had all dissolved in the hot PEG.  
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4.3.2.3 CBZ: PEG 300 (1:10 w/w) 

For this formulation the cooling rate did not affect the CBZ crystallisation behaviour 

during cooling or 2nd heating step; therefore only the hot stage microscopy images 

from normal cooling are shown in Figure 4.3-3.    

 

Figure 4.3-3 Hot stage microscopy and DSC trace of CBZ: PEG 300 (1:10 %w/w) 

 

The figure above shows the phase transition of CBZ: PEG 300 (1:10) formulation 

with change of temperature.   Image 1 was taken at 25°C, and the CBZ crystals can 

be seen dispersed in the liquid PEG 300.   As the temperature increases the CBZ 

crystals become smaller, as they are dissolving in the hot PEG, as seen in image 2, 

taken at 50°C.   Image 3 was taken at 100°C; all the CBZ crystals are dissolved in the 
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hot PEG.   Image 4 was taken during cooling at 0°C, the CBZ molecules stayed in 

the liquid state (no crystallisation was observed).   Image 5 was taken during the 2nd 

heating step, where no CBZ crystallisation was observed, the drug molecules stayed 

in the liquid state with PEG 300. 

The DSC trace for CBZ: PEG 300 (1:10) did not show any crystallisation during the 

2nd heating step, which indicates that the drug stayed in the amorphous or dissolved, 

state within the liquid PEG.   The hot stage microscopy results showed similar 

pattern to the DSC results for CBZ: PEG 300 (1:1 and 1:10 formulations) where 

CBZ dissolved in the hot PEG during the 1st heating step then no crystallisation 

during cooling and 2nd heating step.    

In order to study the re-crystallisation of CBZ further and to gain control of this 

process by pushing the exothermic event to a higher temperature, or if it could be 

observed in a wider range of CBZ: PEG ratios, higher molecular weights of PEG 

were mixed with the PEG 300 in order to stabilise the amorphous form.    

4.3.3 CBZ: PEG 300: 4000 mixtures  

4.3.3.1 CBZ: PEG 300: 4000 

The effect of the addition of a higher molecular weight PEG to the CBZ formulations 

was assessed in this section.   Nine formulations were prepared according to the 

weight ratio presented in Table 2.2-2. The figure below (Figure 4.3-4) shows the 

effect of the cooling rate on the molten CBZ formulation during the DSC experiment.   

During normal cooling (10°C/min), the CBZ molecules crystallise from the solution 

but when the same formulations were quench cooled (30°C/min) during the cooling 

step, some formulations showed crystallisation (of PEG and CBZ) during cooling 

and some remained as a solution until a certain temperature during the 2nd heating 

step where the crystallisation starts.    
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Figure 4.3-4 The effect of the cooling rate on the CBZ formulations  

Figure A shows the thermal events of the samples normally cooled on the DSC and 

Figure B shows the thermal events of the samples quench cooled.    

A 

B 
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Figure 4.3-4 shows two different DSC traces as exemplars of the results found for the 

nine different formulations.   Mixture A contains a 1:1 ratio of CBZ to PEG, with the 

PEG mixture being 0.75: 0.25 PEG 300: 4000, and mixture D contains a 1:5 drug to 

PEG mixture, with the PEG mixture ratio being the same as mixture A.   The CBZ 

melting/ dissolving peak in the high PEG content formulation (mixture D) was 

observed in the 1st heating step but not in the 2nd heating step, this is due to the CBZ 

dissolved in the PEG and stayed in solution during cooling (normal and quench 

cooling).   Image A shows the DSC traces of the formulations normally cooled and in 

mixture A a crystallization CBZ peak can be seen during the cooling step followed 

by a solidification of PEG peak during the isothermal step whereas in mixture D, 

CBZ dissolved in the hot PEG and only PEG recrystallised during cooling.   In image 

B, mixture A shows no crystallisation during cooling and an exothermic peak being 

observed during the 2nd heating step at around 60°C, whereas for mixture D, no 

crystallisation occurred during cooling, and no exothermic peak was observed during 

the 2nd heating step.   This suggests that at the normal cooling rate the PEG solidified 

in a way that produced an exotherm, and this solid form yielded a melting endotherm 

upon re-heating, whereas with quench cooling the PEG did not undergo any 

solidification that produced any energy, and so upon reheating no energy was 

required to re-melt the solid, or semi-solid.   As the PEG did not solidify during 

quench cooling in mixture A, CBZ molecules as well stayed in the PEG as 

amorphous material until the sample was reheated and the sample reaches a 

temperature where the PEG molecules can freely move hence the CBZ molecules 

will have a higher mobility where they can come together and re-crystallise as the 

exothermic peak in the 2nd heating step shows.    

The DSC traces of the different formulations were assessed and the results for the 

melting and freezing enthalpy of PEG 300:4000 peak in the formulations (normal 

cooled) are presented in the figure below (Figure 4.3-5).    
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Figure 4.3-5 Enthalpy of melting and freezing of PEG 300:4000 in CBZ formulations 

(The enthalpy of the PEG mixtures in the formulations was normalised to the weight 

of PEG 4000 used in the formulation.   The freezing enthalpy or the normalised 

freezing enthalpy is the exothermic peak of PEG during cooling.) 

 

The results shows that as the PEG 300: 4000 to drug ratio increases in the 

formulation, the enthalpy of melting and freezing increases as well especially in the 

1:10 (drug: PEG) formulations and that the higher the solid PEG (PEG 4000) in the 

formulation the higher the freezing and melting enthalpy, this was discussed before 

in section 3.3.3.   The enthalpy of PEG mixture melting was higher than the freezing 

enthalpy (except for mix I), these results were similar to the results discussed in 

Figure 3.3-3.   Although the PEG mixtures in the formulations did follow the same 

trends as PEG 300:4000 alone but the freezing and melting enthalpy values in the 

presence of CBZ were less than the PEG mixture alone even when the formulations 
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contains 10 times more PEG than CBZ.   The normalised enthalpy did show that 

most of the formulations have a response similar to the PEG mixtures except for 

formulations A, B C and D where the normalised enthalpies were lower than the 

PEG mixtures which indicate that there is an interaction between the PEG mixture 

and the drug.     

The quench cooling DSC traces of the formulations shows that the CBZ solid 

solution was only present in two formulations where the CBZ has an equal weight 

ratio as the PEG mixture (CBZ:PEG mixture 1:1 w/w).   The two formulations were 

mixture A, where the PEG 300:4000 ratio was 3:1(w/w), and B where the PEG 

300:4000 ratio was 1:1 (w/w). In both cases the crystallisation temperature was 

around 59°C.    

The thermal stability of the solid solution in mixture B was studied to understand the 

effect of temperature on the CBZ crystal formation within the formulation.   These 

experiments were performed as short-term studies, where the formulation was held at 

different temperatures for one hour in the DSC, and long term studies, where the 

formulation was stored in the fridge and freezer for up to a month.     

4.3.3.2 Stability of the solid solution with increasing temperature 

Mixture B was analysed in the DSC by heating the sample to 210°C followed by 

quench cooling and then held at an isothermal óstepô at different temperatures for one 

hour followed by heating again to examine at which temperature the exothermic peak 

will convert back to melting peak.   (Refer to quench cooling method in section 

2.2.4.1.2) 
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Figure 4.3-6 Isothermal stability of the solid solution at different temperature  

The figure above shows the DSC traces of CBZ: PEG 300:4000 isothermally held at 

different temperatures, in the first heating part of the experiment, the first PEG 

melting peak can be observed at approximately 50ęC and the second peak, at 

approximately 175ęC, is due to the CBZ melting.   In the second heating step: the 

first exothermic peak is due to CBZ crystallisation then the second peak is the 

melting peak of the resultant CBZ crystals.    The results show that when the sample 

was held at 30°C, the exothermic CBZ peak had disappeared being replaced by the 

PEG melting peak, this due to PEG and CBZ crystallising during the isothermal step 

as the baseline changes with time.   The solid solution was stable for one hour at 0, 

10 and 20°C.   (The shift in the CBZ melting point during the 2nd heating step at 20 

and 30°C is due to the DSC experiment for these samples were slightly different than 

the others because of the removal of the 2 minutes equilibration time after the 1st 

cycle.)    
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The stability of mixture B at 25°C and 40°C for 12 hours were also analysed on the 

DSC, the results shows that the samples were not stable at these temperatures as the 

exothermic peak converts back to a melting peak (Result not shown).    

4.3.3.3 Stability of the solid solution stored in the fridge and freezer 

The stability of the exothermic peak in mixture B was studied by placing one sample 

in fridge at 4°C and the other sample in the freezer at -25°C.   The samples were 

analysed at 0, 2, 7 and 30 days.    The samples were prepared in an aluminum DSC 

pan with pierced lid, the sample was quench cooled after the experiment and stored 

at the required temperature.   The DSC method presented in section 2.2.5 

 

Figure 4.3-7 Stability of the exothermic peak in the freezer 

The figure above shows the DSC curves of the stability sample stored in the freezer 

and the results shows that CBZ stayed in amorphous state as an exothermic peak was 

seen in the 1st heating cycle and this is due to when the sample was stored in the 
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freezer straight after the melt, the sample stayed in solution until it was reheated.   

This phenomenon was not seen at 30 days point where a broad and unresolved peak 

was seen and it was hard to fully interpret the events.   This peak might be due to the 

dehydration of CBZ hydrate and the small endothermic peak around 180°C is due to 

the melting of CBZ form I as it was discussed by Liu et al., 2013.   After quench 

cooling and reheating the samples were able to regenerate the solid solutions and the 

crystallisation temperature of exothermic peak during the 2nd heating step increased 

with time.    

 

 

Figure 4.3-8 Stability of the exothermic peak hold in the fridge at 4C̄. 

For the sample stored in the fridge, the CBZ solid solution did revert back during 

storage with time as a PEG and CBZ melting peaks were observed except for day 30 

where an exothermic peak was observed at high temperature followed by CBZ 



 

102 

 

melting peak (refer to the discussion).   The sample was able to regenerate the solid 

solution once it was re-quench cooled and reheated.    

 

Figure 4.3-9 Crystallisation temperature (A) and enthalpy of peak (B) stored in the 

fridge and freezer 

The above figure shows that the CBZ crystallisation temperature in the samples 

stored in the fridge and freezer increases with time, as well as the enthalpy of this 

A 

B 
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crystallisation.   The crystallisation temperature of the sample stored in the fridge 

was higher than the one stored in the freezer by about 10°C whereas the enthalpies of 

both samples were very close to each other.   This is due to the effect of the thermal 

history on the samples. 

 

4.3.3.4 Hot stage microscopy 

 

Figure 4.3-10 Hot stage microscopy for the stability sample at 25 and 4°C 

The top 3 images are for the sample held at 4°C and the bottom 3 images are for the 

sample held at 25°C.   The images were taken at 10x objective.    

The microscopy results show that the sample held at 4°C at day 1 had a very fine and 

small crystals whereas the sample held at 25°C were much bigger and had rod shape.  

At day 7, in the 4°C the CBZ crystals can be seen trapped in the PEG mixture and in 

the 25°C the crystals stayed the same as day 1.   In day 21, the sample held at 4°C 
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shows a few bigger crystals than before and the crystals in the sample held at 25°C 

stayed the same.    From this experiment it was concluded that the sample held at 

25°C crystallises within the first day and remains the same for the 21 days, whereas 

for the sample held at 4°C, the crystals were in a microcrystalline form, trapped in 

the PEG, but had grown in size by day 21.    

4.3.3.5 Dissolution profile of stability samples at 4 and 25°C 

The dissolution profiles of the stability samples were assessed on the Sirius T3 using 

a powder dissolution profile due to the sample was waxy and hard to press it into 

discs.   The dissolution was carried out at 4 different pHs (30 minutes for each pH to 

mimic the release as the drug travel from the gut to the intestine) for 2 hours using GI 

buffer at pH2 as a dissolution media and the UV reading point was taken every 10 

seconds.    

 

Figure 4.3-11 CBZ release profile from the quench cooled sample stored at 25°C  

The dissolution profile of the sample stored at 25°C shows a better release than the 

drug alone.   A drug release of 100% was measured for the sample at day 7 whereas 

day 21 showed the slowest this is due to the crystallisation in the sample during 
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storage.   CBZ is not pH dependent therefore the change in pH will not affect the 

release.   Day 7 did a 100% release in 30 minutes and the concentration did not 

change for the rest of the experiment.    

 

Figure 4.3-12 CBZ release profile from the quench cooled formulation stored at 4°C 

The results for the mixture B stored at 4°C shows at the release was not hugely 

different than the drug alone for day 1 and day 21.   Day 7 shows the higher release 

profile.   The sample stored at 4°C did not show high release profile compared to the 

sample stored at 25°C this might be due to the processing of the sample, or that the 

dissolution is conducted at an elevated temperature with respect to the storage 

temperature which might affect the release.    
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4.3.3.6 XRPD Patterns 

 

Figure 4.3-13 XRPD pattern of quench cooled CBZ: PEG 300:4000  

(The figure above is for XRPD pattern of quench cooled CBZ: PEG 300:4000 

(50:25:25 %w/w/w) formulation stored at 25 and 4°C for one day.) 

The figure above shows that the formulation has some crystals had been formed 

when stored for one day at different temperature after quench cooling.   The intensity 

from the sample stored at 25°C is higher than the one stored at 4°C which indicates 

that it contains more crystals.   The CBZ exist as form II in the sample stored at 25°C 

whereas exist as form I in the sample stored at 4°C (refer to the XRPD pattern in 

Figure 4.1-3).    

4.3.4 CBZ: PEG 300: high molecular weight PEG mixtures 

From the DSC results of CBZ: PEG (300:4000) it was decided to repeat the 

experiment with higher PEG molecular weight mixed with PEG 300 to study the 

effect of higher molecular weight PEG in stabilising the solid solution.   The same 

weight ratios were used.   The PEG 300 was mixed higher PEG molecular weight 

(6000, 20000 and 35000).   The formulations were prepared by melt method and 

analysed using the DSC quench-cooled method.    
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Figure 4.3-14 DSC traces of CBZ: PEG 300: PEG6000 formulations 

 

An isothermal step at -10̄ C for 1 hour was added to the DSC method after the 

quench cooling step due to the crystallisation peak during the 2nd heating step having 

a very low enthalpy and could not be measured properly; this isothermal step was 

added to the DSC method for the formulations with PEG6000 and PEG35000.    

The figure above (Figure 4.3-14) shows the DSC traces of CBZ: PEG 300:6000 

formulations and the exothermic CBZ peak was observed in the three different 

formulations.   The formulation containing more PEG 6000 than 300 showed a very 

high crystallisation temperature around 96°C whereas the other formulations had 

similar crystallisation temperature.    
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Figure 4.3-15 DSC traces of CBZ: PEG 300: PEG20000 formulations 

 

For the formulations with PEG 20000, the results show that the CBZ and PEG in the 

formulation containing more PEG 20000 than PEG 300 did crystallise during 

cooling. The other formulations did show the CBZ crystallisation event during the 

2nd heating step and the crystallisation peak temperature for the CBZ: PEG 

300:20000 (50:25:25 %w/w/w) was 58°C which was 10°C higher than the other 

formulation such as CBZ: PEG 300:20000 (50:37.5:12.5 %w/w/w).    



 

109 

 

 

Figure 4.3-16 DSC traces of CBZ: PEG 300: PEG35000 formulations 

 

For the formulations with PEG35000 the results were similar to the PEG 6000 where 

all the formulations did show the CBZ recrystallisation in the 2nd heating step.   The 

results show that the formulation with high PEG 35000 content had the highest 

crystallisation peak temperature at 64°C followed by the CBZ: PEG 300:35000 

(50:25:25) then (50:12.5:37.5) formulations.    
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Figure 4.3-17 Comparison between the different CBZ: PEG mixtures formulations 

 

The figure above summarise all the data from the three PEG mixtures used (n=1).   

The formulation with PEG 300:6000 (1:3) has the highest crystallisation temperature.   

Only one formulation did crystallise during cooling (PEG300:20000 1:3 based 

formulation).   The enthalpies of these peaks were similar except for PEG 300:6000 

(1:3) formulation where the enthalpy was the highest and in the formulation with 

PEG 300:35000 (3:1) was the lowest (comparison between the formulation which 

showed solid solution).    
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Figure 4.3-18 Dissolution profile of the different PEG based CBZ formulations 

The figure above shows the different dissolution profiles of the CBZ formulation at 

CBZ: PEG (50:50% w/w).   The result shows that the CBZ: PEG 6000 formulation 

has the highest and fastest release compared to the other formulations.   Also, it 

shows that the formulation containing PEG300 mixture, the release was very slow 

and low compared with one PEG only.    
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4.4 Discussion  

PEG 300 as discussed previously does not freeze or melt in the experiment 

parameters used in this project (refer to Figure 3.3-1).   Therefore the melting and 

freezing peaks seen in the DSC traces are coming from the CBZ in the formulation 

and high molecular weight PEG.   The CBZ crystals in the physical mixture with 

PEG 300 did show a broad endothermic peak during the first heating.   This is due to 

the CBZ crystals dissolving in the hot PEG and converting to an amorphous or 

solution state during the heating cycle.   This phenomenon was also seen when a 

CBZ solid dispersion prepared by hot melt extrusion was studied by Liu and 

colleague (Liu et al., 2013).   The enthalpy of the peaks was similar in the three 

formulations (1:1, 1:5 and 1:10 %w/w) despite the decrease in the CBZ concentration 

in the 1:10 formulation.   This may indicate that the underlying thermal event is 

independent of CBZ concentration, or that it is caused by a small amount of CBZ in 

the PEG, and so at higher CBZ concentrations no additional energy is released as the 

maximum solubility of CBZ in PEG 300 has been reached.   The CBZ crystals in 1:5 

and 1:10 %w/w formulation did not recrystallise during cooling which indicates that 

the CBZ is miscible with the PEG and they form an amorphous or solid solution after 

the heat-cool cycle ( Liu et al., 2013).   The hot stage microscopy results were in 

agreement with the DSC results where it was possible to visually follow the thermal 

changes happening.   The CBZ crystals start to become smaller and smaller as the 

temperature increases which indicates that the crystals are dissolving in the hot PEG 

way before its melting temperature.   During the second heating step, CBZ: PEG 300 

(1:1%w/w) DSC trace shows an exothermic peak which correspond to the CBZ 

recrystallizing from the melt by forming a solid solution.   This event was seen in the 

CBZ alone but not in a formulation with a polymer (Liu et al., 2013, Naima et al., 

2001).    In order to stabilise this formulation and to shift the recrystallisation 

temperature higher so the CBZ crystals in the formulation stays in amorphous form 

at room temperature for longer time, a higher PEG molecular weight was used with 

PEG 300 at different concentrations.   PEG4000 was chosen as it has been used in 

solid dispersion formulation to enhance solubility and stability of low aqueous 

solubility API (Moneghini et al, 2001).   Also, it was found that PEG 4000 upon co-

solidification can affect the API behaviour in the final product (ie: API and polymer 
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fully amorphous, a combination of amorphous and crystalline region, only crystalline 

solid and eutectic mixtures Vasa et al., 2014).   The solid solution was observed in 

the formulations when the CBZ content in the formulation is equal to the PEG 

mixture.   The CBZ molecules in this formulation are in supersaturation state in the 

molten PEG and as the solution is heated the CBZ start to crystallise.   The 1:5 and 

1:10 w/w CBZ: PEG mixture did show a similar pattern as the CBZ: PEG 300 

formulation where the CBZ crystals dissolves in PEG during the 1st heating cycle and 

stays in solution during cooling and reheating.   The enthalpy of PEG mixture 

melting and freezing in the different formulations shows that when the enthalpy was 

normalised to the weight of PEG 4000 used the signal is the same in the different 

PEG mixture used (PEG 300: 4000 3:1, 1:1 and 1:3).   The normalised PEG enthalpy 

of melting and freezing in the 1:5 and 1:10 w/w CBZ: PEG mixture showed similar 

values and pattern to the PEG mixture alone whereas the 1:1 w/w results were 

slightly different as the normalised enthalpies were lower than the PEG alone 

especially in mixture B (CBZ: PEG 300:4000 50:25:25 %w/w/w) which indicates 

that the CBZ at this ratio is interacting with the PEG.   The cooling rate did have an 

impact on the formation of the solid solution this is due to quick cooling preventing 

the CBZ molecules from rearranging them self and crystallising during cooling 

(Einfalt et al., 2013).   At slow cooling rate the CBZ molecules can rearrange and 

crystallise, besides at slow cooling rate there is more chance for iminostilbene (which 

is a form of CBZ impurity) to form a eutectic mixture with CBZ according to a study 

made by Naima et al., 2001 and this event can be seen in the DSC trace as a melting 

peak around 140°C.   This event was not present in our study as the PEG used may 

prevent the CBZ from degrading at both cooling rates used.   The stability study on 

the formulation which shows the solid solution was carried out on the DSC by 

holding the sample isothermally at different temperatures after quench cooling and 

the results shows that at high temperature (ie 30°C) the solution crystallises during 

the isothermal step this is due to the increase of the molecular mobility of the 

polymer, as at this temperature PEG 300 or 4000 will become more flexible which 

will affect the CBZ in the solution.   The stability sample held in the fridge did show 

that the CBZ recrystallises during storage as the 1st heating step did show CBZ 

melting peak but at day 30 it did show that the sample was still amorphous as when 



 

114 

 

the sample was heated CBZ did recrystallise.   The sample was held in a communal 

fridge where there was not a temperature controlled environment.   When the sample 

was stored in the freezer, it did stay amorphous for up to 30 days where a broad 

(unresolved) melting peak was observed in the first heating cycle.   The peak shows a 

sharp endothermic peak at around 40°C which may be the PEG melting followed by 

an exothermic peak which may be due to the CBZ recrystallising at 80°C.   The 

melting peak at around 100°C may be due to melting of ice crystals (might have been 

formed on the lid of the pan).   The hot stage microscopy results shows that the CBZ 

crystals stored at 25°C where larger than the ones stored at 4°C.   The crystals at 4°C 

did not grow with time and they were very small whereas the crystals stored at 25°C 

did slightly grow with time.   The dissolution results for both samples held at 4 and 

25°C shows a better dissolution pattern than the CBZ alone.   Day 1 release was 

lower than the other days where we expected the release to be higher as a greater 

percentage of CBZ in the formulation is in an amorphous state than the other days 

especially for the sample stored at 25°C where from the hot stage microscopy the 

crystals looked larger with time.   The samples at day 3 and 7 stored at 25°C 

achieved a 100% release at a shorter time than the one stored at 4°C and the release 

at day 21 at both temperatures drop to 80% release.   The PEG 4000 mixture with 

PEG 300 did show a better control in the solid solution formation than PEG 300 

alone therefore it was decided to use a higher PEG molecular weight to study its 

effect on stabilising the CBZ solid solution.   A 1:1w/w CBZ: PEG mixture was used 

as the solid solution was observed at this ratio with PEG 300: 4000.   The CBZ solid 

solution was observed in almost all formulations except CBZ: PEG 300:20000 

(50:12.5:37.5 w/w/w).   The crystallisation temperature ranged between 58-65°C 

except for CBZ: PEG 300: 6000 (50: 12.5:37.5 w/w/w) which had a crystallisation 

temperature of 96°C but it did have a very high % crystallinity.   The % crystallinity 

of CBZ was found to be around 25% for the formulations with high PEG 300 content 

and it increases as the solid PEG increases in the formulation, this can explained as 

the solid PEG are more crystalline than the liquid PEG which might induce the CBZ 

crystallisation also, PEG 300 was found from chapter 4 to decrease the crystallinity 

of the solid PEG when they are mixed.   The lowest % crystallinity was observed in 

the CBZ: PEG 300:35000 (50:37.5:12.5% w/w/w) formulation and the crystallisation 
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temperature was around 58°C.   The dissolution pattern for CBZ in the different PEG 

formulations was assessed and the results show that the highest and fastest 

dissolution rate was achieved with PEG 6000 alone followed by PEG 35000 

formulations.   It took 90 minutes to achieve a 100% CBZ release from PEG 4000 

whereas the maximum release from PEG 20000 was 80%.   The CBZ formulations 

with PEG mixture (ie PEG 300 mixture with PEG 4000 or 6000) showed a very slow 

release with maximum release of 40% CBZ which is similar to the release of CBZ 

alone and the release from the formulation containing PEG 6000 in the mixture was 

slightly better than the one with PEG 4000.   The formulations containing PEG 300 

should have less crystalline material than the higher molecular weight PEG alone as 

was discussed in chapter 4 but high molecular weight PEG alone did show better 

release and this is due to higher molecular weight PEG have a better solubilising 

effect than the low molecular weight one.   The release from the PEG 6000 

formulation was better than the PEG 4000 this due to the decrease in CBZ 

crystallinity content as from the XRPD data in the following chapters (7 and 8) 

shows that the formulations with PEG 6000 have less crystalline materials than the 

4000 which may have helped in the dissolution.    
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Chapter 5 CBZ solid dispersions with different PEG 

molecular weights and concentration  

5.1 Introduction  

As was shown in the previous chapter, the CBZ recrystallisation from the solid 

solution during the 2nd heating step depends on the solid PEG concentration and also 

the PEG molecular weight, the cooling rate had a massive impact on the formation of 

the solid solution.   It was decided to study the effect of PEG concentration and 

molecular weights on the CBZ recrystallisation from the melt when using one PEG 

molecular weight in the formulation.     

5.2 Method 

The different CBZ solid dispersions were prepared by solvent evaporation method 

(refer to 2.2.2.4).   CBZ and PEG were weighed according to the different weight 

ratio (from 90:10 w/w to 10:90 w/w drug to polymer) and then mixed.   The PEG 

used were PEG 300, PEG 3350, PEG 4000 and PEG 6000.   The formulations were 

then assessed by DSC refer to 2.2.4.1.2.     

5.3 Results  

The peaks on the DSC trace were labelled as shown in the figure below to make it 

easier to discuss.   In some formulations, during cooling no crystallisation events 

(labelled as peaks 3 and 4) were observed.   It should be noted that the thermal events 

labelled as peak 5 may be related to PEG and/or CBZ re-crystallisation occurring at 

around 50ęC.     
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Figure 5.3-1 Quench cooled DSC trace   

 

5.3.1 CBZ: PEG 300 formulations  

PEG 300 is liquid at room temperature and did not freeze at low temperature (as 

discussed in previous section 3.4).   Therefore, no melting peak for PEG 300 during 

the 1st heating step was observed with these formulations.   The figure below shows 

some of the DSC traces of CBZ: PEG 300.    
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Figure 5.3-2 DSC traces for some of CBZ: PEG 300 formulations 

(The figure above shows the DSC of three CBZ: PEG 300 formulations and it shows 

the effect of the PEG300 concentration on the thermal behavior of CBZ.) 

Figure 5.3-3 summarises all the DSC data and shows the melting/ crystallisation 

temperature as well as the enthalpy associated with this thermal transition.   In the 

formulations where PEG content was more than the CBZ, the first melting peak of 

CBZ (peak 2 in Figure 5.3-1) which is usually around 194°C disappears and replaced 

by a lower temperature broad peak due to the CBZ dissolving in the hot PEG.   For 

some formulations such as 60:40 a portion of the CBZ dissolves in the PEG with the 

remainder melting at higher temperature and provides therefore two peaks.   

Formulations with high CBZ content did show recrystallisation during cooling and 

the formulations with low CBZ content did not show any crystallisation or melting 

during the 2nd heating step.   The formulations which exhibited CBZ recrystallisation 

during 2nd heating were 70:30, 60:40, 50:50 and 40:60 (%w/w) CBZ: PEG 300.   In 
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the formulation where CBZ recrystallised the melting point during the 2nd heating 

cycle was very close to the melting point during the 1st heating cycle.    

 

Figure 5.3-3 The melting/ freezing peaks and enthalpy of CBZ in PEG 300 

formulations  

(as PEG 300 is a liquid no melting and crystallisation peak as mentioned before 

therefore, Peak 4 has no data.)  
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Positive enthalpy value indicates crystallisation, negative enthalpy value indicates 

melting.   PEG 300 does not have a melting peak and the melting peak 1 results are 

for CBZ dissolving in the hot PEG therefore, the enthalpy of melting is due to the 

CBZ.   The enthalpy of CBZ melting peak in the 1st heating cycle matches with the 

enthalpy of CBZ in the 2nd heating cycle for the formulations where crystallisation 

was observed during cooling or 2nd heating step.   The enthalpy of the CBZ 

recrystallisation (Peak 5) were also similar to the enthalpy of CBZ melting peak 6 

except 70:30 formulation as some of the CBZ did crystallise during cooling.   This 

can confirm that the crystals growing in peak 5 are CBZ crystals.    

 

5.3.2 CBZ: PEG3350 formulations  

The same experiment was repeated with PEG 3350.   The figure below shows some 

of the DSC traces for the PEG 3350 formulations.   

 

Figure 5.3-4 CBZ: PEG 3350 DSC traces  
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The DSC results show that the 50:50% w/w CBZ: PEG 3350 formulation did not 

crystallise during cooling, for the 90:10 % w/w CBZ: PEG 3350 formulation both 

PEG and CBZ melting and crystallisation peaks were observed.   On the other hand, 

the 10:90 formulation did only show PEG melting and solidification peaks due to the 

low CBZ concentration where the CBZ crystals dissolves in hot PEG and the DSC 

cannot detect the signal as seen before or once the solid solution is formed the 

concentration of CBZ is too low for crystals to form.     
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Figure 5.3-5 The melting/ crystallisation peaks of CBZ in PEG 3350 formulations 

(For the enthalpies in this section, normalised values were calculated based on CBZ 

or PEG alone depends on the peak) 

The formulations with PEG 3350 did show similar behaviour to the PEG 300 

formulations, as the PEG concentration increases in the formulation the CBZ melting 

point decreases.   The PEG 3350 did show a melting and crystallisation peak even at 
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low concentration.   At higher PEG ratio formulation, CBZ does not crystallise 

during cooling or 2nd heating step therefore, no melting peak was observed (20:80 

and 10:90 (%w/w) CBZ: PEG 3350).   From the graph above, only one sample did 

not crystallise during cooling and the drug remained in solution until the 2nd heating 

step, this sample was CBZ: PEG3350 50:50 (%w/w).   The melting temperature of 

PEG and CBZ during the 1st and 2nd heating cycle were the same in all the 

formulations except for CBZ: PEG 3350 (50:50) peak 5 the temperature was slightly 

higher than the rest this due to the PEG did not crystallise during cooling and the 

CBZ crystallise at a slightly higher temperature than what it should be PEG melting.    

The enthalpy of the CBZ melting during the 1st and the 2nd heating cycle were the 

same except for CBZ: PEG 3350 (50:50) was slightly higher during the 2nd heating 

step.   The PEG melting enthalpy also has the same behaviour as the CBZ except for 

the 50:50 formulation where the enthalpy was higher than expected for PEG and this 

is due to the crystallisation of CBZ not the PEG melting as discussed before.   The 

PEG enthalpies for crystallisation and melting were very close to each other in the 

formulations with high CBZ content but when the concentration of CBZ decreased to 

40% or under, the melting PEG enthalpy increased due to some or all of the CBZ 

crystals dissolving in the molten PEG.    
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5.3.3 CBZ: PEG4000 formulations 

The DSC traces for CBZ in PEG 4000 did show similar pattern as the previous PEG 

used.   

 

Figure 5.3-6 DSC traces for some of CBZ: PEG 4000 

The DSC results show that the formulations containing CBZ: PEG4000 50:50, 40:60 

and 30:70 did not show PEG or CBZ crystallisation during cooling and the drug 

crystals stayed in solution.    
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Figure 5.3-7 The melting/ crystallisation peaks and enthalpy of CBZ in PEG4000 

formulations  

The figure above shows that as the PEG concentration in the formulation increases 

the melting point of CBZ decreases, the melting point of PEG stayed roughly the 

same at all concentration.   The CBZ crystallisation temperature also decreases with 

increasing PEG concentration   the gap in peak 3 and 4 is due to no crystallisation 

during cooling at these ratios.   For the three formulation where CBZ crystallisation 
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was observed during the 2nd heating step their crystallisation temperature did vary, 

the highest crystallisation temperature was for 50:50 (around 60°C) formulation 

followed by 30:70 (around 50°C) the 40:60 which was around 10°C.    

For the enthalpies the melting points of CBZ did follow the same trend as the 

temperature, the only difference was that the melting enthalpies were slightly higher 

in the 2nd heating step than the 1st heating step.    The enthalpy of CBZ: PEG 4000 

(40:60) was higher than the 50:50 formulation or the 30:70, this may be due to the 

lower crystallization temperature of the CBZ: PEG4000 (40:60) formulation.    

5.3.4 CBZ: PEG6000 formulation 

 

Figure 5.3-8 CBZ: PEG 6000 DSC traces 

The DSC traces of the CBZ: PEG 6000 formulations shows that 60: 40, 50:50 and 

40:60 formulations did show the CBZ recrystallisation during the 2nd heating step.   
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At higher PEG concentration (20:80 and 10:90), no CBZ melting and crystallisation 

peak observed due to the drug dissolving in the molten PEG and stay in solution.      

 

Figure 5.3-9 The melting/ crystallisation peaks of CBZ in PEG6000 formulations  

The figure above shows all the results from the DSC and again the results are similar 

to the other PEG discussed earlier.   The PEG melting points during the 1st heating 

step were very close to each other at all concentrations.   For the CBZ melting similar 
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behaviour as before melting point decreases with decreases CBZ content in the 

formulation.     

The enthalpies of CBZ in the formulations did follow the same trend as the other 

formulations prepared with other PEG.   The PEG melting enthalpies during the 1stnd 

heating cycle was much higher than the 2nd heating step.   The enthalpy of PEG 

melting decreases as PEG concentration increases until 60:40 formulation then 

increases again in both cycles.   The enthalpy of the CBZ crystallisation during the 

2nd heating step in the formulation 60:40, 50:50 and 40:60 was higher than the other 

formulations but still lower than the 1st heating cycle.      

5.4 Discussion  

In this chapter CBZ was formulated with multiple PEG molecular weights at 

different weight ratios then analysed on the DSC using quench cooling method.   

PEG 300 does not freeze or melt in our study therefore, the enthalpy of the different 

peaks cannot be normalised according to the weight ratio in the formulations and it 

was only done for the other PEG formulations.    

The CBZ formulations with low molecular weight PEG (PEG 300) showed that at 

70, 60, 50, and 40 % w of CBZ in the formulation, the crystallisation from melts will 

occur during the reheating step and the crystallisation peak temperature increases as 

the CBZ content decreases.   For the formulations with solid PEGs, the formulations 

with 90, 80, 70 and 60 (except for PEG 6000) % w CBZ did recrystallise during the 

cooling step.   At low CBZ content (30, 20 and 10%w CBZ) in the formulation, the 

CBZ melting peak (at the first heating cycle) is not observed due to the drug 

dissolving in PEG and does not come out of the solution during cooling and stays in 

amorphous state during 2nd heating step.   This was also observed by Nair and 

colleagues where the endothermic peak of CBZ is not evident in the DSC trace (at 

60% w CBZ in the formulation) due to the CBZ dissolving in PEG 4000 as the 

temperature increases (Nair et al., 2002).   At higher CBZ content (90, 80 and 70% 

w/w), the amount of PEG is not sufficient to inhibit CBZ crystallisation from melts 

(Nair et al., 2002).    

In order to stabilise a drug-polymer interaction, a strong hydrogen bond has to be 

formed between them and this bond will have an impact on the ability of the polymer 



 

129 

 

to prevent crystal growth from the supercooled liquid drug also, the amount of the 

polymer in the formulation plays a big role in stabilising this interaction (Trasi and 

Taylor, 2012).   In our study, all the PEG molecular weights used cannot stabilise 

CBZ amorphous formulation at a percentage weight of PEG lower than 40 (except 

for PEG 6000).   In the samples where CBZ crystallisation from melt occurs during 

reheating, the crystallisation temperature varied from 40-80°C, depending on the 

different PEG used and to the percentage of PEG in the formulations.   The lower the 

crystallisation temperature especially for PEG 4000 and 6000, the higher the 

enthalpy was and this is due to CBZ nuclei quenched in the glass formulation during 

cooling and upon reheating they crystallise.   The formulation having a large number 

of nuclei will have a lower recrystallisation temperature according to Trasi and 

Taylor (Trasi and Taylor, 2012) the large number of nuclei will affect the enthalpy 

hence the increase in enthalpy compared to the other formulations.     

 

In conclusion, at a higher PEG content in the formulation (70% and above), CBZ 

stays in amorphous form after quench cooling in all molecular weights used.   At 

lower PEG content in the formulation (30% and below), CBZ recrystallises during 

cooling as PEG cannot inhibit the crystallisation at these formulations.   The 

recrystallisation from melt occurs between 60 to 40% CBZ in the formulation, there 

is a slight variation in the crystallisation temperature and enthalpy of this 

crystallisation event using the different PEG molecular weights.    
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Chapter 6 The effect of the addition of Poloxamer on CBZ: 

PEG formulations 

 

6.1 Introduction  

Poloxamers are synthetic tri-block of copolymers that are known in the market as 

Pluronics.   The polymer based on a hydrophobic centre chain of polypropylene 

oxide (PPO) and two hydrophilic end chains of polyethylene oxide (PEO)(refer to 

Figure 6.1-1).   Poloxamers have a wide molecular weight range, which can be 

achieved by varying the PEO or PPO chain lengths.   Poloxamer F68 (also known as 

Poloxamer 188) has 80 PEO chains to 27 PPO chains with an average molecular 

weight of 8595g/mol. 

 

Figure 6.1-1 Poloxamer structure 

 

Poloxamers were used in the pharmaceutical industry as surfactants, wetting agents, 

dispersants, solubilizing agent and emulsifiers (Patel et al., 2009).   The most 

commonly used Poloxamers in the pharmaceutical industry are P123, P105, L61, 

L121, F87, F68, and F127 (Pitto-Barry et al., 2014).   
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Table 6.1-1 Melting Points of the different Poloxamers used in the project 

Poloxamer Appearance  PEO: PPO Average MW 

g/mol 

Melting Point   

( C̄) 

P103 Paste  34: 60 4950 30 

P123 Paste  40: 70 5750 31 

F68 Solid  80: 27 8595 52 

F127 Solid  200: 65 12220 56 

 

Poloxamers were used to enhance the solubility of poorly aqueous soluble drug using 

solid dispersion method.   In a study, Bicalutamide was formulated with F68 at 1:1, 

1:3 and 1:5 weight ratios using melt method, the results shows increase in the 

dissolution rate compared to pure drug.   The 1:1 formulation was best performing 

formulation compared to the formulations with high F68 content.   This might be due 

to the gelling effect of high Poloxamer content in the formulation.   (Sancheti et al., 

2008)   Another study shows that F127 with Quercetin (antioxidant) solid dispersion 

prepared using evaporation precipitation of nanosuspension method enhances the 

dissolution of Quercetin.   Also, the formulation at 1:1 ratio shows a broad peak in 

the DSC curve, which indicates that the formulation was amorphous (Kakran et al., 

2011).  Fenofibrate was formulated with F127 using fusion method in a study made 

by Karolewicz and colleagues.   The study shows, that 16.5% w/w of fenofibrate was 

needed to form eutectic mixture with F127.   Also, the result show enhanced 

dissolution rate (Karolewicz et al., 2015).   Poloxamers was also used to slow the 

crystallisation growth rate and to inhibit precipitation.   In a study, made by Vetter 

and colleagues show that the addition of F127 to Ibuprofen in ethanol/water mixture, 

slow the crystal growth rate.   The higher the Poloxamer concentration in the 

mixture, the slower the crystal growth rate is   (Vetter et al., 2011). 

In another study, made by Guzman and colleagues shows the effect of different 

excipients on Celecoxib precipitation inhibition.   The results show, that F127 
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inhibits precipitation less than 60 minutes whereas, P103 and P123 inhibit 

precipitation for longer than 60 minutes.   (Guzman et al., 2007)  

In this project, Poloxamer F127, P123, P103 and F68 were used to study their effects 

on stabilising the CBZ recrystallisation event that happens after quench-cooling and 

to study their effects on the aqueous dissolution of CBZ in PEG formulations. 

6.2 Method 

6.2.1 Formulation preparation  

Formulations of CBZ: PEG: Poloxamer were prepared at 50:40:10 %w/w ratio using 

the melt method.   The PEG used in this chapter was PEG 300:4000 mixture and 

PEG 6000, where the solid solution was observed.   The polymers were weighed in a 

glass vial and heated on a hot plate until the mixture melts at around 50C̄.   Then the 

CBZ was added and mixed thoroughly.   The formulations were left to cool in a 

desiccator.   The formulations were studied in the DSC (normal cool and quench 

cooled method were used), hot stage microscope and Sirius T3 for dissolution (2.2.6 

and 2.2.8). 

6.2.2  Stability study  

The stability of the different formulations at different temperatures (0, 10 and 20°C) 

was studied using the DSC.   The samples were placed in the DSC pan and heated to 

210°C at 10°C/min then quench-cooled to -20°C at 30°C/min cooling rate.   The pan 

then reheated to the required temperature and held at this temperature for 1 hour 

before the temperature was increased again to 210°C at 10°C/min.    

6.3 Results 

6.3.1 DSC and hot stage microscopy results of the different 

formulations 

The Poloxamers used in this experiment have a low melting point.   For the P group 

the melting points was between 30-32°C and for the F group was between 52-56°C 

(refer to Table 6.1-1).   The melting point of the F group Poloxamer is close to the 
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melting point of the PEG 300: 4000 (50:50 %w/w) mixture which is around 50C̄ 

(refer to Figure 6.3-1) and the melting point of PEG6000 was 65C̄ Table 3.3-2).   

The freezing point of F127 (37°C) was higher than the PEG 300:4000 (30°C).  

 

Figure 6.3-1 Melting and freezing point of PEG 300:4000 mixture and F127 

 

The effect of the Poloxamer F127 on the melting / freezing of the PEG blend is 

shown in the figure and the table below (Figure 6.3-2 and Table 6.3-1).   One 

endothermic peak was observed in the DSC curve, which indicates that the 

Poloxamer and PEG form one phase when they melt, the melting point of PEG blend 

stayed the same around 50C̄.   The freezing point of PEG 300: 4000 at 50:50 

(%w/w) was around 30̄C; the addition of F127 did not change the freezing point of 

the PEG blend even at high F127 concentration.    

 



 

134 

 

 

 

Figure 6.3-2 The effect of F127 concentration on PEG 300: 4000 blend on melting 

and cooling point 

The figure above shows the heating- cooling DSC traces of PEG 300:4000 mixture 

(50:50 %w/w) blended with F127 at different concentration.   The table below shows 

the melting and freezing point of these formulations.    
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Table 6.3-1 Melting and freezing point of PEG blend with the different 

concentration of F127 

PEG 300: 4000: F127 

(%w/w/w) 

Melting point 

C̄ 

Freezing point 

C̄ 

45:45:10 51 30 

35:35:30 50 29 

25:25:50 52 31 

 

The DSC results for the different CBZ formulations shows one melting peak was 

seen for the formulation containing F127 and F68 Poloxamer at around 50°C with 

PEG 300:4000 mixture and 60°C with PEG 6000.   A small endothermic peak was 

observed between 20-30°C for the Poloxamer P103 and P123.   Altering the cooling 

rate in the DSC experiments showed a difference in the thermal events associated 

with crystallisation.   In the normal cooling rate at 10°C/min, two peaks appeared 

during cooling.   One starts at around 85°C correspond to CBZ crystallising, and the 

other peak around 20°C, correspond to the PEG/Poloxamer freezing.   (Refer to 

Figure 6.3-3) 
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Figure 6.3-3 Heat-normal cool-heat DSC curve 

The figure above shows the typical characteristics of a DSC curve of the 

formulations used.   The different CBZ formulations DSC curves aligned with hot 

stage microscopy figures are discussed later in this section.   

For the quench cooled samples, no CBZ crystallisation was seen in some of the 

samples studied (such as in CBZ: PEG 300: 4000:P103).   Some samples show one 

peak at polymer blend crystallising temperature (such as in CBZ: PEG 300: 4000: 

F68 formulation) and other samples two peaks were observed one for the CBZ and 

one for the polymer (refer to Figure 6.3-4).    
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Figure 6.3-4 Quench cooling step for CBZ: PEG 300: 4000: Poloxamer 

In some samples where no CBZ crystallisation was observed or a very small 

exothermic peak was seen during cooling, a peak of polymer melting at 50°C 

followed at the same temperature by an exothermic peak which is for CBZ 

crystallisation during the second heating step.   Some of the formulations were 

studied under hot stage microscopy using the same method as the DSC method.   The 

results are shown in the sections below from 6.3.2 to 6.3.4.   The data for one 

formulation is divided into three parts:  

Part 1: 1st heating cycle  

Part 2: normal cool and 2nd heating cycle 

Part 3: quench cool and 2nd heating cycle 

The numbers on the figures below corresponds to the hot stage microscopy images 

aligned with the DSC trace to show exactly the temperature where the event or the 

images are taking place.    

CBZ: F127 was formulated to study the effect of F127 alone on the CBZ crystal 

behaviour with the heat-cool-heat cycle. 
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6.3.2 CBZ: F127 (50:50)  

6.3.2.1 Part 1: 1st heating cycle  

The first heating cycle shows two main peaks: Peak 1 and Peak 2 from Figure 6.3-3.   

The numbers on the DSC curves are aligned with the microscope images below.   

 

Figure 6.3-5 CBZ: F127 1st heating cycle DSC curve 

(Image 1 was taken at 50°C, where F127 in the formulation starts to melt and the 

CBZ crystals appears to have a rock round shape within the formulation. At 150C̄, 

the drug crystals start to change form from rock shape (form III) to the needle shape 

(form I). Image 2 was taken at 180̄C, where all the crystals have changed form.   

Image 3 was taken at 187̄C, where the CBZ crystals are melting and around 195C̄ 

all the CBZ crystals will be in solution.)    
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The DSC curve of the 1st heating cycle shows three thermal events: melting of the 

Poloxamer F127 followed by a change of crystal form from CBZ form III to form I 

then melting of CBZ form I.   CBZ has previously shown this pattern in section 

4.1.1. 

6.3.2.2 Part 2: normal cooling and the 2nd heating step  

 

Figure 6.3-6 Normal cooling and 2nd heating step of CBZ: F127 

(During the cooling step at 10̄C/min, CBZ crystals start to appear at 130C̄.   The 

crystals have a very fine; needle shaped as shown in image 4 and then the 

crystalisation stops at 125̄C.   As the sample continues to cool new CBZ crystals 

start to grow at 115̄C.   Image 5 was taken at 100̄C where the newly grown CBZ 

crystals has a long needle shape which starts from a trapped nucleus and then the 

CBZ growth stopped.   On the reheating cycle, at 60C̄, the F127 melts again, and a 

small CBZ crystals start to grow as shown in image 6.   At 100C̄, the CBZ crystal 
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growth stopped (image 7).   Picture 8 was taken at 170C̄, where the CBZ crystals 

start to melts.) 

During the normal cool rate, two peaks were observed in the DSC curve: one at 

around 165̄C, which is for CBZ crystallisation (Peak 3 in Figure 6.3-3) followed by 

another peak at 35̄C (Peak 4) which corresponds to the F127 crystallising.   During 

the 2nd heating step, two endothermic peaks can be seen which corresponds for F127 

and CBZ melting. 

The hot stage microscopy data for CBZ: F127 (normal cooled) were slightly different 

than the DSC data.   The crystallisation of CBZ on the hot stage started around 

130̄ C instead of 165̄C (on the DSC).   Also in the 2nd heating cycle a small crystal 

growth at 60̄C was observed under the microscope was not seen in the DSC curve, 

which might be due to the F127 melting and the CBZ crystallising at the same time 

and the enthalpy of F 127 melting was higher than the enthalpy of CBZ crystallising, 

therefore, the DSC trace did not show this event.    
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6.3.2.3 Part 3: quench coolling and 2nd heating step  

 

Figure 6.3-7 Quench cooling step and 2nd heating step for CBZ: F127 

(During quench cooling step at 30̄C/min, very fine branched needle shaped CBZ 

crystals start to grow at 105̄C (image 4 was taken at 100̄C). Image 5 was taken at 

75̄ C where the CBZ crystals stopped growing.   Image 6 was taken during the 2nd 

heating cycle, at 60̄C the crystals start to grow from the solution where no previous 

crystallisation was observed.   Image 7 was taken at 80C̄; the needle shape crystals 

become bigger.   Image 8 shows the CBZ crystals start to melt at 170C̄.)    

The quench cooling and 2nd heating DSC curve shows two small peaks during 

cooling which corresponds to CBZ and F127 respectively.   During the 2nd heating 

step, a small endothermic peak at around 45C̄ indicates F127 melting followed by a 

hump, which indicates a phase of CBZ crystallisation.   Another endothermic peak 

was observed around 170̄C, which corresponds to CBZ melting. 
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The hot stage microscopy results for the quench cooling of CBZ: F127 were in 

agreement with the DSC curve.   A small CBZ and F127 crystallisation event was 

observed during cooling and in the 2nd heating step; F127 melts then CBZ crystals 

starts to grow.   The crystals grew from nuclei to form a flower shaped crystals, the 

CBZ crystals formed exist as form II.   The CBZ crystals from the quench cooled 

sample looked more uniform than the normal cooled ones.   Also, more crystals 

appeared than in the normal cooled sample.   In both samples the CBZ crystals had a 

needle shape crystal and they exist in form II. 

6.3.3 CBZ: PEG 300: 4000: F127 (50:20:20:10)  

6.3.3.1 Part 1:1st heating cycle 

The 1st heating cycle of CBZ: PEG 300: 4000:F127 on the DSC shows two 

endothermic peaks: one around 50C̄ which is for the melting of the polymer blend 

and the 2nd peak for the CBZ melting.    The hot stage microscopy images are 

presented below.  
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Figure 6.3-8 1st heating cycle for CBZ: PEG 300: 4000:F127 

(Image 1 was taken at 20̄C and it shows the polymer mix covers the drug particles.   

Image 2 was taken at 50̄C where the polymer mixture starts to melt and the CBZ 

drug crystals can be seen now.   Image 3 was taken at 120C̄, CBZ needle shaped 

crystals start to grow.   Image 4 was taken at 150C̄ where most of the CBZ crystals 

have changed form to needle shape crystals (form I).   Image 5 was taken at 175C̄, 

and it shows that most of the CBZ crystals have melted and at 185C̄ the drug is in 

solution.)    
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6.3.3.2 Part 2: normal cooling and 2nd heating cycle  

 

Figure 6.3-9 Normal cooling and 2nd heating cycle for CBZ: PEG 300: 4000: F127 

(The sample was cooled at 10̄C/min and the first CBZ crystal growth appears at 

40̄ C, image 6 was taken at 30̄C.   Only a few CBZ crystals appeared during cooling 

and they did not grow fast, the polymer mixture appears as streaks when cooled.   

(The arrow in image 7 points to the polymer mixture streaks).   When the sample was 

heated for the 2nd time, at 50̄C more crystals did form on top of the older crystals as 

shown in image 8.   Image 9 was taken at 60C̄ where more CBZ crystals are formed.   

At 80̄ C, the crystals stopped growing as shown in image 10.   The CBZ crystals start 

to melt as the temperature exceeded 130C̄, image 11 was taken at 170̄C where 

some of the CBZ crystals are in the liquid state.)     

The DSC curve shows that during cooling two exothermic peaks one around 85C̄ 

corresponds for CBZ crystallising and the other peak at 15C̄ is for the polymer 














































































































































































































































