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Summary

Summary
The main aim of this research was to manufacture and characterise the physiochemical, 

rheological and drug release properties of drug loaded insoluble matrices prepared by 

HME technology, to provide a deeper understanding of the mechanisms which affect 

drug release from hot melt extruded solid dosage forms. Polymethacrylate polymers are 

frequently used within the pharmaceutical industry as film coating agents many of which 

offering unique pH-solubility profiles for targetted drug delivery. Eudragit" RL PO and 

RS PO are insoluble polymers which remain intact across the physiological pH range and 

represent a largely understudied category of materials as polymeric matrices for drug 

delivery.

The physical and chemical characteristics of Eudragit" RL PO were investigated 

showing good thermal stability at processing temperatures below 180°C. Above 180°C, 

thermal decomposition proceeded by a mechanism which caused cleavage and 

subsequent loss of ammonio methacrylate functional groups. Eudragit" RL PO exhibited 

hygroscopic properties containing approximately 3% adsorbed residual moisture when 

stored at ambient temperature at atmospheric conditions. Acceptable processing limits for 

hot melt extrusion of Eudragit RL PO were defined with an optimal temperature 

window between 120°C and 170°C and screw speed between 100 and 150rpm. Adsorbed 

water vapour above 60% relative humidity acted as a plasticizer for Eudragit'4 RL PO 

which lowered the glass transition to below ambient temperature causing an increase in 

permeability of the material, prompting recommendations for storage of amorphous drug 

dispersions with a desiccant to prevent the ingress of moisture and improve solid sate 

stability. Modelling of the water uptake kinetics of extruded polymer samples showed 

that the polymer exhibited anomalous non-Fickian transport behaviour where the rate of 

inward diffusion was approximately equal to the rate of polymer chain relaxation. Water 

ingress resulted in plasticization of the polymer causing changes in the viscoelastic 

properties of the material resulting in a reduction of Young’s modulus and tensile 

strength and an increase in percentage elongation.
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Summary’

A model water soluble drug, metformin hydrochloride (MHC1), was formulated within 

the Eudragit1 RL PO carrier matrix using HME. MHC1 and Eudragit" RL PO exhibited a 

poor interaction during HME with the calculated solubility of MHC1 in the molten 

polymer matrix low at 2.38 ± 1.9 % w/w. The glass transition temperature of the polymer 

remained unchanged by the presence of MHC1 at concentrations below 30% w/w 

showing that MHC1 did not act as a solid state plasticizer. MHC1 caused anti

plasticization above concentrations of 30% w/w. PXRD showed that no crystalline to 

amorphous transition of MHC1 occurred during hot melt extrusion. The drug release 

properties of MHC1 in Eudragit1' RL PO extrudates were investigated indicating that 

HME could produce dosage forms with sustained release properties. Drug loading had a 

significant influence on the drug release profile of MHC1 from the matrix. At high drug 

loadings (15 and 30% w/w), an extensive pore network caused by leaching of large drug 

crystals formed a continuous network, which affected the polymer microstructure and 

resulted in a reduction in tortuosity of the matrix facilitating a faster rate of dissolution. 

Eudragit® RS PO was added to the hot melt formulation and caused retardation of drug 

release from the matrix providing a mechanism through which release of MHC1 could be 

tailored to specification.

Hot melt extrudates containing a second model drug, Quinine, were manufactured 

and the effect of drug form on the physiochemical and drug release properties evaluated. 

The free base (QB), hydrochloride (QHC1) and sulphate (QSO4) forms were selected and 

formulated with Eudragit" RL PO. The free base form exhibited the highest saturation 

solubility within the matrix at 28.48 ± 3.4 % w/w, QS04 19.27 ± 2.34% w/w and the 

hydrochloride the lowest solubility at 7.96 ± 2.2 % w/w, thus solubility of drug in the 

molten polymer matrix followed the order QB>QS04>QHC1. A crystalline to amorphous 

transition occurred during hot melt extrusion for all three quinine forms when formulated 

at concentrations below the drug saturation solubility. QB, QHC1 and QSO4 acted as solid 

state plasticizers for Eudragit" RL PO causing a reduction the glass transition 

temperature at concentrations below saturation solubility. All forms were confirmed to be 

in a one phase molecular dispersion at concentrations below the saturation solubility 

indicating complete dissolution in the polymer during extrusion. Above the saturated
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Summary

solubility, the quinine form exerted a significant impact on the plasticization efficiency of 

the drug. Increasing the concentration of the least miscible drug, QHC1, beyond 10% w/w 

did not significantly depress the glass transition temperature of the polymer. At high 

loadings as high as 50% vv/w, the forms with the higher solubility, QB and QSO4 

continued to act as solid state plasticizers. Two additional quinine salts were 

manufactured using acid base reactions forming quinine benzoate and quinine salicylate. 

Through the use of these additional salt forms, salt counter ion was confirmed to impart a 

significant influence on the solubility of drug within the polymer matrix, which in turn 

directly affected the physiochemical properties of hot melt extrudates such as crystallinity 

and glass transition. It was found that the lower the solubility of drug in the molten 

matrix, the higher the crystalline component within the hot melt extrudates produced. 

Single crystal XRD of the newly manufactured salts provided evidence that an interaction 

between the N atom of the quinine quinuclidine moiety and the carboxcylic acid group 

-OH of the acid molecules occurred during salt formation. From this it was proposed that 

polymer drug interactions strongly influenced the drug solubility in the matrix which in 

turn had a significant impact on the physiochemical properties of the extrudates. 

Subsequent studies investigated further the drug polymer interactions formed during hot 

melt extrusion and evaluated the effect of physiochemical properties on drug release 

properties.

The rheological properties of virgin and drug loaded molten Eudragif*' RL PO 

systems were investigated using capillary rheometry. Capillary rheometry has been used 

extensively in the engineering sector to characterise polymer melts but has attracted 

limited interest within the pharmaceutical field in spite of unsurpassable potential to 

characterise drug polymer melts. Eudragit" RL PO exhibited non Newtonian behaviour 

with viscosity possessing a greater temperature dependence than shear dependence. The 

Power law was a suitable predictive model and the Power law index for Eudragit‘: RL PO 

increased with increasing temperature indicating that the lower the processing 

temperature, the more shear thinning the melt. The activation energy (Ea) was calculated 

using the Arrhenius equation, which progressively decreased with increasing the shear 

rate showing that temperature sensitivity of the polymer melt reduced with increasing
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shear rate. Results from capillary rheometry highlighted a significant risk of extrusion 

instability when the polymer was processed at temperatures of 135°C and below and 

above shear rates of ISOsec'1. Shear rate did not exert a significant influence on the 

Eudragit' RL PO microstructre post processing and the glass transition temperature and 

water uptake properties of the polymer remained unchanged when processed at higher 

shear rates. Elastic recoil properties of the polymer caused significant die swell post 

processing and it was shown that increasing the length of the extrusion die could increase 

the retention and relaxation time reducing potential die swell problems that may arise 

during processing.

Addition of QB to the formulation caused an improvement in the thermal 

processability of the material due to solid state plasticization of the polymer. All drug 

loaded formulations exhibited significant swell behaviour and increasing the 

concentration of the drug caused a reduction in the extrudate swell ratio as a result of a 

reduction in the elastic recoil properties of the material showing that highly drug loaded 

extrudates therefore pose a lower risk of swell behaviour post processing. Application of 

a drawing force on the drug release properties from QB loaded Eudragit" RL PO 

extrudates were evaluated and no significant difference in the dissolution properties were 

observed at any of the applied drawing forces. Capillary rheometry therefore was shown 

to be an efficient technique for the characterization of drug loaded polymeric systems and 

the definition of processing limits for hot melt extrusion in line with current industrial 

quality by design guidelines.

The dissolution properties and drug polymer interactions of hot melt extrudates 

containing QB, QHC1 and QSO4 were also investigated. Compressed tablets containing 

5% w/w QB and Eudragit" RL PO showed a significantly slower rate of release than 

from hot melt extrudates with the same formulation. There was no difference in the 

release properties of extrudates containing QHC1 or QSO4, but extrudates containing QB 

were slower with the dissolution rate following the order QHC1=QS04>QB. At 30% w/w 

loadings however, a significant difference in the rate of dissolution of drug from the 

extrudates was observed with QHC1>QB>QS04. Water uptake into the hot melt
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extrudates for the 30% w/w samples was assessed and showed a similar trend with 

QHC1>QB>QS04. Rapid leaching of the most aqueous soluble form QHC1 resulted in the 

formation of an extensive pore network throughout the extrudates reducing matrix 

tortuosity and increasing permeability. Counter intuitively, 30% w/w QB loaded 

extrudates exhibited a faster rate of dissolution than the more soluble QSO4 due to intense 

solid state plasticization of the polymer which lowered the polymeric glass transition to 

temperatures similar to the dissolution media temperature which caused an increase in 

molecular mobility of polymeric chains resulting in rapid diffusion of drug from the 

polymer matrix.

QB exhibited multiple sites of interaction with the polymer functional groups. 

Protonation of the C-N quinuclidine moiety of the quinine molecule occurred within 

QHC1 and QSO4 during salt formation. An interaction between QB and Eudragit" RL PO 

occurred at the C-N quinuclidine moiety confirming this to be a key site involved in the 

interaction between drug and polymer during hot melt extrusion. No interaction at this 

site was observed within QHC1 and QSO4 providing evidence that protonation during salt 

formation resulted in the occupation of a key site which is involved in the formation of 

drug polymer interactions during hot melt extrusion, rendering this site less available for 

interaction with the polymer and thus reducing drug solubility. QB caused interruption of 

polymeric intramolecular hydrogen bonding at the C-0 and C=0 polymeric ester and 

carbonyl sites and exhibited a strong interaction with the ionic ammonio methacrylate 

polymeric functional groups evidenced by the reduction in solubility in the RS PO 

polymer. QHC1 and QSO4 also had a lower solubility in the RS PO polymer exhibiting an 

interaction at these sites was lower than QB given by the smaller reduction in solubility 

in RS PO than RL PO. Stability of hot melt extrudates containing QB, QHC1 and QSO4 

following storage at accelerated conditions (40°C/ 75% RH) were assessed showing 

differences in the rate of recrystallisation. Evidence of surface crystallisation after 3 

weeks was observed for QHC1 and QSO4 while QB extrudates remained smooth and 

surface recrystallisation was not observed until 6 weeks. RL PO acted as a more efficient 

recrystallisation inhibitor for the free base than for QHC1 and QSO4. Following storage of 

QB loaded extrudates after 3 weeks, dissolution was faster from the matrix proposed to
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be attributed to an increased molecular mobility of the polymer due to plasticization by 

water upon storage. The dissolution profile of QHC1 and QSO4 remained unaffected by 

surface recrystallisation, however the dissolution of QB was progressively slower with 

increasing surface recrystallisation due to the poor solubility of the free base.

A better understanding of hot melt extruded dosage forms, and in particular 

insoluble systems has been achieved through these studies. In summary, a key element of 

this work has shown that altering the physiochemical properties of hot melt extrudates 

can exert a propitious effect on dissolution performance highlighting a novel and 

rationalised approach to the dosage form design of such systems. What is clear, is that the 

causative factors and hence underlying mechanisms which lead to alterations in extrudate 

physiochemical properties are complex but may be better understood by the development 

of an appreciation of the chemistry of the interaction which occur between drug and 

polymer during hot melt processing. From this therefore, it is highly recommended that 

as a basic pre-requisite for the formulation of hot met extruded dosage forms, an 

understanding of drug polymer miscibility and solubility should be sought. We have 

shown that formation of a salt form of an active ingredient significantly impacts upon the 

physiochemical properties of the dosage form which can be translated to altered 

dissolution performance hence understanding how a salt form may alter the interaction 

between drug and polymer during hot melt processing enables manipulation of 

dissolution performance to create novel dosage forms with better controlled release 

capabilities. These studies also showed that the salt counter ion is exceptionally important 

and clearly affects drug polymer interactions which occur during processing. In order to 

assess more generalised relationships and to understand the counter ion effect more 

comprehensively, further work would be required using a range of polymer matrices and 

model drugs and their salt forms. This approach would enable the creation of predictive 

models such that formulators may have a sound basis for theoretical prediction of how a 

drug or drugs and their respective forms will behave during hot melt extrusion prior to 

experimentation. In a second key element of this work, it has been shown that molten 

materials may be comprehensively characterised in a manor more representative to large 

scale processing operations. A key element of the utility of this technique is the ability to
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optimise the manufacturing process by gaining vital information on how the critical 

process attributes and formulation may impact the final dosage form. Further 

experimentation would allow the development of a scale up model which allows 

translation of process optimisation parameters from the lab scale to large scale real time 

processing.
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1.INTRODUCTION



Chapter l

1.1. Hot melt extrusion

Hot-melt extrusion (HME) is a processing technology widely used in the plastic, food and 

rubber industries (Chokshi and Zia 2004) (Apruzzese et al., 2000) (Cheng et ai, 2010) 

(Gujral et ai, 2001) (Wang et al., 2002) (Giles et al., 2005). It was invented at the end of 

the eighteenth century by Joseph Brama for manufacturing lead pipes, but was not 

applied in the plastics industry until the 1850s. The technique was first reported to have 

pharmaceutical applications some 40 years ago by El-Egakey et. a/. (1971) but it has only 

been in more recent years that the process has gained significant interest within the 

pharmaceutical field and it is has only been in the last decade that it has been generally 

accepted as a valuable technique to prepare solid solutions and dispersions (Verreck et 

ai, 2006) (Qi et al., 2008) (Dong et al., 2008) (Bialleck et al., 2011).

1.1.1. The HME process

Extrusion is the process of converting a raw material into a product of uniform shape and 

density by forcing it through a die of desired dimensions under controlled conditions. The 

process can be broadly classified into two types: molten systems or semisolid viscous 

systems. The extrusion of molten materials occurs at elevated temperatures so as to 

control the material viscosity and to enable flow through the die exit and this is referred 

to as hot melt extrusion. Semisolid systems on the other hand are multiphase concentrated 

dispersions containing a high proportion of solid mixed with a liquid phase and these 

systems can also be extruded through a die without the elevation of temperature 

(Breitenbach, 2002). This is known as wet mass extrusion and when followed by a 

spheronisation step termed extrusion-spheronisation. Depending on the equipment set up, 

the process itself can also be further subdivided into screw extrusion and ram extrusion. 

Screw extrusion consists of one or two rotating screws inside a barrel, while ram 

extrusion consists of a positive displacement ram, capable of generating high pressures 

forcing material through the die (Giles et ai, 2005).

In a molten system, the process of polymer flow during extrusion proceeds by the 

following mechanisms: feeding of the material from the hopper into the extruder, 

conveying of the material along the screws, flow of material through the die and exit
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from the die with down stream processing. A diagrammatic summary of a hot melt 

extruder and the process is provided in figure 1.1.

Monitoring 
(In-process sensors)

Polymer, Excipient Drug 
{Feeder system)

Conveying, Mixing, Melting 
Extruder)

aping
(Calender, Cutting system)

Figure 1.1. Typical set up of a screw extrusion apparatus and the zones through 

which molten material is transported (adapted from Breitenbach, 2002)
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During feeding, the material is fed from a hopper directly into the feed zone and it is 

vital that the temperature in this zone is optimal (Haber et al., 2005). Temperature can 

affect slippage of the polymer during extrusion (Hatzikiriako, 2011). If the temperature is 

too high, premature melting will prevail resulting in a lubricating film on the barrel wall 

reducing friction between barrel wall and polymer contributing to slippage of the material 

across the metal surfaces. In contrast, if the temperature is too low there will be poor 

conveying of solid material across the screws. The ideal temperature within this zone 

will allow the material to become tacky, increasing friction to facilitate the forward 

movement of the polymer plug. Up to 80% of the heat required to melt or fuse the 

material may be supplied by the heat generated by friction as the material is sheared 

between the rotating screws and the wall of the barrel (Breitenbach, 2002). Delivery of a 

melt which is homogenous in composition and temperature is important for good product 

quality (Abeykoon et al, 2011) and heat is often supplied to the barrels using electrical 

heaters within. The polymer melts in the feed zone roughly five or 6 screw diameters 

from the feed zone. Beyond the feeding zone, the material is transported as a solid plug to 

the transition zone and transferred along the barrel with the aid of the rotating screws. 

Screw design and geometry can greatly affect the transfer of material along the extruder 

and pitch and helix angle are different in each of the zones to allow mixing, compression, 

melting of the material (Radi et al., 2010). A geometrical diagram of an extrusion screw 

is provided in figure 1.2. Altering the pitch and helix angle can determine the throughput 

of material at constant rotation speed. In a single screw extruder the treads in the screw 

change along the length.
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Figure 1.2. Diagram of typical extrusion screw geometry (Breitenbach, 2002)

The feed section closest to the hopper possesses the deepest flights as pellets and 

powder are transferred from this area. Further along the screw the pellets melt and move 

into the transition zone where the flights are more shallow (Giles et ai, 2005). Finally the 

material then moves into the metering zone where which has the shallowest flight depths. 

Single screw extrusion does not possess the mixing capability of a twin-screw machine 

and therefore is not the preferred approach for the production of pharmaceutical 

formulations (Andrews et ai, 2009). In a twin screw apparatus two parallel screws rotate 

either in the same direction (co-rotating) or in opposite directions (counter rotating). In 

twin screw extruders the differing amounts of intermesh, pitch and clearances all can 

affect the processing characteristics of the material (Senanayake et ai, 1999).
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Uniform flow of material through the barrel is important since pulses in flow can result 

in a non-uniform delivery rate to the die exit (Ulysse, 1999), which in turn will affect the 

dimensions of the extruded product. Consequently metering melt pumps are frequently 

used in large scale industrial processing to allow consistent charge of material to the die 

exit. Spinline stress of such gear pumps have been shown to have an impact upon drug 

release characteristics from hot melt extrudates (Laarhoven et al. 2004). The pressurized 

melt is transferred along the barrel and eventually flows through a shaped orifice, or 

extrusion die where it may be subject to tension forces as it is cooled and shaped to a 

final product. Much consideration in the literature has been given to the mathematics of 

flow of molten material through the die and die design so as to optimize product 

dimensions and processing output (Gordon et al., 2007) (Nanhai and Kezhi, 200) (Lin et 

al., 2003). The ultimate function of the die is to shape the molten extrudate to the 

required dimensions beyond which the extrudate is cooled and solidified.

Polymers with a wide range of viscoelastic properties and melt viscosities can be 

processed via HME (Liang, 2002). Some hygroscopic polymers require drying prior to 

extrusion to prevent polymer degradation since moisture in the polymer may be 

converted to steam in the extruder and depending on the quantity present, can cause 

surface imperfections such as holes or a foamy product (Haber et al, 2005). The polymer 

may be blended with other additives prior to processing including heat and oxidative 

stabilizers (Henson, 1997), flame retardants (Yang et al, 2009) drugs (Crowley et al., 

2004), plasticizers (Zhu et al., 2002) and colour pigments (Rocher et al., 2010) to 

produce the desired product profile. Extrusion is a versatile technique and thus a wide 

range of products can be manufactured including tiling, insulated wires, pipes, hoses, 

cables, plastic bags and bottles. Where the shape of the extruded product is determined by 

the shape of the die, this is known as profile or line extrusion which feed off to cutting 

equipment where the extrudate is then cleaved into smaller portions. In contrast, the 

extrudate may be further processed beyond the die exit using a number of techniques 

depending on the requirements for the final product. For example, plastic packaging and 

bottles will be produced using blow molding where the polymer melt is pushed through 

an annular shaped slit die the extruded tube inflated with air. This then fills the shape of a
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specified mold, which closes around it sealing it at one end forming the desired shape. 

Post extrusion, the polymer may also be extruded into a cavity mold at increased 

pressure, which then will be cooled and opened forming the desired shape. This is 

referred to as injection moulding.

1.1.2. Pharmaceutical applications of HME

Compared to the wide application of hot-melt extrusion in the plastics, rubber and food 

industries, the use of this technology in the pharmaceutical industry is still at an early 

stage. A testament to the recent growth in popularity of the technique within the industry 

is the increase in the number of hot melt extrusion patents for pharmaceutical 

applications within the public domain. Since the 1980s the number of HME patents has 

significantly increased (figure 1.3) with the US and Germany holding 56% of all issued 

HME patents followed by Japan with 19% (Crowley et ai, 2007), which can be directly 

correlated with the growth in commercial interest of this technique to manufacture drug 

products.

/ / ^ ^

Figure 1.3. The number of HME patents issued between 1980 and 2006. 

(Reproduced from Crowley et al., 2007)
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HME technology has shown excellent potential for the production of a range of solid 

dosage forms, providing flexibility for modification and improvement of drug release as 

required. A vast range of dosage forms and formulations have been manufactured using 

HME including pellets (Young et al., 2002); implants (Cheng et ai, 2010) granules 

(Gryczkeb et al., 2011); topical and transdermal drug delivery systems (Aitken-Nichol et 

ai, 1996) (Repka and McGinity, 2001); immediate and sustained release dosage forms 

(Gryczke et ai, 2011) (Almeida et al., 2011) (Brabander et ai, 2003) (Verhoeven et ai, 

2009) (Zhang et al., 2000) (Crowley et ai, 2002) (McGinity and Zhang, 2002) and 

vaginal inserts (Van Laarhoven et al., 2002), all of which have shown promising potential 

to deliver a diverse range of drugs by a number of routes.

1.1.3. Advantages and disadvantages of HME

The production of drug loaded polymeric dosage forms by HME offers many advantages 

over traditional dosage form production techniques (Mehuys et al., 2005) (Breitenbach, 

2002) (Qi et ai, 2008). One major advantage is the continuity of the production process. 

Each step involved in the process (i.e. mixing, melting, homogenizing and shaping) is 

carried out during a single process on a single piece of equipment (Verhoeven et al., 

2008) making HME a cost effective manufacturing process. Molten polymers can 

function as thermal binders and therefore have the potential to act as release retardants 

upon cooling and solidification and so it is a useful technique for the production of 

controlled release formulations (Almeida et ai, 2011) (Brabander et ai, 2003) (Fukuda et 

al., 2006). Solvent and water addition is not a pre-requisite for the process and therefore 

reduces the potential for drug solvent interactions and degradation due to hydrolysis 

reactions (Mehuys et ai, 2005). Safety concerns associated with the presence of residual 

solvents are minimized and because disposal of solvent post manufacturing is not 

required, the process on the whole is more environmentally friendly and the need for time 

consuming drying and solvent removal steps is also obliterated making the process faster 

and more reliable. Efficient scale up from a small scale laboratory extruder to a larger 

scale production size extruder is simple and there are no requirements concerning the 

compressibility of the active ingredients (McGinity et. al. 2000). The intense mixing and 

agitation caused by rotating screws can cause de-aggregation of suspended particles in
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the molten polymer, resulting in a uniform drug dispersion. The extrusion equipment 

can therefore be used as a granulation technique to allow uniform mixing of drug and 

polymer with the resultant extrudate possessing the ability to be milled and mixed with 

other extra granular excipients for subsequent incorporation into a capsule or for 

tabletting purposes (Liu et al., 2001). HME is suitable for drugs with a high potency such 

as steroids (Laarhoven et al., 2002) and those with a low potency drugs such as ibuprofen 

(Brabander et al., 2004) since the intense de-aggregation and mixing properties of the 

screws permits a uniform dispersion. The process offers a high throughput and low 

material loss and resulting extrudates possess excellent homogeneity. Raw materials can 

also be processed independent of their compression characteristics or particle size 

distribution. Specific disadvantages of HME are the high processing temperatures 

required to melt the polymer and subjection of the melt to these temperatures over a 

prolonged period of time. However, the ability to modify screw configuration and the 

high shear forces generated within the extruder allow for processing at lower 

temperatures, and this in addition to the use of plasticizing agents further alleviates these 

problems (Andrews et al. 2009).

If a polymeric carrier is chosen with a sufficiently low melting temperature or 

glass transition, the formulation can be processed at low temperatures thus preventing 

degradation of thermally labile drugs. A number of drugs which are known to be 

temperature sensitive have been successfully processed using HME technology including 

p-aminosalacylic acid (Verreck et al., 2006) and hydrocortisone (Di Nunzio et al., 2010) 

(Repka et al., 1999). Thermal degradation of a material is however related to both 

temperature and duration of exposure. In order to minimize thermal degradation 

processing aids which reduce both the processing time and temperature required are often 

employed. Plasticizers are commonly incorporated alongside these polymers during HME 

to improve the workability and flexibility of the formulation (Maru et al, 2011). 

Developing an understanding of the process to allow optimization in order to reduce 

thermal exposure and hence the risk of drug degradation is required.
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1.2. Solid oral dosage formulation

Delivery of a pharmaceutical agent to the systemic circulation and consequently to the 

pharmacological site of action to produce a desired clinical effect is the ultimate goal of 

drug delivery (Wang et al., 2005). Therefore a comprehensive knowledge of the relevant 

therapeutic and physiochemical properties of a drug is required to determine the most 

appropriate formulation, route of administration and mode of action. A drug can be 

directly introduced into the systemic circulation by several methods. However, the oral 

route is the most common route of drug administration (Lobenberg et al., 2005). Oral 

dosage forms such as tablets and capsules are considered the most patient-acceptable 

dosage forms available. Not only do they offer convenience and ease of handling, but are 

extremely stable chemically and physically, have a high throughput and are relatively 

inexpensive to produce (Andrews, 2007). The solid state form of a drug is often preferred 

to a solution since it is easier to process and more convenient to administer than a liquid 

formulation (Wang et al., 2005). Other advantages of delivery in the solid form include 

accurate dosing, lack of requirement of preservative agents and the ability to manipulate 

the solid formulation so as to engineer release rate.

1.2.1. Solid state properties of pharmaceutical materials
The vast majority of pharmaceutical materials used in formulation development which 

include drugs and excipients, are predominantly in the solid phase. Solid state research 

plays a critical role in the pharmaceutical formulation of solid oral dosage forms and 

proper application of such knowledge can reduce time to market and reduce or eliminate 

manufacturing problems. In the past, developing an understanding of attributes of a drug 

substance such as the solid state, salt form, and aqueous solubility were not of major 

concern is early clinical trials. Now however it is standard that investigation into these 

physiochemical properties begins early in the research which greatly improves the 

knowledge base and long term developabilty criteria of the drug (Wang et al., 2005). 

Regulators also require that the form present be fully understood and identified (Newman 

et al., 2003). Solid state chemistry utilises information known about the crystal structure 

of the API and analytical information to explain solid state properties and to utilize this 

understanding to develop a final product that is acceptable for human use in terms of

10



Chapter I

safety, stability and efficacy. From a pharmaceutical perspective, the crystalline solid is 

often the solid-state of choice when developing a drug into a usable product. Knowledge 

of crystalline properties of a drug substance, therefore, is fundamental since the vast 

majority of drugs are used in their crystalline form. The physical properties of a drug are 

determined by the arrangement of molecules in the crystal lattice. Formulation attributes 

including shelf life, behaviour during processing and bioavailability are affected by these 

physicochemical properties of the drug (Zakeri-Milani et ai, 2009).

Solids may be classified into two main types based on the order of molecular 

packing: crystalline, amorphous or a combination of both. Table 1.1. describes the 

distinction between crystalline and amorphous solid materials. Amorphous solids will be 

described in more detail in section 1.2.3.

Table 1.1. Distinction between amorphous and crystalline solids (adapted from 

Naidu, 2010)

Crystalline Solids Amorphous solids

Crystalline solids possess a sharp melting

point

Amorphous solids do not possess a

melting point

The atoms or molecules of the crystalline

solids are periodic in space

The atoms or molecules of the amorphous

solids are not periodic in space

Some crystalline solids are anisotropic i.e.

the magnitude of physical properties (such

as refractive index, electrical conductivity,

thermal conductivity etc.) are different

along different directions of the crystal

Amorphous solids are isotropic i.e. the

magnitude of the physical properties are the

same along all directions of the solid

A crystal breaks along a certain

crystallographic plane

When an amorphous solid breaks, the

broken surface is irregular because it has

no crystal planes

The selection of the drug form to be used in development is important and is largely 

affected by manufacturability, solubility, bioavailability and stability of the form (Bym,
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1999). Crystalline organic solids are made up of constituent molecules, atoms or ions 

that are packed or ordered in a specific repeating arrangement (Newman and Byrn, 2003) 

which extend in all spatial dimensions with the structural units in fixed geometric 

patterns or lattices. The repeating unit is termed the unit cell. This unit cell is a small 

group of atoms that have a fixed geometry relative to one another and repeated by simple 

translations to make up the crystal. The crystal habit is the description of the outer 

appearance of a crystal (Rasenack and Muller, 2002). Molecules within the solid particle 

are held in close proximity to each other by intermolecular forces of attraction and the 

strength of these forces depend of the groups present within the molecular structure. 

Hydrogen bonding occurs due to interaction involving a hydrogen atom and another 

electronegative atom such as oxygen (Marsac et ai, 2009) if a molecule has a large 

dipole moment (i.e. polar the molecule will have positive and negative poles). These 

molecules may then interact with other molecules containing a large dipole moment via 

electrostatic forces of attraction. For molecules which can not form hydrogen bonds, 

attraction is due to Van Der Waals forces where a molecule has a small imbalance of 

charge allowing the formation of a temporary positive and negative pole to the molecule. 

Van der Waals forces include dipole-dipole (Keesom), dipole-induced dipole (Debye) 

and induced dipole-induced dipole (London) forces. The melting point is the temperature 

at which the crystal lattice breaks down as the constituent molecules have gained 

sufficient energy to overcome the attractive forces which hold the lattice together. 

Crystals with strong forces have high melting points while those with weaker forces have 

smaller melting points.

Crystalline solids can exist in multiple sub phases such as polymorphs, solvates, 

hydrates, co-crystals and amorphous solids depending on the molecular arrangement or 

inclusion of additional molecules within the repeating unit (Morissette et ai, 2004). A 

diagrammatic summary of the various crystalline sub phases is shown in figure 1.4. Each 

form displays unique physicochemical properties that can profoundly influence the 

bioavailability, manufacturability purification, stability and other material attributes.

The various phases will be discussed in more detail in sections 1.2.2, 1.2.3, 1.2.4 and 

1.2.5.
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Figure 1.4. Schematic representation of the possible sub phases of crystalline solids 

(Braga et al., 2009)

Crystal form I and II represent polymorphic forms of a crystalline material with 

the same repeating unit cell but different spatial arrangement. A co-crystal is a 

structurally homogeneous crystalline materials containing two or more components 

present in definite stoichiometric amounts and the components are discrete neutral 

molecular reactants which are solids at ambient temperature (Qiao et al., 2011). Solvates 

are pseudopolymorphs and are defined as crystalline solid adducts containing solvent 

molecules within the crystal structure. The incorporation of solvent molecules into the 

solid form influences the intermolecular interactions and the crystalline disorder 

(Khankari and Grant, 1995) (Vippagunta et al., 2001). When the repeating unit contains 

water as the solvent, they are termed hydrates. Salt formation results following proton 

transfer and the repeating unit cell contains a positively charged ion and negatively 

charged counter ion. Salt formation is known to affect the physiochemical properties of
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the crystalline material (Kumar et ai, 2008).

The preferred solid form is generally the thermodynamically most stable 

crystalline form of the compound (Morissette et ai, 2004). This may however be 

problematic if this form exhibits inadequate solubility or dissolution rate, which will 

ultimately result in poor oral bioavailability. In this case alternative solid forms may be 

investigated which may have different physical, chemical and mechanical properties 

(Savolainen et ai, 2009) affecting not only processability and drug stability, but also 

attributing to differences in bioavailability. Table 1.2 shows the physical properties of a 

crystalline material which can vary from solid form to solid form.

Table 1.2. Physical properties which differ among solid state forms of the same

drug. Adapted from (Aaltonen et. al., 2009)

Physical property Possible differences between forms

Crystal packing Unit cell volume (in crystalline forms only)
Density
Refractive index
Hygroscopisity

Thermodynamic Melting point
Enthalpy
Free energy
Solubility

Spectroscopic Electronic transitions (UV-VIS spectra)
Vibrational transitions (IR and Raman)

Kinetic Dissolution rate
Stability

Surface Surface free energy
Interfacial tension
Crystal habit
Hardness
Tensile strength
Compactability
Flowability

14



Chapter 1

1.2.2. Polymorphism

Polymorphism is characterized as the ability of a drug substance to exist as two or more 

crystalline phases that have different arrangements of the molecules in the crystal lattice 

(Raw et al., 2004). Polymorphs are known to give rise to significant differences in the 

physiochemical properties of a compound, for example, melting point, density, 

morphology, solubility and colour (Cheing et al, 2011). Polymorphs contain only one 

chemical species in their unit cell. There are two ways in which a crystal lattice may form 

from constituent atoms/molecules, namely packing polymorphism and conformational 

polymorphism (Aaltonen et. al., 2009). The one chemical species in the unit cell may be 

rigid within a specific conformation (i.e. no rotation about the single bonds) but it may be 

packed in different arrangements. This is called packing polymorphism. If on the other 

hand the atoms or molecules within the unit cell exhibit rotation about single bonds, the 

molecules or atoms with different conformations may pack in different arrangements and 

this is termed confirmational polymorphism. The polymorph with the lowest free energy 

is the most stable polymorph and consequently has the lowest aqueous solubility. The 

most stable polymorphic form of a drug substance is often used as it has the lowest 

potential for conversion from one polymorphic form to another while the metastable form 

may be used to enhance the bioavailability (Karabas et al., 2007). When there is an input 

of energy into the system (for example milling or grinding, increases in temperature or 

humidity), the material can overcome the energy barrier and transform to less stable 

polymorphic form (Cheing et al, 2006). There is also the tendency to convert from this 

metastable state to the more stable form over time however (Qiu et al., 2008).

1.2.3. Amorphous solids

Amorphous solids are generally considered to have the molecular organisation of a liquid 

with localised short range order up to a few nanometers but no 3-dimensional order (Hay 

1995). The amorphous form is also known as the glassy state and a true amorphous solid 

is completely devoid of crystallinity. The position of the molecules in relation to each 

other are more random in an amorphous solid than a crystalline material and therefore 

amorphous solids have a higher internal energy than the corresponding crystalline form, 

possessing comparative enhanced molecular motions, chemical reactivity and
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thermodynamic properties to the crystalline counterparts (Hancock and Zografi, 1997). 

Crystalline solids are more thermodynamically stable than amorphous or other disordered 

states. They can pack more efficiently hence reducing free volume within the system. The 

amorphous solid state possesses several advantages in comparison to the crystalline state, 

and these advantages are exploited to enhance the delivery of drugs (Yin et al., 2005). As 

lattice energies of physical forms are responsible for the difference in solubilities and 

dissolution rates, the largest difference in solubility between two physical forms of the 

same drug has been shown to exist between amorphous and crystalline materials with 

solubility differences reported to be up to several hundred times greater (Huang and 

Tong, 2004). When a crystalline material is heated to above its melting temperature, the 

lattice bonds are broken and transformation into the molten liquid state occurs. This is 

reversible upon cooling slowly and a transformation back to the crystalline state occurs. 

If a crystalline material is cooled rapidly from the melt, this causes the formation of a 

supercooled liquid and the material has the appearance of a solid with the properties of a 

liquid. The lack of mobility and increase in viscosity of the material prevents the 

formation of crystalline nuclei and a frozen glassy solid is formed. Amorphous materials 

can undergo reversible transitions from a hard and relatively brittle state into a molten or 

rubber-like state (Royall et al. 1998). This reversible transition is also known as the glass 

transition. Below the glass transition temperature, the material exists in a brittle glassy 

state while above this temperature, it is in the rubbery state. Polymeric materials have 

molecules, which are so large and flexible that it is impossible to align in a perfectly 

ordered fashion to form a true crystalline material. In some materials, it is possible to 

have ordered regions dispersed within the disordered regions and these materials are 

known as semi crystalline. Polyethylene Vinyl Acetate (PEVA) is a good example of a 

semi crystalline polymer used for hot melt extrusion applications within the 

pharmaceutical field (Almeida et al., 2011) (Laar Hoven et al., 2004). Such materials 

exhibit both a melting temperature and glass transition temperature. At a molecular level, 

during heating and passing through the glass transition, polymer chains move from a rigid 

or frozen state to one where the chains are free to move over each other. The glass 

transition temperature for a glassy solution containing two miscible components can be
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predicted for two miscible components using the Gordon-Taylor equation if their glass 

transition temperatures are known (Schneider, 1988).

Formulation of drugs in the amorphous form has been shown to be advantageous 

due to enhanced solubility and bioavailability (Marsac et al., 2009) (Gad, 2008). The 

amorphous form can also be considered as having the structural characteristics of a liquid 

in the sense that there are no lattice bonds which results in an increased rate of dissolution 

and solubility than the crystalline form (Hancock and Parks, 2000). A major disadvantage 

of formulating a drug in the amorphous form is conversion back to its more 

thermodynamically stable crystalline state (Rumondor et al., 2009). The advantage of the 

amorphous form is lost if conversion to the to the stable crystalline form occurs during 

dissolution and the dissolution rate will gradually change to that of the crystalline form 

(Savolainen et al., 2009). It is known that small amounts of absorbed water can plasticize 

amorphous solids therefore the storage relative humidity is an important factor which 

influences the solid state properties of these systems (Hancock and Zografi, 1997). Due 

to the inherent instability of the amorphous form, therefore it is often necessary to embed 

or disperse an amorphous drug in a carrier system (such as a polymer) which will prevent 

the conversion to the crystalline state or slow it down so much that this will not impact 

upon product shelf life.

1.2.4. Hydrates and solvates

During the crystallisation process it is possible for the material to trap molecules of the 

solvent within the crystalline lattice. If the solvent involved is water then the form is 

termed a hydrate. If on the other hand the solvents are non aqueous then the form is 

termed a solvate (Byrn, 1995). With these particular solid forms, the materials are made 

of the same chemical substance, but with molecules of solvent regularly incorporated into 

a unique molecular packing. Entrapment of solvent molecules is often in the exact molar 

ratio with the crystalline material (i.e. a monohydrate has one molecule of water for each 

molecule of crystalline material). Approximately 11% of all chemical structures recorded 

on the Cambridge structural database exist as hydrates (Morris, 1999). Incorporation of 

the water or solvent molecules in the crystal lattice can changes the dimensions, shape,
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symmetry and capacity of the unit cell and as a result the hydrate form of a given 

chemical compound can exhibit different physical properties (Khankari and Grant, 1995). 

As a result the term pseudopolymorphism, which relates to the phenomenon of 

incorporation of solvent molecules into crystal lattice or crystal interstitial voids is used 

when describing hydrates and solvates (Zupancic et ai, 2005). It is important to control 

crystal form of drug during development as phase changes due to polymorph 

interconversions, desolvation of solvates, formation of hydrates and change in the degree 

of crystallinity can alter the bioavailability of the drug (Vippagunta et ai, 2001).

1.2.5. Co-crystals

If the unit cell is comprised of host molecules accompanied by guest molecules, then the 

resulting solid form is termed a solvate or a co-crystal. Co-crystals are structurally 

homogeneous crystalline materials containing two or more components present in 

definite stoichiometric amounts (Aakeroy and Salmon, 2005). Each component of the co

crystal are discrete neutral molecular reactants which are solids at ambient temperature. 

Being solids at ambient temperature is an important part of this definition as it could 

theoretically be argued that liquids and gases can also serve as co-crystal formers and 

therefore the definition could include hydrates and solvates. A pharmaceutical co-crystal 

has one of the co-crystal components as a drug with the other a coformer. A drug hydrate 

is not a co-crystal but a hydrate can co-crystallise with a solid coformer to form a co

crystal (Chieng et ai, 2009). Solvates and co-crystals also can exhibit polymorphism. 

Examples of pharmaceutically acceptable co-crystal formers that are able to co-crystallise 

with crystalline drugs include carboxylic acids, amides, carbohydrates, alcohols, and 

amino acids (Qiao et ai, 2011). Aspirin (Walsh et ai, 2003), caffeine (Trask et ai, 2005) 

and carbemazepine (Hickey et al., 2007) are just some examples of APIs which have 

shown to be formulated using co-crystal technology.

Unlike salt formation, co-crystals do not require ionisable groups to form a bond 

with the coformer and the intermolecular forces involved are hydrogen bonds (Thomas et 

al., 2005). As a result, by the very nature of drugs molecules, they often have exterior 

functional groups which have the ability to engage in hydrogen bonding making them
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inherently predisposed to formation of pharmaceutical co-crystals (Shan and 

Zavvorotko, 2008). Co-crystals have different properties to the parent molecules including 

solubility, melting point, crystallinity, hygroscopicity, physical and chemical stability and 

are unique chemical entities allowing this approach to be used to tailor the properties of 

drug release (Shikhar et al., 2011).

1,2.6. The Biopharmaceutics Classification System (BCS)

Therapeutic effectiveness of a drug depends upon its bioavailability. The term 

bioavailability is used to describe the fraction of an administered dose of unchanged drug 

that reaches the systemic circulation (Aldo, 2003). For an API to be systemically 

bioavailable post oral administration, it must pass a number of stages. First the dosage 

form must disintegrate in the gastrointestinal tract (GIT) and subsequently dissolve in the 

GI contents (Orme, 1984). Solid formulations usually disintegrate before the API can be 

effectively dissolved and become ready for absorption (Nyberg et al., 2007). Once in 

solution, the API must also be able to demonstrate sufficient lipophilicity to permeate the 

GI lumen. It may be taken across the epithelial cells via active transport or passive 

diffusion. The BCS is a scientific framework for classifying a drug substance based on its 

aqueous solubility and intestinal permeability (Yu et al., 2002). It enables formulators to 

use known standards to characterise new drug candidate properties both chemically and 

biologically so that the most suitable formulation can be selected to maximise 

bioavailability. The model was originally proposed by Amidon et al. in 1995 correlating 

in vitro drug dissolution and in vivo bioavailability. The authors recognised that aqueous 

solubility and gastrointestinal permeability are the fundamental parameters controlling 

the rate and extent of drug absorption of an API. The classification system is displayed in 

table 1.3.

Table 1.3. Biopharmaceutics classification system (Amidon etal., 1995)

Class Solubility Permeability
I High High
II Low High
III High Low
IV Low Low
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The BCS takes into account three major factors: solubility, intestinal permeability and 

dissolution rate, all of which govern the rate and extent of oral drug absorption from an 

immediate release solid oral dosage form (Lawrence et ai, 2002). An API is deemed to 

have high solubility when the highest dose recommended is soluble in 250ml or less of 

aqueous media over the pH range of 1.2-7.5 (Zakeri-Milani et ai, 2009). The boundaries 

for defining the permeability of the drug is based directly on the measurement of rates of 

mass transfer across human intestinal membrane. A drug substance is considered to fall 

into the ‘high’ permeability category when the extent of absorption in humans is 

determined to be 90 % or more of the administered dose based on a mass-balance 

determination or in comparison to and intravenous dose (Chi-Yuan and Benet, 2005). In 

addition, for classification purposes, a solid dosage form is classed as ‘immediate release’ 

when no less than 85% of the labelled amount of the drug substance dissolves within 30 

minutes using USP Dissolution Apparatus 1 at 100 RPM or Apparatus 2 at 50 RPM in a 

volume of 900ml or less in following media, 0.1 N HC1 or simulated gastric fluid or pH 

4.5 buffer and pH 6.8 buffer or simulated intestinal fluid (Dahan et ai, 2009).

The BCS framework helps to identify the limiting factors to bioavailability in the 

development of a suitable formulation. For example, an API categorised into class II will 

have a high permeability across the GI tract but will have poor aqueous solubility. This 

presents a particular problem since the drug must be in solution so as the molecules can 

diffuse across the intestinal wall. The mechanism to improve oral bioavailability of an 

API in this category would be to enhance the aqueous solubility. The reverse is true for a 

class III compound whereby the drug permeability across the GI lumen is the limiting 

factor to bioavailability and in this instance steps would be taken to improve permeability 

to maximise bioavailability. If an API falls into class I having both high aqueous 

solubility and high permeability, the dissolution properties of the solid dosage will 

significantly affect bioavilability and formulators will aim to improve the dissolution 

profile.
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1.3. Formulation of poorly water soluble drugs for oral drug delivery

There is general consensus in the pharmaceutical industry that poorly water-soluble drug 

candidates are becoming increasingly prevalent (Pouton, 2006) (Breitenbach, 2002) 

(Leuner and Dressman, 2000) (Ping and Lee, 2007). This can be attributed to 

technological advancements within the drug discovery sector such as combinatorial 

chemistry and high-throughput in vitro pharmacology screening (Takano et ai, 2006); 

(Shegokar and Muller, 2010); (Shanbhag et ai, 2008). Combinatorial chemistry involves 

the rapid synthesis or the computer simulation of a large number of different but 

structurally related molecules or materials allowing formulators to optimize the activity 

profile of a compound by creating a 'library' of many different but related entities. As a 

result, emerging drug candidates tend to have a large molecular weight, high 

hydrophobicity and many hydrogen bonds (Takano et al. 2006). Many pharmaceuticals 

fail to achieve their full potential activity due to their poor solubility and subsequent lack 

of bioavailability. It is estimated that 90% of drugs approved since 1995 have poor 

solubility, poor permeability or both and approximately 16% of marketed drugs have less 

than optimal performance because of poor solubility and subsequent low bioavailability 

(Bevernage et ai, 2010). The challenge posed with such molecules is limited dissolution 

in gastrointestinal fluid and hence bioavailability. Many approaches have been used to 

overcome poor aqueous solubility. A summary of such formulation approaches is 

provided in table 1.4. Although these techniques have been shown to be effective at 

enhancing oral bioavailability, the success of these approaches is dependent on the 

specific physicochemical properties of the molecules being studied. The most prevalent 

techniques currently employed within the pharmaceutical industry to enhance the 

aqueous solubility of APIs involve chemical and physical modifications.

21



Chapter 1

Table 1.4. Formulation approaches to improve drug solubility

Formulation options Examples
Physical modification Solid dispersions

Co-crystals
Nanocrystals
Loading on porous structures

Chemical modification Salt formation
Poorly Pro drug formation
Soluble drugs Carrier systems Liposomes

Microemulsions
Emulsions
Micelles
Cyclodextrins
Amphiphilic polymers

Altering solvent composition Co-solvents
Wetting agents 
pH adjustments

1.3.1. Physical modifications to improve drug solubility

Conventional chemical modifications can have significant consequences on the 

bioavailability since modification may alter permeability, toxicological and 

pharmacological action. Physical modifications of an API on the other hand are more 

commonly used (Moore and Wildfong, 2009) and the principle mode of action of these 

methods centre around manipulation of the Noyes-Whitney equation (Noyes and 

Whitney, 1897) which relates the rate of dissolution of solids to the properties of the solid 

and the dissolution medium (equation 1.1.)

dw DA{CS - C) 
dt L

Equation 1.1.
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Where:

dw - Rate of dissolution 
dt

A = Surface area of the solid

C = Concentration of solid in the bulk dissolution medium

Cs = Concentration of the solid in the diffusion layer surrounding the solid

D = Diffusion co-efficient

L = Thickness of the diffusion layer

In 1897, Noyes and Whitney conducted the first dissolution experiments and published 

an article entitled ‘the rate of solution of solid substances in their own solution’ which 

detailed this equation for the first time. The equation was developed to define the 

dissolution from a single spherical particle. During dissolution, drug molecules in the 

superficial layer of the particle dissolve leading to a saturated solution around the 

particles to for the diffusion layer. The dissolved drug molecules move through the 

diffusion layer and are subsequently absorbed across the intestinal mucosa. The drug 

molecules in this diffusion layer are then replaced by additional dissolving molecules 

from the surface of the drug particle. If the volume of the solvent is large or the solute is 

removed from the bulk of the dissolution medium faster than it passes into solution, then 

C remains close to zero and the term (Cs-C) becomes simply Cs. If the volume of the 

dissolution medium is so large such that the C term is not allowed to reach 10% of the 

value of Cs, this is known as sink conditions. This can occur in vivo if the drug is rapidly 

absorbed upon dissolution. Generally, perfect sink conditions are provided during drug 

release measurements in order to avoid artificial saturation effects. The converse occurs if 

the drug is allowed to build up and not removed such that the concentration in the 

dissolution medium C, equates to Cs thus the dissolution rate will be zero (Frenning and 

Strpmme, 2002). To increase the dissolution rate approaches include increasing the 

surface area available for dissolution by decreasing the particle size of drug; optimizing 

the wetting characteristics of compound surface; decreasing the boundary layer thickness; 

by ensuring sink condition for dissolution and improving the solubility of drug under
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physiologically relevant conditions. Based on these principles, particle size reduction 

has been a favoured method to enhance aqueous dissolution of poorly water soluble drugs 

since altering the hydrodynamics in the gut is difficult and unpredictable (Dokoumetzidis 

and Panes Macheras, 2006). Administration of the drug to the patient in the fed state may 

be an option to improve the dissolution as the time available for dissolution may be 

increased (Custodio et ai, 2008) however this is variable from patient to patient and thus 

less well controlled. Maintenance of sink conditions in the gut also difficult to control as 

this will be dictated by the permeability of the drug through the intestinal mucosa. Some 

attempts have been made to improve drug permeability using a number of excipients. 

Although excipients have traditionally been thought of as being inert, experience has 

shown that they can interact with a drug to affect its absorption and bioavailability 

(Jackson et ai, 2000). For example, in one study it was shown that erythromycin 

acistrate, an antibiotic derivative of erythromycin which is susceptible to conversion to 

anhydro erythromycin in the acidic contents of the stomach was studied. Formulation of 

this compound as a hard gelatin capsule with sodium bicarbonate as an excipient resulted 

in an increase in the pH of the stomach, which led to increased bioavailability (Marvola, 

1991). Of these many approaches, the most attractive option for increasing the release 

rate of a drug has without doubt been is improvement of the solubility through 

formulation approaches with the main drive to increase the surface area of the compound 

(Leuner and Dressman, 2000).

1.3.2. Solid dispersions to improve drug dissolution

A solid dispersion contains at least two different components, generally a matrix carrier 

and a dispersed drug. The matrix can be either semi-crystalline or amorphous and the 

drug may be dispersed molecularly, in amorphous particles (clusters) or in crystalline 

particles. Preparation of solid dispersions normally proceed via one of two main methods: 

hot melt methods or solvent evaporation methods. Preparation via solvent evaporation 

techniques has limitations in that an important prerequisite is that both the drug and the 

carrier are sufficiently soluble in the solvent. The solvent can be removed by any one of a 

number of methods such as freeze drying or spray drying. When an organic solvent is to 

be removed however small variations in the manufacturing conditions can lead to large
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changes in product performance. These systems have attracted considerable interest as 

an efficient means of improving the dissolution rate and hence the bioavailability of a 

range of drugs which have poor aqueous solubility (Jijun et al., 2010) (Verreck et ai, 

2003) (Fukuda et ai, 2008). The enhanced dissolution can normally be accounted for by 

one of the following mechanisms; increased surface area of the drug due to precipitation 

in the carrier, solid solution formation, improved wettability due to intimate contact with 

a hydrophilic carrier, precipitation as a metastable crystalline form or a decrease in 

substance crystallinity (Broman et al., 2001). Two trends in the pharmaceutical industry 

have contributed to the increasing role for solid dispersions in the formulation of solid 

oral dosage forms: the increasingly emerging poorly water soluble actives and substantial 

improvements in the manufacturing methods for solid dispersions in recent years. The 

method of enhancing drug dissolution by incorporating a poorly water soluble drug in a 

soluble phase or carrier was first proposed by Sekiguchi and Obi in 1962 where a mixture 

of sulphthiazole and urea prepared by a fusion method had a higher dissolution rate and 

hence oral bioavailability than sulphthiazole alone. Tachibana and Nakamura (1965) 

subsequently then broadened these realms and used the water soluble polymer 

polyvinylpyrrolidone (PVP) and a solvent method to prepare aqueous dispersions of 

poorly soluble organic materials. In an early review by Corrigan in 1985, solid 

dispersions were defined as the product formed by converting a fluid combination of drug 

and carrier to the solid state, with this definition emcompassing systems prepared by co

precipitation, melting or fusion, spray drying, freeze drying and by the melting solvent 

method. Other authors have identified these systems as simply a dispersion of one or 

more active ingredients at solid state in a carrier prepared by the melting or solvent 

method. Craig (2002) utilized the term solid dispersion to describe a family of dosage 

forms whereby the drug is dispersed in a biologically inert matrix, usually with a view to 

enhancing oral bioavailability.

Hot melt methods are advantageous since a mutual solvent for both the drug and the 

polymeric carrier need not be obtained. In a study by Broman et al. (2001) a hot melt 

method was used to prepare probucol and polyethylene oxide (PEO) solid dispersions 

since no mutual solvent could be found for both compounds. Formulation of solid
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dispersions via hot melt method have limitations including the requirement of both 

compounds to have sufficient thermal stability and also depending on the type of solid 

dispersion required (i.e. a molecular solid dispersion) miscibility between drug and 

carrier is often needed as if there are miscibility problems, this usually leads to a product 

that is not molecularly dispersed. This problem can be solved by selecting a suitable 

carrier that shares similar physicochemical properties with the drug. In recent years, hot 

melt method preparation has enjoyed a renaissance in the form of hot melt extrusion 

(Leuner and Dressman, 2000). Currently prevalent technologies for the manufacture of 

solid dispersions in today’s literature include spray drying (Takeuchi et ai, 2005); freeze

drying (VanDrooge et ai, 2006); hot melt extrusion (Qi et ai, 2008) and hot melt 

granulation (Kowalskia et ai, 2009). Such methods, with the exception of hot melt 

extrusion possess considerable constraints such as reproducibility of physicochemical 

properties, formulation into dosage forms and scale up. Ecological, economic and 

toxological considerations are associated with the solvent methods and for these reasons, 

hot melt extrusion is the current method of choice for the manufacture of solid 

dispersions.

Much of the research on solid dispersion technologies involve poorly water 

soluble drugs with high permeability (BCS class II compounds) as it is with these 

molecules that dissolution is the rate limiting step to absorption. In spite of growing 

interest in solid dispersion technology, there are only a handful of commercialized solid 

dispersion formulations currently marketed (Andrews et ai, 2009). Examples include 

Zoladex® parenteral implants (goserelin in polylactidecoglycolide) by Astra Zeneca; 

Cesamet® by Lilly (nabilone-PVP); Rezulin® by Parke-Davis (troglitazone formulation) 

and Depotprofact® (buserelin in polylactidecoglycolide). Solid dispersions can be 

categorized into two main types: one phase systems in which the compounds are 

dispersed within each other at a molecular level forming a solid solution and two phase 

systems in which one phase is dispersed in another as solid particulates forming two 

distinct phases. A summary of the categories of solid dispersions is provided in figure 

1.5.
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Solid dispersions

Two phase systems
One phase systems

Resulting solid solutions are single 
phase. Compounds dispersed at a 
molecular level within each other

Figure 1.5. Simplified classification of the different types of solid dispersions 

reproduced from (Breitenbach, 2002) and (Tiwari et al., 2009) with modifications

1.3.3. One phase systems

In an amorphous solid solution where the carrier is amorphous in nature, the solute 

molecules are dispersed molecularly but irregularly within the amorphous solvent 

(Leuner and Dressman, 2000). It has been postulated that hydrogen bonding between 

drug and the polymer are responsible for the formation of amorphous solid solutions 

(Matsumoto and Zografi, 1999) (Shamblin and Zografi, 1999) (Khougaz and Clas, 2000) 

(Taylor and Zografi, 1997). Weuts et al. (2005) did however show that no hydrogen
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bonding interactions were observed with solid dispersions containing loperamide with 

PVP-K30 and PVP-VA64 prepared by spray drying indicating that this widely accepted 

rule is not absolute. Van den Mooter et. al (2001) also illustrated that homogeneous 

amorphous dispersions of ketoconazole and PVP K25 can be prepared, in the absence of 

such interactions. In a classical solid solution where the carrier phase is crystalline, the 

solute molecules may either be substituted for solvent molecules in the crystal lattice. 

This is known as a substitutional solid solution or into the interstices between the solvent 

molecules also known as an interstitial solid solution.

A significant degree of research has been afforded to amorphous drug delivery 

systems and has largely overshadowed research into dosage forms where the drug is 

maintained within a crystalline solid dispersion. This is due to the specific advantages 

that the amorphous state provides, such as larger surface area and reduction in the energy 

required to dissolve the material leading to increased solubility (Qian et ai, 2010) 

(Konno et al., 2008). During production of solid solutions by HME, often temperatures 

above the glass transition temperature of the carrier and melting point of the active 

ingredient are required to facilitate processing, this is not always a pre-requisite and it is 

possible produce to an amorphous solid dispersion of a drug in a carrier by processing 

below the melting point of the active ingredient by selecting an appropriate carriers 

which is capable of solubilising the drug (Dinunzio et ai, 2010).

1.3.4. Two phase systems

When both the drug and carrier exist in the solid state in the crystalline form, the system 

can be categorised into eutectic or monotectic (Vippagunta et al., 2006). Eutectic solid 

dispersions are when the binary system has a single melting point below of the two 

individual crystalline components, whereas a monotectic solid dispersion is a system 

where the melting point of the carrier is unchanged in the presence of the drug.

A eutectic mixture consists of two compounds which are completely miscible in 

the liquid state but only to a very limited extent in the solid state (Leuner and Dressman, 

2000). Both the carrier and the solute are crystalline in nature. A eutectic solid is formed
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when a specific composition of two miscible liquid phases are co-solidified at a specific 

temperature. If a mixture of two components A and B are in the liquid state, depending 

on the concentration of each component, one component will crystallize out of solution 

before the other. However at a certain composition of A and B, also known as eutectic 

composition or point (E), both A and B will crystallize out of the melt simultaneously. 

This is illustrated in figure 1.6. This results in an extremely fine dispersion of A in B.

Liquid Solution

Solid B + 
Liquid SolutionSolid A r Uquid Solution

Solid A +'Solid B

A (tOO %)

Figure 1.6. Phase diagram of a eutectic system (Leuner and Dressman, 2000)

Such properties have been exploited to improve the dissolution and hence bioavailability 

of poorly soluble drugs by creating a mixture of eutectic composition of a crystalline 

hydrophilic carrier matrix a poorly soluble drug. The hydrophilic carrier matrix rapidly 

dissolves releasing fine crystals of drug with a large surface area and greater wettability 

properties. Urea has been demonstrated to form a eutectic solid dispersion and hence 

enhance dissolution in this way with chloramphenicol (Sekiguchi and Obi, 1964) and 

sulphathiazole (Sekiguchi and Obi, 1961). When the saturated solubility of a drug in a 

carrier matrix is exceeded, a crystalline solid dispersion of the drug is formed. The 

formation of a crystalline dispersion also provides specific advantages in that the drug 

may be finely dispersed within the carrier matrix offering the advantage of increased 

surface area for dissolution. The saturation solubility of a drug can vary from carrier to 

carrier. A number of authors have reported the formation of a crystalline dispersion of a
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drug at concentrations above the saturated solubility. Moneghini et al. (1998) prepared 

solid dispersions containing a poorly water-soluble drug, atenolol with a range of 

polymers including povidone (PVP), crospovidone (PVP-CL), 

polyvinilpyrrolidone/vinylacetate (PVP/VA), and Eudragit E using a solvent 

evaporation method. The drug was shown to be present in the crystalline form in the 

PVP-CL and Eudragit" E systems but in the amorphous form in PVP and PVP/VA. An 

improvement in solubility and dissolution rate of the drug were noted in both the 

amorphous PVP and crystalline PVP-CL dispersions. Similarly Qi et al. (2008) prepared 

solid dispersions containing 10% and 20% paracetamol in a Eudragit E® carrier matrix by 

hot melt extrusion and characterized the solid state properties of these extrudates noting a 

depression of the glass transition of the polymer indicating the formation of a molecular 

dispersion of the drug in the matrix. However at both 10 and 20% drug loadings, the 

presence of crystalline drug was also detected indicating the complex nature of what may 

seem like a simple two component system. The authors commented that while it is 

recognized that drugs can be dispersed at a molecular or particulate level, there was very 

little information available in the literature that addresses the possibility of the drug being 

present in both forms simultaneously hence indicating that there is still much 

understanding of these systems to be sought.

1.3.5. Solid state stability of solid dispersions

Stability is an extremely important property of a solid form since the raw materials and 

pharmaceutical products may be stored for prolonged periods, which can alter the form of 

the API. When a drug is formulated in the amorphous state, there is a significant risk of 

instability of the drug product and there is the propensity for the conversion to the 

crystalline form over time which may can affect the release properties and hence 

bioavailability of the drug product (Corvis et al., 2011) (Bley et al., 2010) (Yoshihashi et 

al., 2006). Whether drug recrystallisation from a solid solution significantly affects the in 

vitro dissolution properties of the dosage form depends on the properties of the drug. In 

the case of poorly water soluble drugs, crystallization of the drug on stability can 

negatively impact on the dissolution of the drug product (Bley et al., 2010) (Bruce et al. 

2007) however showed that surface crystallization of guaifenasin occurred following 6
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months accelerated storage conditions but did not negatively impact upon the 

dissolution profile as guaifenasin has a high aqueous solubility. For solid solutions 

produced using a hot melt method, the drug will become solubilised within the polymer.

If solid dispersions are produced via hot melt extrusion, during cooling, 

recrystallisation and nucleation of the drug molecules from the melt is retarded due to the 

increase in viscosity of the polymer upon cooling making immediate drug migration 

difficult, thus representing an efficient way to prevent immediate drug recrystallisation. 

Polymer characteristics which can influence extrudate glass solution properties include, 

solubility parameter, glass transition temperature, hygroscopicity, and ability to 

accept/donate hydrogen bonds (Patterson et ai, 2008). In a study by Patterson et al. 

(2008) the stability of solid dispersions containing dipyridamole, carbemazepine and PVP 

were investigated. Dipyridamole was found to hydrogen bond with the carbonyl group of 

PVP while carbamazepine did not and this correlated with the physical stability findings, 

showing that carbamazepine was more prone to recrystallization than dipyridamole. The 

effect of moisture on the stability of the amorphous form is also of particular concern as it 

may increase drug mobility and hence recrystallisation. Moisture exerts a plasticization 

effect on amorphous solids and increases the molecular mobility and decreases the glass 

transition temperature of the solid (Strydom et al., 2009) hence promoting 

recrystallisation. Moreover, many polymers used in pharmaceutical applications have the 

capability to adsorb water, which can also ultimately result amorphous to crystalline 

transitions crystal growth and phase separation (Tiwari et al, 2009). In order for the 

formulation of a drug in the amorphous state is to reach full application, it must be stable 

over the shelf life of the product. A number of precautions can be taken to minimize the 

risk of crystallization of the drug. Based on the selection of the polymeric carrier it is 

possible to delay or even impede altogether a crystalline to amorphous transition (Weuts 

et al., 2005). If a carrier with a high glass transition temperature is selected, this can aid 

in the prevention of conversion to the crystalline form (Van den Mooter et al., 2001) 

since the glass transition temperature of the resulting dispersion will be higher than that 

of the pure amorphous drug in the case of miscibility between drug and carrier and this 

reduces the mobility of the amorphous drug.
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The addition of a miscible polymer with a high glass transition temperature leads to 

dispersions with a higher glass transition value in comparison to the pure amorphous 

drug, thereby increasing the physical and chemical stability of the system (Weuts et ai, 

2005). The ability to increase the glass transition of a drug therefore offers the possibility 

to stabilise an amorphous system according to the rule glass transition - 50 K, which is 

the critical molecular mobility temperature below which the molecular motions can be 

considered to be negligible (Hancock et ai, 1998) and typically, a glass solution with a 

glass transition of greater than 50°C above the storage temperature is required to provide 

physical stability (Hancock, & Zografi, 1994). Crystallization inhibition in solid 

dispersions can also be achieved by decreasing the amount of supersaturation driving the 

recrystallization of drug or by interfering with the crystallization process (Bruce et ai, 

2007). Drug concentration, processing conditions, storage time, humidity and 

temperature as well and additives have been found to affect drug recrystallization from 

hot melt extrudates (Van Laarhoven et ai 2002). Additives within the formulation can 

also promote crystallization growth and this effect is highly dependent on the two entities 

involved. It has been suggested that strong drug polymer interactions can inhibit 

recrystallization of drug. With this in mind, many polymers including polyvinyl 

pyrrolidone (PVP) (Anshuman et ai, 2004) and Eudragit® polymers (Kotiyan and Vavia, 

2001) have shown good capability to inhibit drug recrystallization. Therefore controlling 

the drug loading and an understanding of the drug-polymer solubility and miscibility and 

glass transition temperature can provide an understanding of the potential stability of a 

drug (Qian et al. 2010).
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The processes by which a crystal forms from an amorphous dispersion are nucleation 

and growth. The physical form of the crystalline component that results from 

crystallisation will be governed by these two processes. Nucleation is the formation of a 

small mass onto which a crystal can grow. Nuclei possess the beginnings of the structure 

and only limited diffusion is required. There is then the attachment and association of 

additional phase molecules and larger crystals are then formed. In order to achieve 

nucleation and growth, the solution is supersaturated where the amount of solute 

dissolved is greater than the true solubility (figure 1.7).
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Figure 1.7. Diagram of the crystallization process of an amorphous drug in a 

molecular solid dispersion

Crystal growth will proceed until an equilibrium state is reached between the 

medium and the solid crystalline phase where the medium will dissolve the drug and 

hence it will retain drug in the carrier in the amorphous form. When crystallisation is 

rapid however, this indicates the formation of a supersaturated solution. While the rate of 

nucleation may be expected to increase with lowering temperature, the molecular 

mobility decreases, thereby slowing the molecular diffusion and reducing the rate of 

crystallization. Therefore, the maximum rate of crystallization will take place between 

the melting temperature of the crystalline solid and the glass transition temperature of the 

amorphous material (Albers et ai, 2009).
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1.3.6. Production of solid dispersions by HME

The main concerns with solid dispersions have been the ability to scale-up the 

manufacturing method and the physical stability of the dispersion (Andrews et ai, 2010) 

(Bruce et ai, 2007). The application of hot melt extrusion to produce solid dispersions 

are an important breakthrough within this field since these systems can be prepared with 

relative ease with fewer potential scale up concerns. As with solid dispersions however, 

there are only a small number of marketed formulations which have utilized HME 

technology. The production of controlled release reservoir systems consisting of 

polyethylene vinylacetate (PEVA) co-polymers has been implemented with Implanon" 

and Nuvaring" currently on the US and UK market. Both of these devices are controlled 

release systems offering release over a number of months or days. Several companies 

specialize in the use of HME to prepare solid dosage forms. These include Pharmaform™ 

and SOLIQS. SOLIQS have developed Meltrex" tablets which allowed patients to reduce 

from six soft capsules to four tablets as part of their HIV treatment regimen using an 

innovative extruder design (figure 1.8) which prepares tablets within the same extrusion 

line. In addition, these melt extruded tablets do not require refrigeration unlike the current 

soft gelatin capsule.

Figure 1.8. Process equipment used to produced Meltrex" tablets (from SOLIQS)
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1.3.7. HME as a granulation technique

The use of HME as a means to improve dissolution, absorption and hence bioavailability 

of poorly soluble drugs through the formation of solid solutions and dispersions has been 

extensively documented in a number of research journals and patents (Foster et aL, 

2001); (Verreck et ai, 2003); (Janssens et ai, 2007); (Mididoddi and Repka, 2007). A 

diverse range of dosage forms have been manufactured for oral and topical drug delivery 

and HME demonstrated applicability as a viable method of granulation. In the 

pharmaceutical industry, the preferred method to produce tablets is direct compression. 

However, it is often necessary to improve the compaction and flow properties in order to 

obtain uniform die filling and to produce tablets of adequate quality (Sinka et al., 2009).

Powder flow properties are commonly enhanced by converting fine powders into 

larger agglomerates by the process of wet or dry granulation. Granulation is the process 

in which powder particles are made to bind together to form larger multi-particulate 

entities called granules and normally commences following dry mixing of the raw 

materials. Granules generally have a number of advantages over fine powders in that they 

have improved flow properties, are easier to compact, pose less environmental hazards, 

and dissolve or disperse better (Reynolds et al., 2005). Segregation of particles within the 

active blend is also prevented. Segregation arises due to differences in the particle size or 

density of the components within the active mix which is often the case as active drug 

particles often have a smaller particle size and hence smaller or denser particles tend to 

concentrate at the base of the container. Granulation produces a blend with a narrower 

particle size distribution and each granule ideally contains all the constituents of the mix 

in the correct proportions hence reducing the potential for powder segregation and hence 

poor content uniformity within the batch of manufactured dosage forms. Granulation can 

be divided into two types: wet and dry. Wet granulation processes have traditionally been 

considered as empirical, with difficulties in predicting and explaining observed behaviour 

and a range of problems (Iveson et ai, 2001). Dry granulation on the other hand is when 

controlled crushing of powders is carried out in order to densify the material. Hot melt 

extrusion can produce a continuous extrudate containing a homogenous dispersion of 

drug which can be formulated ‘as is’ or if required be milled to a specified particle size
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and either be directly filled into capsules or compressed to tablets and a number of 

authors have shown that all of these are viable options for the production of solid oral 

dosage forms. Liu et al. (2001) used HME to prepare sustained-release wax granules 

which could be compressed into tablets. The low melting point of the wax enabled the 

extrusion to be performed at relatively low temperatures and release rate of the drug from 

wax matrices could be easily modified by the selection of the filler excipients or by the 

addition of hydrophilic polymers to the powder blend. The hot melt extruded tablets were 

compared to those produced by melt granulation methods showing that HME produced 

harder tablets with better content uniformity among granules of different size. This study 

demonstrated the advantages for using HME as an efficient granulation method for the 

preparation of tablets where the granulation contains low dose drug. In this instance, 

HME also obliterated the problems arising with different densities between excipients 

and drug.

In a study by Gryczke et al. (2011) the ability of HME to manufacture robust 

orally disintegrating tablets containing ibuprofen in a Eudragit" EPO carrier matrix was 

demonstrated. The extruded granules were cryogenically milled and then pressed into 

orally disintegrating tablets containing various superdisintegrants. These authors 

evaluated disintegration time, hardness, friability and dissolution rates of the 

manufactured tablets. In this study, the authors also carried out in vivo taste-masking 

evaluation showing that HME processing can be used to efficiently mask the taste of 

bitter active substances. Andrews et al. (2008) also used HME to prepare homogeneous 

solid dispersions containing 5-Aminosalicylic acid which were milled and compressed 

into tablets which displayed enteric properties.

1.4. HME for drug delivery applications

A number of authors have shown that HME can be used to produce matrix tablets which 

are obtained directly at the end of the extrusion line without the need for milling or 

compression. Crowley et al. (2002) prepared polyethylene (PEO) matrix tablets 

containing chlorphenamine maleate using HME. The stability of PEO was assessed 

during this study and found to be influenced by storage, processing temperatures and
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molecular weight of polymer. Zhang and McGinity (1999) prepared matrix tablets 

directly from a single screw extruder. Large diameter rods (4.5 mm) were extruded and 

cut into tablets and release of drug from the matrix tablet was controlled by erosion of the 

PEO matrix and the diffusion of the drug through the swollen gel layer at the surface of 

the tablets. De Brabander et al. (2003) described the use of HME in the preparation of 

matrix tablets which minimize the risk of dose dumping, reduce inter and intra subject 

variability and provide highly dispersive formulations within the gastrointestinal tract. 

The coating of hot-melt extruded tablets with suitable polymers has been shown to 

significantly delay the onset of crystallization during dissolution and storage (Bruce et 

al., 2010). Nakamichi et al. (2001) prepared floating sustained release dosages forms 

containing nicardipine hydrochloride and hydroxypropylmethyl cellulose acetyl succinate 

(HPMC AS) using HME. These dosage forms were shown to contain small and uniform 

pores and that the floating enteric polymer systems could be retained in the stomach for 

up to 6 hours. Similarly Fukuda et al. (2006) directly compared compressed tablets 

containing chlorphemamine maleate and acetohydroxamic acid with those prepared by 

HME with the inclusion of sodium bicarbonate into both formulations. Sodium 

bicarbonate decomposes to CO2 gas, sodium carbonate and water at temperatures above 

50 °C therefore during thermal processing CO2 is liberated which plasticizer the polymer 

and results in the formation of a porous matrix structure which allowed gastro retention 

of the dosage form and hence offering the potential for sustained release.

Transdermal and transmucosal films for drug delivery have traditionally been 

manufactured using solvent casting methods. Such methods however are associated with, 

high costs, environmental concerns and long processing and drying times (Crowley et al., 

2004). Repka et al. (2005) used HME to produce thin films containing a model drug, 

lidocaine, and cellulosic polymers hydroxypropyl cellulose (HPC) and HPMC for local 

delivery to oral tissues. Two formulations were investigated one containing only HPC 

and the other containing HPC:HPMC in an 80:20 ratio. These authors showed that 

incorporation of HPMC into the HPC matrix resulted in retardation of drug release with a 

significant increase in the bioadhesive properties of the films containing the combination 

of HPMC. Drug release from these films proceeded by an initial burst effect and the
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authors concluded that this would be advantageous for rapid onset of action, followed 

by a sustained release of the drug for prolonged analgesia effects. Mididoddi and Repka 

(2007) investigated the applications of HME for the production of an anti-fungal 

(ketoconazole) loaded patch for the treatment of onchomycosis proving the concept that 

development of such dosage forms is possible. The films contained HPC and/or PEO 

with 20% drug loadings with fdms produced displaying bioadhesive properties.

A large proportion of recent research on solid dispersion systems has been 

directed towards their application in the development of extended or sustained release 

dosage forms (Tiwari et ai, 2009). Sustained release dosage forms can prolong the effect 

of drug therapy, reduce side-effects and increase safety and patient compliance by 

reducing the frequency of dosing. HME in particular has been used to produce a number 

of such dosage forms. Quintavalle et al. (2008) produced co-extrudates comprising of an 

inner core with containing hydrophilic polyethyleneglycol (PEG) based polymer and an 

outer lipophillic sheath containing microcrystalline wax. Both segments contained 

theophylline as a model drug and it was shown that drug could be delivered over a 24 

hour period in vivo. Similarly, Laarhoven (2002) produced hot melt extruded coaxial 

fibers consisting of two types of polyethylene vinylacetate (PEVA) copolymers: an inner 

core material containing two hormonal steroids present in a molecularly dissolved state 

and surrounded by a rate controlling membrane with a higher percentage crystallinity 

controlling drug release. It was shown that these devices could offer sustained release of 

both steroids via the intra vaginal route over a 21 day period. In a recent study by 

Almeida et al. (2011) the same polymers (PEVA) polymers were shown to be robust 

matrix formers for the manufacture by HME of oral sustained release tablets containing 

up to 50% loadings of metoprolol tartrate showing sustained release properties over a 24 

hours period. In a highly novel study, the potential for HME to manufacture enteric 

capsule into which the dosage forms can be manually loaded has been discussed by 

Mehuys et al. (2005). In this study, hollow cylinders of HPMC were produced which 

were then filled with API showing that these capsules had enteric properties showing that 

innovative applications for the technology are continually emerging.
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1.5. Inert polymeric matrices for drug delivery applications

Drug delivery systems are classified on the basis of their design or rate-controlling 

release mechanism and include diffusion, erosion, swelling and osmotically controlled 

systems (Frenning, 2011). Because of low costs and ease of fabrication, in general 

embedding a drug into a hydrophobic or hydrophilic polymeric matrix is a common 

approach to control the rate of drug release from a polymer matrix (Grassi and Grassi, 

2005). HME has shown excellent capability for manufacturing diffusion controlled 

release systems (i.e. reservoir and matrix devices) offering a wide range of controlled 

release profiles. Controlled drug delivery applications include both sustained delivery 

over time (i.e. days, weeks or months) and targeted on a one-time or a sustained basis 

(Griffith, 2000). Reservoir drug delivery devices have an inert membrane enclosing the 

active agent, which, upon activation, diffuses through the membrane at a finite, 

controllable rate (Baker, 1987). These systems provide a constant rate of drug release 

(also known as zero order). Systems which contain an outer rate controlling membrane 

are often subject to a burst drug release effect upon storage as the drug saturates the 

membrane and when placed in the release medium, drug is released immediately (Huang 

and Brazel, 2001). The drug diffuses via a concentration gradient from the inner to the 

outer surface of the rate controlling membrane and which represents the rate limiting step 

to drug diffusion. There are a number of marketed products in the US and UK which 

incorporate reservoir system technology including Nuvaring" and Implanon" (Organon), 

Femring" (Warner Chilcott), Durogesic" (Janssen- Cilag) and Transiderm- Nitro® 

(Novartis). Within matrix or monolithic systems, the drug is dispersed is within a 

polymeric network. The drug is then released from the device by permeation into the 

surrounding medium. Release behavior from monolithic dispersions consisting of 

dispersed solid release agent was modelled by Higuchi (1961). For diffusion controlled 

systems, most models assume that the matrix does not change during dissolution. 

However, the matrix may swell leading to polymer expansion and altering the release 

kinetics and transport of water and Fickian diffusion both exert a combined effect on the 

drug release kinetics. Diffusion is the major rate-controlling mechanism for these inert 

matrices but matrix swelling (Colombo et al„ 1995) and erosion have significant impacts 

on the release rate.
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Drug diffusion from inert matrices can be described as the sum effect of processes 

occurring on four different scales (figure 1.9)

Micro Meso Macro Global
(molecules) (pores) (matrix) (device)

Figure 1.9. Diagrammatic representation of drug release from an inert polymeric 

matrix (Frenning, 2011).

On the micro scale diffusion will be affected by molecular processes which will result in 

the movement or flux of drug molecules. These underlying molecular motions will then 

have an impact on the meso scale affecting the drug concentration within the small pores 

within the matrix system which in turn will affect the larger matrix pores on the macro 

scale. It is the macro scale diffusion which will then result in the overall release profile 

within the system.
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1.6. Physiochemical characterisation of dosage forms produced by HME

It is well recognised that the solid-state form of a drug substance can have a significant 

impact on both bioavailability and stability, thus the identification and characterisation of 

these solid-state forms is an essential part of the drug development process (Taylor and 

Langklide, 2000). A wide range of methods have been used to characterise solid-state 

properties of solid dosage forms including thermal, spectroscopic, crystallographic, 

mechanical and rheological techniques (table 1.5.).

Table 1.5. Common methods used for the characterisation of hot melt extrudates

Primary
characterization
method

Analytical technique References

Thermal Differential scanning calorimetry 
Thermogravimetric analysis
Hot stage microscopy
Microthermal analysis
Dynamic mechanical thermal analysis

(Zhang and McGinity, 
1999) (Fukuda et ai, 
2006) (Mehuys et ai, 
2005) (Mididoddi and 
Repka, 2007) (Lyons et 
ai, 2008) Six et al. 
(2003)

Mechanical
analysis

Tensile strength
Elongation
Young’s modulus

(Schilling and
McGinity, 2010)
(Mehuys et al., 2005) 
(Albers et al., 2008) 
(Glaessl et al., 2007)

Microscopic Hot stage microscopy
Scanning electron microscopy

(Verreck et al., 2006) 
(Bruce et al., 2007) (Qi 
et al., 2010) (Li et al., 
2006)

X-ray diffraction X-Ray diffraction (Perissutti et al., 2002) 
(Bruce et al., 2007) 
(Albers et ai, 2009)

Spectroscopic Infra red
Raman

(Saerens et al., 2011) 
(Albers et ai, 2009) 
(Venkat et al., 2008)
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Thermal analysis of pharmaceutical materials is routinely used as a screening method 

for drug excipient interactions, purity determinations, quantification of volatile 

components and characterisation of active and excipient ingredients (Pyramides et al. 

1995). Differential scanning Calorimetry is the one of the most widely used analytical 

methods in the analysis of pharmaceutical materials. A linear heating or cooling signal is 

sent to a pan containing the material to be analysed and when the sample undergoes a 

physical transformation such as a phase transition (i.e. melting, crystallization, glass 

transition or decomposition reactions), more or less heat will be required to flow to the 

sample pan than the reference pan in order to maintain both at the same temperature. 

These transitions involve energy or heat capacity changes that can be detected with great 

sensitivity. When a crystalline sample undergoes melting to it will require additional 

energy in the form of heat flowing to the sample pan to break the crystal lattice bonds so 

as to ensure the empty reference pan and sample pan heat at the same rate. DSC can be 

used to differentiate between solid solutions and crystalline solid dispersions by the 

detection or absence of melting point and by the location of the glass transition 

temperature. A summary table of thermal events observed for a range of solid dispersion 

types in an amorphous carrier is provided in table 1.6.

Table 1.6. Thermal events detected during DSC analysis for range of solid 

dispersions produced by HME

Solid crystalline
suspension

Solid glassy
suspension

Solid glassy
solution

Polymer phase Amorphous Amorphous Amorphous
Drug phase Crystalline Amorphous Amorphous
Appearance Opaque Transparent Transparent
Thermal events 
detected on DSC

One glass transition 
(polymer) and one
API melting peak 
(drug)

One glass transition 
(polymer) and one 
glass transition 
(drug)

One glass 
transition for 
molecular 
dispersion

Rapid measurement of the sample is enabled by DSC and only a small sample 

mass (between 5 and lOmg) is required. DSC has been used to characterise miscibility 

between molten drug and polymer (Broman et al., 2001) (Liang et al., 2008) (Albers et
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ai, 2008); quantification of crystalline components in hot melt extrudates (Andrews 

et.ai, 2008) (Crowley et ai, 2002) and solid state stability (Khan et ai, 2000). During 

thermogravimetric analysis (TGA), the mass of a substance is monitored as a function of 

temperature or time as the sample specimen is subjected to a temperature ramp in a 

controlled atmosphere. TGA also has a wide variety of applications and has been used is 

the basic characterization of drugs and excipients to quantify water and adsorption 

characteristics of materials (Rajendra et ai, 1992), loss of residual solvents (Dubernet, 

1995) and decomposition reactions (Sricharoenchaikul and Atong, 2009). It has also been 

used to provide insight into the thermal stability of a formulation prior to hot melt 

extrusion (Young et al. 2002) (Crowley et al. 2002) (Yang et al. 2010).

During HME, thermal analysis techniques have been routinely used in the 

characterization of materials to processed in this way. Micro thermal analysis is another 

thermal technique of growing interest within the pharmaceutical field. A similar principle 

to DSC is applied except a high spatial resolution of scanning probe microscopy is used. 

The thermal probe consists of a platinum/rhodium alloy coated by a sheath of silver 

which is shaped into a V and the silver sheath is etched away to form a fine pointed tip 

which acts as both a heater and a temperature sensor. Six et al. (2003) used microthermal 

analysis to identify phase separation in hot-melt extrudates containing Eudragit" E100 as 

the carrier matrix and itraconazole. Microscopy has also proven to be a valuable 

technique for the characterization of solid dispersions of drug in polymer. Hot stage 

microscopy has been used as an adjunct to DSC to confirm drug solubility in a carrier 

matrix (Andrews et al., 2008). Physical mixtures of drug and carrier are placed on a 

heated stage and the presence or absence of crystalline drug indicates drug solubility in 

the molten polymer. Both electron and optical have been used to examine the surface 

morphology of hot melt extrudates to search for the presence of crystalline particles and 

to monitor surface morphology on stability. These methods can compliment thermal 

studies to determine if crystalline drug particles are present throughout the extrudates and 

it is possible to obtain reliable particle size information. Bruce et al. (2007) used scanning 

electron microscopy (SEM) to study the surface morphology of the hot melt extrudates to 

investigate the recrystallization processes on the surface of the tablets.
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X-ray crystallography has been extensively used to characterize the solid state 

properties of hot melt extrudates since it can identify the presence or absence of 

crystalline material based on the observation of a characteristic diffraction pattern 

(DiNunzio et al., 2010) (Campbell et al., 2008) (Zhang et ai, 2010). A crystal lattice has 

a specific regular three-dimensional distribution of atoms in space. These atoms are 

arranged so that they form a series of parallel planes separated from one another by a 

particular distance (known as d). These d spacings vary according to the nature of the 

material. For any crystal, planes exist in a number of different orientations - each with its 

own specific r/-spacing. An X-ray beam with a specific wavelength is then projected onto 

a the material at a specific angle (also known as theta). The principle is based on Bragg’s 

law, where parallel incident X-rays strike the crystal planes and are then diffracted at a 

specific angle related to d spacing between the planes in the lattice. Many studies have 

also used mechanical analysis to study the viscoelastic properties of hot melt extruded 

dosage forms and the effect of drug or excipient inclusion in such properties (Lin et al., 

2004) (Perissutti et al., 2002) (Schilling and McGinity, 2010). Polymers are viscoelastic 

materials. Viscoelasticity is the property of materials that exhibit both viscous and elastic 

characteristics when undergoing deformation. Viscous materials resist flow and strain 

linearly with time when a stress is applied while elastic materials strain instantaneously 

when stretched and just as quickly return to their original state once the stress is removed. 

Polymers are complex rheological materials in that they exhibit both viscous and elastic 

properties under varying conditions of stress, strain and temperature. It is extremely 

important to understand the rheological properties of polymers under varying conditions 

of stress, strain and time if their properties and performance are to be fully understood 

and predicted during processing. Polymer rheology is discussed in more detail in section 

1.8.

1.7. Chemical modifications to improve drug solubility

Chemical approaches to improve drug delivery can be achieved through the formation of 

a salt or by incorporating polar ionizable groups in the main drug structure resulting in 

the formation of a pro drug (Tiwari et al. 2009). Salt formation is only feasible when the 

API contains an ionisable group (i.e. acidic or basic molecules) and therefore this
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approach is unsuitable for neutral compounds such as steroids and alcohols. For 

ionizable compounds, preparation of salt forms using pharmaceutically acceptable acids 

and bases is a common strategy to improve dissolution of the drug (Morrisette et al., 

2004). A pH solubility profile is constructed and investigation into such relationships can 

give an indication on how easily a compound will dissociate at a particular pH. A large 

number of drugs are either weak acids or bases and therefore aqueous solubility will be 

influenced by pH of the environment. With a weak acid at a high pH, the drug will be 

fully ionized and exhibit maximum solubility. Under low pH conditions however, the 

opposite is true. Drugs which are weak bases will at a low pH be fully ionized and will 

exhibit maximum solubility. Under high pH conditions however, the opposite is true. 

During the formation of a salt, the free acid or base is combined with the counter ion in 

specific molar ratios in a suitable solvent system. The salt form is then isolated, and the 

solid precipitate is recrystallized. A large improvement in drug solubility can be achieved 

through salt formation (Tarsa et al., 2010) (Serajuddin, 2007). Dissolution of a salt is the 

rate at which it dissolves while solubility implies that dissolution is complete and the 

solution is saturated. Dissolution rate is proportional to both solubility (Cs) and surface 

area (A) but an increase in the saturation solubility (Cs) through salt formation an 

extremely effective way of improving the dissolution rate of a solid dosage form since 

salt formation can increase this factor by hundreds of times. Depending on the factor A 

and Cs increase by, the dissolution rate will increase by a similar factor (Serajuddin, 

2007). In the gastric fluid where the pH is low (between 1 and 3.5), weakly acidic drugs 

will have a low dissolution rate as the drug must be ionized in order to dissolve. If the pH 

in the aqueous diffusion layer that surrounds the particle could be increased, this could 

increase the drug solubility in this layer and hence increase the rate of dissolution rate 

(even if the bulk fluid pH remains low). If the weakly acidic drug is present as a salt (i.e. 

complexed with a Na+ or K+ counter ion) such strong ions exhibit a neutralizing action 

within the aqueous diffusion layer and hence the solubility of the acidic drug is increased 

and therefore the dissolution rate is faster (figure 1.10).
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pH of bulk gastric fluid 1-3

| Drug diffusion
Salt of acidic 
drug (N a A )

Rapid
____^ redissolution

and drug
------► absorption

----------- ►

Ensures concentration of 
HA in solution remains 
saturated
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increased by the presence of Na+ form of drug (HA)

Figure 1.10. Diagrammatic representation of the dissolution process of a salt form of 

a weak acid

The drug diffuses out of the diffusion layer into the bulk fluid where the pH is 

lower, and due to the lower solubility of the drug at the lower pH, precipitation of excess 

free acid will come out of solution as gastric fluid is saturated. The precipitate of the free 

acid is in the form of non ionized wetted fine particles with a large surface area which 

can re-dissolve rapidly when additional gastric becomes available (for example when 

drug is absorbed or accumulation of additional fluid). If however the free acid is very 

poorly soluble, this however may prove problematic. These fine particles may also be 

emptied from the stomach into the intestine. The overall effect of the salt form is 

therefore to create a more rapid rate of dissolution and therefore a more rapid rate of drug 

absorption. A similar case is also presented for weakly basic drugs. The presence of the 

strongly acidic anions (e.g. Cl") lowers the pH in the aqueous diffusion layer and this 

occurs in both the gastric and the intestinal fluid increasing the solubility in the aqueous 

diffusion layer. Administration of a salt of a weakly basic drug generally ensures that 

dissolution occurs in the gastric fluid before reaching the small intestine. Two main
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mechanisms for precipitation of the free drug from the salt in the dissolution media 

exist: bulk precipitation and surface precipitation (Hawley and Morozowich, 2010). Bulk 

precipitation occurs where material in solution precipitates as individual particles in the 

bulk fluid while surface precipitation occurs where the free acid or base precipitates 

directly in the aqueous diffusion layer and onto the surface of the dissolving salt. Both 

types of phenomena can result in different dissolution profiles and hence bioavailability 

of orally administered salt forms.

1.8. The role of rheology during polymer extrusion

Processing and shaping of polymeric materials involves deformation, flow and 

solidification of materials (Liang, 2002). In order to understand the extrusion process and 

its effect on the polymer being processed it is important to understand the effect of 

processing parameters on polymer flow properties. Rheology studies the science of 

deformation of flow under an applied stress or over time (Reiner, 1998). The rheological 

properties of molten polymers influencence many aspects of processing. During HME, 

rheological properties can affect screw pumping efficiency, generation of mechanical 

heat and die pressure and output rate of the product (Dick and Gale, 1999).

1.8.1 Viscosity

In 1678 Robert Hooke developed the theory of elasticity proposing that the extension of a 

spring is directly proportional to the load (Barnes et ai, 1989). This forms the basis of 

classical elasticity theory for solids (i.e. materials which do not flow) and when the force 

is removed, the sample or spring returns to its original shape or position. Conversely, 

Newton gave focus to liquids postulating that a force is applied and resistance to flow is 

described by viscosity. When the force is removed the sample stops flowing. This is in 

contrast to a Hookean solid where the application of a shear stress applied to the surface 

results in an instantaneous deformation. Once this deformed state is reached there will be 

no further movement but this deformed state will remain as long as the stress is applied. 

Hooke and Newtonian law are linear laws which assume direct proportionality between 

stress and strain. There are limitations to such laws as most materials do not behave 

ideally i.e. viscosity can change with applied stress instantaneously or over a long period
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of time with many polymeric materials exhibiting shear thinning and thickening 

behaviour (Brown et ai, 2010) (Liu et ai, 2007) (Dazhu, et ai, 2005) (Arabo, 2011). 

Generally liquids are associated with viscous behaviour and solids with elastic behaviour. 

Some materials may behave as a solid under low stresses and then eventually start to flow 

above a certain level of stress termed the yield stress. The viscosity of a fluid is a 

fundamental property of a molten material and is of particular importance in the 

characterisation of polymer melts to understand behaviour of a hot melt formulation 

during processing. Viscosity is a measure of resistance to flow and a number of factors 

can affect this variable such as temperature, shear rate and pressure (Paradkar et ai, 

2009) (Dangtungee et ai, 2006) (Yang et ai, 2009) (Barnes et ai, 1989). The fluid is 

represented a series of infinitely thin layers like a deck of cards. Viscosity is the measure 

of the internal friction of a fluid. This friction becomes apparent when a layer of fluid is 

made to move relatively to another layer. The greater the friction the greater the amount 

of force (or shear as it is referred to) required to cause this movement. Shearing occurs 

whenever the fluid is physically moved for example pouring etc. Highly viscous liquids 

require more force to move than less viscous liquids. If two parallel planes of the fluid of 

and equal area A and separated by a distance dx and both are moving in the same 

direction but at different velocities v/ and i’2 this can shown diagrammatically in figure 

1.10. The force required to maintain the difference in the velocities is proportional to the 

difference in speed through the liquid, or the velocity gradient.
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Figure 1.11. Schematic representation of two parallel planes within a fluid subject to 

shearing.

Newton defined viscosity by considering the model represented in figure 1.11. 

The velocity gradient, dv/dx, is a measure of the speed at which the intermediate layers 

move with respect to each other and describes the shearing the liquid experiences. This is 

known as shear rate and the unit of measure is called reciprocal second (sec'1). When a 

shear stress is applied to a fluid the layers move at different velocities, and the thickness 

(or viscosity) of the fluid arises from the shear stress between the layers opposing the 

applied force. The term F/A indicates the force per unit area required to produce the 

shearing action and it is called shear stress and its unit is N/m . Thus, the shear stress 

between layers is proportional to the shear rate in the direction perpendicular to the 

layers. So viscosity can be defined in equation 1.2. The fundamental unit of viscosity is 

the poise. One Pascal-second (Pa.s) is equal 10 poise.

ShearStress
Viscosity = —— Equation 1.2.Shear Rate M

Fluids which exhibit a linear relationship between shear stress and shear rate are 

known as Newtonian fluids (Coleman and Noll, 1961). Newtonian fluids do not exhibit 

shear dependent viscosity and this remains constant independent of the shear rate and the 

stress in the liquid immediately falls to zero once shearing stops (Figure 1.12.). The time 

of shearing will not affect viscosity and with any subsequent shearing the viscosity 

remains the same.
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Figure 1.12. Diagrammatic representation of the relationship between shear rate, 

shear stress and viscosity of Newtonian liquids

If a liquid deviates from the above, it is a non-Newtonian liquid and the relationship 

between shear rate and shear stress in not constant. Most pharmaceutical fluids such as 

semi solid formulations, suspensions and polymer melts deviate from ideal behaviour and 

are thus non-Newtonian (Eccleston and Hudson, 2000) (Owen et al., 2003) (Rudraraju 

and Wyandt, 2005). Such materials may deviate in one of three ways: shear thinning 

(pseudoplastic) behaviour; shear thickening (dilatent) behaviour and Bingham flow.

1.8.2. Pseudoplastic flow
The flow characteristics of thermoplastic polymers used in HME results in a reduction in 

viscosity with an increasing rate of shear. This is known as shear-thinning behaviour or 

pseudoplastic flow (Williamson, 1929). Shear thinning can occur instantaneously or over 

prolonged period of time and this time dependence is referred to as thixotropic behaviour 

(Barnes et al., 1989). In shear thinning materials, the input shear energy tends to align 

anisotropic molecules or particles and disaggregate any large clumps of particles which 

thereby overall reduces the hydrodynamic drag which in turn reduces the dissipation of 

energy in the fluid and the fluid viscosity. Shear thinning arises from chain orientation or 

alignment with the flow direction, thus reducing the local drag during the application of a 

shearing force (Hyun et al., 2002). Polymeric molecules consist of long entangled chains 

in the molten state which are randomly orientated. With the application of a shearing 

force, chains also become disentangled aligning themselves in the direction of flow and 

the preferential alignment of the long chains under flow conditions allows greater
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freedom of motion along the flow direction than is possible in a randomly oriented 

sample (Kim et ai, 2008). Figure 1.13. shows a typical variation in viscosity flow curve 

for a shear thinning material.

Viscosity

Zero shear 
Newtonian plateau

Shear thinning 
region

Infinite shear
Newtonian
plateau

Shear Stress

Figure 1.13. Typical flow behaviour of a pseudoplastic material

At very low and high shear rates the viscosity remains constant. These regions 

are known as the first and second Newtonian regions. Since the viscosity-shear 

relationship is non-linear, pseudoplastic materials have no single value of viscosity that 

can be used to characterise a material. The viscosity can only be expressed as an apparent 

viscosity (t|apP) and should be quoted at the shear rate at which the measurement was 

observed. Rheology results for a pseudoplastic material is therefore normally shown as 

the entire flow response curve. The upper region known as the zero shear viscosity. This 

is a critical material property and can prove valuable in making assessments of 

suspension and emulsion stability and estimates of comparative polymer molecular 

weight etc. The lower region also approaches linearity and indicates that a minimum 

viscosity of the material has been achieved (Sinko and Martin, 2005).
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1.8.3. Rheological models

Non-linear models are used to describe the change in viscosity with shear rate or shear 

stress for Non Newtonian fluids. Most shear thinning materials exhibit a three stage 

viscous response when sheared over a wide shear rate range (Rao, 2007). The apparent 

viscosity of a solution can be correlated with shear rate using the Cross equation. The 

Cross equation (Cross, 1965) gives viscosity as a function of shear rate and gives a 

simple way of quantifying the full viscosity/shear rate profile for a shear thinning fluid 

(equation 1.3).

q = poo +1|0 . qoo

1 + (C.y)m Equation 1.3.

Where q is the apparent viscosity, q0 is the Zero shear viscosity; q^ is infinite shear 

viscosity (very high shear rates); m is Cross rate constant (measure of viscosity 

dependence on shear rate in the shear thinning region). If m=0 viscosity does not depend 

on the shear rate and this is Newtonian behaviour. If m= 1 viscosity shows increasing 

shear thinning with increasing shear rate. C is Cross time constant or consistency. The 

dimension is time and 1/C gives us the shear rate that gives the onset of shear thinning.

Care should be taken to avoid confusion with the Cross and power law models. 

While the Cross model is used to describe the shear rate- shear viscosity relationship over 

the entire shear rate range, the power law describes the relationship only in the shear 

thinning region. The power law (equation 1.4.) can be applied to a shear thinning material 

and is a good fit for viscosity in the linear region but not at extremely high and low shear 

rates since as the shear rate approaches zero, viscosity approaches infinity (qx).

Y] — Kyn 1 Equation 1.4.

where q is the viscosity of the polymer melt, y is the shear rate, K is an exponential 

function of temperature and depends on the properties of the polymer, and n is the power 

law constant, typically in the range of 0.25 to 0.9 for a pseudoplastic polymer melt
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(Crowley et al, 2007) and 1 for a Newtonian liquid. If n is greater than 1 the material is 

shear thickening.

1.8.4. Dilatent flow

In contrast to pseudoplastic materials, if the viscosity of a liquid increases with increasing 

rate of shear the material is known to be dilatent. Shear-thickening is the increase of 

viscosity with increasing shear rate (Egmond, 1998). Deformation of the material can 

cause re-arrangement of the molecules such that the resistance to flow is increased with 

increased shear rate. Shear thickening materials are relatively unusual occurring mainly 

in dispersions of particles where the volume fraction is relatively high (Barnes et. al., 

1998). Under flow at low shear rates, some polymer solutions may exhibit shear thinning 

or Newtonian behavior but shear thickening occurs when shear rate is increased above a 

critical value. However, when shear rate is increased, shear thinning behavior may be 

subsequently observed (Liu et al., 2007). Corn starch in aqueous medium is a common 

example of a material that exhibits dilatencey and therefore is often used as a thickening 

agent. Materials which can thicken a formulation are important auxiliary materials in the 

cosmetic and pharmaceutical industries in order to reach a certain viscosity in surfactant 

containing systems e.g. emulsions or cleansing products (Lehmann et al., 2008). Typical 

flow behavior for a dilatent material is shown in figure 1.14.

Viscosity

Shear stress

Figure 1.14. Typical flow behaviour observed for a dilatent material
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1.8.5. Bingham flow

Some materials behave as a rigid body at low stresses but flow as a viscous fluid at high 

stress and begin to flow once a critical yield stress has been exceeded. Such materials are 

known as Bingham plastics and exhibit this characteristic Bingham flow. Once Yield 

stress exceeded, the material may show pseudoplastic or dilatent characteristics. The 

rheogram for a Bingham plastic will show that the flow response of the material does not 

pass through the origin but intersects at the shear stress axis (figure 1.15.)

Shear Rate

Shear Stress

Figure 1.15. Typical flow behaviour observed tor a Bingham plastic

For the three types of non-Newtonian behaviours previously described (i.e. shear 

thinning, thickening and Bingham flow), the rheological behaviour of the material will 

only vary with shear rate and this will not be affected by time (Barnes et al., 1989). With 

some materials however, if a constant shear is applied over a certain period of time, the 

viscosity will reduce. Such a material is said to be thixotropic. Thixotropy describes any 

material which exhibits a reversible time-dependent decrease in apparent viscosity 

(Nakaishi et al., 1994). During shearing, the intramolecualr forces of attraction between 

polymer molecules are disrupted and will eventually reform upon the removal of the 

shearing force. In some cases the structure of the material may never return to the original 

viscosity and the material is said to have exhibited shear degradation rather than 

thixotropy. Conversely, in some materials, if a constant shear is applied over time 

viscosity will increase. Such materials are known as rheopectic. With these 

characteristics, a flow history must be taken into account when making predictions in 

flow behaviour (for example flow of a thixotropic material down a long pipe is
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complicated by the fact that the viscosity may change with distance down the pipe) 

(Barnes ef a/., 1998).

1.8.6. Effect of temperature on viscosity

During hot melt extrusion, the polymeric material is exposed to both shear and elevated 

temperatures. For polymer melts, the relation of viscosity and temperature has been 

expressed in the form of the Arrhenius equation (Nanzai, 1998) and numerous authors 

reporting in the hot melt extrusion field have used the Arrhenius equation (equation 1.5.) 

to describe the temperature sensitivity of a polymer melt (Nanzai et ai, 1998) (Yang et 

a/., 2009) (Gu era/., 2008).

q = Ke Eil Equation 1.5.

Where q = Viscosity; K is a constant depending on the structure and molecular weight of 

the polymer, Ea is the activation energy, R is the universal gas constant and T is the 

temperature (in degrees Kelvin). Molecular weight of a polymer is also an important 

property in determining polymer viscosity and hence rheology since larger chains will 

consume a larger space than a more compact molecule. Large polymer molecules also 

have greater tendency to become entangled with each other and this can give rise to high 

elasticity and extensional viscosity (Liang, 1996) (Liang, 2002).
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2.1. INTRODCTION
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2.1. Introduction

Hot Melt Extrusion (HME) has been widely employed within the plastic and rubber 

industries to produce a diverse range of products and in recent years has attracted 

substantial interest within the pharmaceutical sector proving to be an extremely proficient 

method to manufacture a vast array of dosage forms including granules (Liu et ai, 2001), 

pellets (Young et ai, 2002), tablets (Bruce et ai, 2005) and implants (Gosau and Muller,

2010) . The process has also has been evaluated to improve dissolution of poorly water 

soluble drugs through formation of solid solutions/dispersions (Zhu et ai, 2006) (Leuner 

and Dressman, 2000) (Qi et ai, 2008) (Pouton, 2006) (Miller et ai, 2007), to engineer 

drug release (Miller et ai, 2007) and to mask bitter taste of certain drugs (Gryczke et al,

2011) . HME is also documented to offer a number of advantages over conventional 

manufacturing techniques (Chokshi and Zia, 2004) (Crowley et ai, 2007) (Mididoddi and 

Repka, 2007). When selecting a polymeric carrier for any HME process, many factors 

should be considered including miscibility and chemistry of prospective drug and matrix 

carriers, thermal stability of the polymer and drug and intended function of the final 

dosage form (Chokshi and Zia, 2004). Of these important criteria, the fundamental and 

most important consideration is thermal stability of the polymer. This must be such that 

that the material can withstand processing conditions at elevated temperatures and typical 

shear rates during processing. Choice of polymeric carrier is a fundamental step in the 

development of any hot melt formulation and the intended use of the drug product and 

required release profile will have a commodius influence on the selection of carrier 

matrix. Evaluation of the physiochemical properties of both drug and polymer prior to 

HME are important so as to enable definition of suitable processing limits during the 

extrusion process. A wide variety of carrier systems have been used for hot-melt extruded 

dosage forms. These include cellulose ethers (Repka et al., 1999) (Repka et al., 2005) 

(Repka and McGinity, 2001), polyethylene oxides (Zhang and McGinity, 1999) (Crowley 

et al., 2002) (Crowley et al., 2004), polyvinylpyrrolidone (Jijun et ai, 2010) (Andrews et 

ai, 2010) and polymethacrylate derivatives (Albers et al., 2009) (Zhu et ai, 2006) (Zhu 

et al., 2002).
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This work will focus on the physiochemical characterization of a polymethacrylate 

derivative, Eudragits RL PO, with the aim of using this polymer as a matrix carrier to 

formulate a number of model drugs. Whilst Eudragit RL PO has been used extensively 

as a polymeric matrix for the manufacture of a range of oral dosage forms including 

tablets (Kuksal et ai, 2006) (Patra et al„ 2007), pellets (Abbaspour et ai, 2005) 

(Abbaspour et ai, 2007) and polymeric tablet coatings (Sauer et ai, 2009) (Qiao et ai, 

2010) its use as a matrix carrier for hot melt extrusion remains largely understudied, 

providing the impetus to attempt to characterise the properties of this material and in 

doing so determine acceptable processing parameters for hot melt extrusion.

Eudragit" RL PO falls within a class of polymeric materials commonly known as 

polymethacrylates. Polymethacrylates are synthetic cationic and anionic polymers of 

dimethylaminoethyl methacrylates, methacrylic acid and methacrylic acid esters in 

varying ratios (Obeidat et ai, 2010) They are primarily used in oral capsule and tablet 

formulations as film-coating agents. Some offer unique pH-solubility profiles and are 

therefore used in the formulation of targetted release dosage forms. Unlike cellulose 

derivatives, which are based on natural raw materials and therefore can vary in terms of 

physiochemical properties depending on the source of raw material, polymethacrylates 

are produced by free radical polymerisation which results in a production process which 

is highly predictable and reproducible. Free radical polymerisation is one of the most 

widely used methods for the commercial production of high molecular weight polymers 

(Holmes et ai, 2008). The methacrylic repeating unit common to all polymethacrylates, 

is the feature which is largely responsible for enabling these materials to exhibit such 

varied physical and chemical properties. A diagram of the repeating polymethacrylate 

unit is shown in figure 2.1. A large number of functional groups may be incorporated 

into this repeating unit and chemical modification of the ’R’ group results in chemical 

diversity.
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Figure 2.1 Repeating unit on polymethacrylate polymer. From (Holmes et ai, 2008).

A number of synonyms are used to refer to polymethacrylates including Acryl-EZE'; 

Kollicoats; polymeric methacrylates and Eudragits". Throughout the duration of this 

study, the polymethacrylates studied were obtained from Evonik, Darmstadt, Germany 

and therefore from this point will be referred to using the trade name Eudragit'. A brief 

overview of Eudragit categories and properties are provided in Table 2.1.

Table 2.1. A Summary of Eudragit " Properties

Methacrylic acid 
copolymer

Methacrylic acid 
copolymer

Ammonio
methacrylate

copolymer
Trade name Eudragit E Eudragit L/S Eudragit RL/ RS

Charge Cationic Anionic Neutral
Composition Dimethylaminoethyl 

methacrylate and other 
neutral methacrylic 

esters

Methacrylic acid and 
methyl methacryate

Acrylic acid and 
methacrylic acid esters

PH
solubility

<5 6-7 Insoluble 
pH independent 

permeability without 
solubility

Targetted
release

Stomach Intestinal and colonic Gastro intenstinal tract

Type A N/A L’ Ca:E'=l:l RL
10% H

Type B N/A ‘S’ Ca:E‘=l:2 RS
5% "

Applications Gastroresistance 
Tastemasking 

Moisture protection

Gastroresistance 
Tastemasking 

Delayed release 
Sustained release 

Moisture protection 
Targetted release

Gastroresistance 
Tastemasking 

Delayed release 
Sustained release 

Moisture protection 
Targetted release

1 Ratio free carboxcyclic acid (Ca) to ester (E) groups

" Functional quaternary ammonium groups
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Eudragit® RL PO is a copolymer of ethyl acrylate, methyl methacrylate and a low content 

of methacrylic acid ester with quaternary ammonium groups. The structure of the 

repeating unit in Eudragit RL PO is shown in figure 2.2. In this polymer, the ammonium 

groups are present as salts making the polymer permeable to water but insoluble allowing 

pH-independent swelling and dissolution. Such properties may be advantageous in the 

development of a controlled release dosage forms since this allows a uniform release 

pattern at different sites of gastrointestinal tract where pH may vary over the period of 

dosing (McConnell et ai, 2008). The average molecular weight of the polymer is given 

by the manufacturer is approximately 150,000

cr CHj
R,= H, CHj 
R2= CHj, C2H5

Figure 2.2. Chemical Structure of Eudragit® RL PO

The degree of permeability to water is controlled by the proportion of quaternary 

ammonium groups with the higher the ratio of these groups resulting the higher the 

permeability to water. Eudragit RS PO is chemically identical to RL PO, but possesses a 

lower proportion of functional groups containing 10% and 5% respectively for RL and 

RS (Azarmi et ai, 2002). Previous authors have reported Eudragit RL and RS to be 

insoluble in water and digestive juices but allow the ingress of water enabling the 

incorporation of drug within the matrix which can be released by diffusion (Apu et al., 

2009). Eudragit® RL PO and RS PO can be blended in varying ratios to alter the aqueous 

permeability allowing controlled release of drug from the matrix formulation. Studies 

detailing the use of these polymers as carrier matrices processed by HME are somewhat 

small in number. In a study by Zhu et al. (2006) controlled release tablets were 

manufactured which contained a poorly water soluble drug indomethacin using both
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Eudragit1 RL PO and RS PO as the matrix carriers. The physicochemical and drug 

release properties of the controlled release extrudates were investigated showing that the 

drug was thermally and chemically stable following HME and exerted a plasticizing 

effect on the polymer as demonstrated by a decrease in the glass transition temperature. 

Similarly Schilling et al. (2008) investigated the release characteristics of diltiazem 

hydrochloride from hot melt extrudates containing Eudragit" RS PO showing that the 

addition of citric acid monohydrate promoted the miscibility between the drug and 

Eudragit" RS PO resulting in improved dissolution characteristics. Saerens et al. (2011) 

extruded mixtures containing Eudragit RS PO with varying concentrations of 

metoprolol tartrate and showed that raman spectroscopy was a suitable in process 

technology for the HME process. The drug peaks in the solid solution broadened 

compared to the corresponding solid dispersion peaks, indicating the presence of 

amorphous drug during processing and peak shifts appeared in the spectra of the solid 

dispersion and solid solution compared to the physical mixtures, suggesting interactions 

between drug and polymer. Of the limited reports that have investigated the use of these 

polymers as hot melt matrix carriers, there have been no authors which have attempted to 

comprehensively characterise the thermal and physiochemical properties of the material 

and subsequently there is little rationale for the choice of processing conditions for hot 

melt extrusion. This is somewhat surprising since developing an understanding the 

physiochemical properties of a polymer prior to hot melt processing is undoubtedly 

useful, if not fundamental and such knowledge aids in the prediction of melt behaviour 

during processing. When incorporating a drug into a matrix carrier via HME, there are 

many factors to consider including polymer and drug thermal stability, water vapour 

permeability and uptake of the matrix, viscosity, elasticity, shear sensitivity, heat 

exposure duration and rheological characteristics of the polymer. Consideration of such 

material attributes facilitates the determination and optimisation the dosage form and 

manufacturing process. There are a range methods available to predict a polymers 

suitability for HME and subsequently characterise the melt extrudates produced. These 

techniques include thermal analysis such as TGA (Corwley et al. 2002) (DiNunzio et al. 

2010), DSC (Qi et al. 2008) (Forster et al., 2001) and DMTA (Douglas et al., 2010) 

(Yang et al., 2010); crystallographic methods such as XRD (Fukuda et al., 2006)

62



Chapter 2

(Mididoddi et ai, 2007) and gravimetric methods such as dynamic vapour sorption 

(DVS) (Verreck et ai, 2006) which can give an indication of water uptake properties of 

the polymer. All have a strong place in the literature in the characterisation of materials 

prior to and post hot melt extrusion.

2.1.1. Aims and objectives

The objective of this study was to characterise the physiochemical properties of 

Eudragit" RL PO and to develop an understanding of the properties which may affect the 

ability to process the material or which may affect drug product characteristics such as 

dissolution and stability.While there are a small number of reports of this polymer being 

used as a carrier matrix for HME, there have been no attempts to evaluate the thermal 

stability nor has consideration given to the definition of appropriate extrusion conditions 

for hot melt processing. The effect of processing parameters such as extrusion 

temperature and process screw speed on polymer stabilty will be assessed.

The principal aims and objectives of this study are summarised as follows:

o To study the thermal properties of Eudragit' RL PO with particular emphasis on 

detection of glass transition temperature to provide a starting point for HME. 

o To investigate the solid state properties of Eudragit" RL PO using PXRD 

o To evaluate the effect of a number of processing parameters (including

temperature and screw speed) on the thermal stability of the polymer,

o To evaluate the effect of processing temperature on polymeric residence time and 

assess how this impacts on thermal stability of the polymer and assess how screw 

speed and temperature impact upon extruder torque, 

o To investigate the mechanism through which thermal degradation of Eudragit 

RL PO proceeds and to define suitable processing limits for temperature and 

screw speed for processing of this polymer, 

o To assess the water uptake properties of Eudragit RL PO to determine the

mechanism of water uptake into the matrix and investigate the effect of

immersion temperature and time on the rate of water uptake.
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o To evaluate the viscoelastic properties of the polymer to determine if water affects 

these properties and acts as a plasticizer in an immersed environment, 

o Define suitable storage conditions for RL PO giving consideration to the water 

uptake properties using DVS which can then be used as a starting point for 

storage of drug loaded formulations.
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2.2. MATERIALS AND METHODS
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2.2.1 Materials
Eudragit® RL PO was a gift from Evonik, Darmstadt, Germany. All other materials used 

in this study were purchased from Sigma-Aldrich Company Ltd., Gillingham, Dorset.

2.2.2 Methods

2.2.2.1. Thermogravimetric analysis (TGA)

The thermal stability of Eudragit® RL PO was assessed using a TA instruments Q500 

system (TA Instruments Ltd, Crawley, UK). 10-20mg of sample was accurately weighed 

in open aluminium sample pans and material heated at 20°C/min between 20 and 500°C. 

The percentage mass remaining was plotted as a function of temperature. In all 

experiments, nitrogen was used as a purge gas for the furnace chamber at a flow rate of 

40ml/min for the balance and 60ml/min for the sample. Calibration of equipment was 

carried out using a lOOmg standard weight and alumel®, a curie alloy (95% Ni, 2% Mn, 

2% Al, 1% Si) was used as the temperature calibration check (TA Instruments Ltd, 

Crawley, UK). All measurements were repeated five times.

2.2.2.2. Quantification of water content
Water content of the pure polymer was determined using a loss on drying (LOD) method 

as specified by the manufacturer. A known mass of material was stored at 80°C until no 

further change in mass was observed. All measurements were repeated five times.

2.2.2.3. Residence time of polymer

Residence time of the polymer melt in the extruder was measured by feeding 5 g of 

material into the heated extruder barrel via a hopper and allowing it to pass along the 

rotating screws to the die exit. Timing was initiated when all of the material had been fed 

into the hopper and stopped when the material exited the extrusion die. Residence time 

was determined at a number of extrusion temperatures ranging from 120°C to 220°C. All 

experiments were repeated five times.
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2.2.2A Isothermal TGA investigations

Sample preparation was identical to those described in method 2.2.1. The polymer 

samples were held isothermally for a defined time period at a range of temperatures 

between 120 and 220°C using TGA. The isothermal hold time was selected using results 

from residence time investigations. This simulated exposure to elevated temperatures for 

the appropriate time period during HME. All measurements were repeated five times.

2.2.2.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a TA 

Q1000 (TA Instruments Ltd, Crawley, UK). Calibration of the baseline was performed by 

heating the equipment in the absence of aluminium pans and a correction applied. The 

temperature and enthalpy were calibrated using an indium standard. All samples were 

heated under a nitrogen atmosphere at a flow rate of 50mL/min. 5-10mg of sample was 

accurately weighed in aluminium pans and an empty pan used as a reference. Samples 

were then subjected to a thermal ramp of 10°C/min and the heat flow (W/g) plotted as a 

function of temperature (°C). All measurements were repeated five times. Samples tested 

using modulated differential scanning calorimetry (MDSC) were treated identically to 

those in conventional DSC studies except a thermal ramp of 2°C/minute was applied with 

a modulation amplitude of ± 0.16 °C and a 30s modulation period. DSC data was 

analysed using Universal Analysis 2000 software. Such settings have been proposed by 

Hill et al. (1998) for the use of detection of amorphous content of spray dried lactose and 
were found to be suitable for Eudragit® RE PO.

2.2.2.6. Preparation of hot melt extrudates

To prepare hot melt extrudates, the powdered polymer was fed into a 16mm co-rotating 

twin-screw extruder (Minilab, Thermo Electron Corporation, Germany) and extruded at 

temperatures ranging from 120 to 220°C. Screw speeds varied between 100 and 150 rpm. 

Extrudates were stored in polyethylene bags inside a desiccator at room temperature.

2.2.2.I. Assay for percentage ammonio methacrylate units (% AMU)

Extrudates were prepared at temperatures ranging from 120 to 220°C and dried in a
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vacuum for 24 hours to remove residual moisture. An assay was performed according to 

the manufacturers specifications to determine percentage functional groups on the dry 

substance. The assay was performed according to USP <541>. Ig of RL PO was 

dissolved in 96ml glacial acetic acid and 4 ml water. This was then titrated with 0.1 N 

perchloric acid after adding 5 ml mercury (II) acetate solution (5 % solution in glacial 

acetic acid) and the end point detected potentiometrically. 1 ml 0.1 N perchloric acid was 

said to correspond to 20.772 mg AMUs. % AMU was then calculated using equations 

2.1. and 2.2.

% AMU on DS
mlQANHClO,201.12 

sample weighing).DS{%) (Equation 2.1)

AV (mgKOH/gDS) = % AMU.2.10 \ (Equation 2.2.)

Where AV = Alkali value. This is defined similarly to the acid value. It states how many 

mg KOH are equivalent to the basic groups contained in 1 g dry substance (DS). USP/NF 

specifications detail that eudragit RL PO should contain 8.85-11.96 % AMU on the DS. 

All measurements were repeated five times.

2.2.2.8. Dynamic vapour sorption (DVS)
Sorption isotherms for Eudragit' RL PO were obtained using a dynamic vapour sorption 

apparatus (Surface Measurement Systems Ltd, London, UK). The DVS apparatus 

consisted of a Cahn microbalance. Samples ramped from 40% RH to 90% on the sorption 

cycle and from 90 to 0% on the desorption cycle in 10% increments and change in mass 

recorded at each increment. All experiments were performed at 25°C.

2.2.2.9. Analysis of mechanism of water uptake

Water uptake characteristics of hot melt extrudates were measured gravimetrically post 

immersion in phosphate buffered saline (PBS) at pH 6.8 ± 0.2. Samples were placed in 

glass bottles containing 100 ml of medium and stored at either room temperature (25°C)
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or in an oven at 37°C. The extrudates were removed from the medium at predetermined 

time intervals (e.g. 1, 12, 24, and 48 hours and until no further increase in mass was 

observed). Samples were carefully blotted with tissue paper to remove excess water from 

the surface. Equilibrium water uptake was identified when the change in weight of the 

sample remained constant. All measurements were repeated five times.The percentage of 

water uptake was calculated using equation 2.3.

Wet weight-Dry weight (Equation 2.3)Water Uptake (%)=
Dry weight

Equation 2.4 was used to process the kinetic data of the swelling process in order to gain 

insight into the mechanism of aqueous media transport through the polymer matrix. A 

similar method was used by Singh et. ah, (2010).

(Equation 2.4)

The portion of the water uptake curve with a fractional water uptake (Mt/M,„) less that 

60% was analysed using equation 2.4 where Mt was the mass of water absorbed at time t, 

1VL was mass of water adsorbed at equilibrium, K is the rate constant and depends on the 

structural characteristics of the of the polymer and its interaction with water, n is the 

swelling exponent which describes the mechanism of water uptake into the into the 

polymer matrix. The constants n and K were calculated from the gradient and intercept of 

a In (Mt/IVL) Vs In t plot derived from experimental data. Case II transport (relaxation 

controlled) and fickian diffusion can be described as the mechanism of water uptake 

when n is 1 and 0.5 respectively. Any value between 0.5 and 1 can be described as 

anomalous transport behaviour (non-Fickian diffusion) (Peppas, 1987).

2.2.2.10. Mechanical properties of hot melt extrudates

Mechanical properties of the hot melt extrudates were measured using a TA.XT2 texture 

analyser equipped with a 50kg load cell, TA-96 grips and Texture Expert software 

(Texture Technologies Corp/Stable Micro Systems) in tensile mode. Extrudates to be
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tested were sized (approximately 50mm long) ensuring a uniform width of 7mm. Those 

samples containing visible imperfections were not used in the analysis. Samples were 

placed between two grips with a thin sheet of rubber attached to the surface of the grips 

to prevent the film being damaged by the grooves of the grip surface. Crosshead speed 

was set at 2mm/s and data acquisition terminated when the films failed. The width and 

thickness of the sample were accurately measured using Drapper 46610 Expert Dual 

Reading Vernier Calipers and once the film was in place between the clamps, the 

distance was noted between the upper and lower clamps and recorded as D,. The distance 

between the clamps after failure of the sample was measured and recorded as D2. All tests 

were performed at room temperature (25°C) and a stress-strain curve was generated using 

the Texture Expert software. All measurements were repeated five times. The Young’s 

modulus, YM (elastic modulus), was calculated according to equation 2.5 and obtained 

from the slope of the linear part of the stress-strain curve and expressed in MPa. 

Percentage elongation (% E) was calculated according to equation 2.6 and ultimate 

tensile strength (UTS) was calculated using equation 2.7.

Stress
Strain (Equation 2,5)

%E=Dl D'jc100
A

(Equation 2.6)

UTS=
FB
SA (Equation 2.7)

Where SA is surface area of extrudates between the clamps and FB is force at break point 

measured as the force (in N) at which the sample breaks. A typical stress-strain curve 

obtained during tensile testing of hot melt extrudates is shown in figure 2.3.
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Figure 2.3. Typical stress strain curve obtained during tensile analysis

2.2.2.11. Dynamic mechanical thermal analysis (DMTA)
DMTA measurements were conducted on a Tritec 2000 DMTA (Triton Technology Ltd, 

Nottinghamshire, UK) for detection of the glass transition temperature of Eudragit' RL 

PO. Experiments were run at 1 and 10Hz and samples were run between 20 and 200°C at 

a heating rate of 5°C per minute. Milled polymer was loaded into the Triton powder 

pockets and in single cantilever bending mode with 5 replicates analysed for the material. 

A torque driver device (RS components, Corby, Northants, UK), was used to clamp the 

powder pockets at 3N.m to ensure that the clamp tightness was the same between 

samples. Data was analysed using Tritec software version 1.43.05 (Triton Technology 

Ltd, Keyworth, Nottinghamshire).

2.2.2.12. Statistical analysis

The effects of various treatments on the physiochemical characteristics of the hot melt 

extrudates were statistically analysed using a one-way ANOVA. In all cases p <0.05 

denoted significance. Individual differences were determined using Tukey’s post hoc test.
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2.3. RESULTS
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2.3. Results

2.3.1. Thermal stability of Eudragit* RL PO

Thermogravimetric analysis was used to construct a weight loss-temperature profile for 

Eudragit'! RL PO. This is used to identify the stable temperature range at which the 

polymer can be processed in the absence of significant degradation. During TGA 

analysis, thermal degradation of material may be indicated by a reduction in weight of the 

sample. The TGA profile (figure 2.4) showed that Eudragit® RL PO exhibited a 2.97% 

weight loss between 20 and 180°C with a further loss in mass of 1.82% between 180 and 

250°C. Beyond 250°C there was a progressive reduction in sample weight and at 355°C a 

rapid reduction in weight was observed.

Temperature (°C) Universal V4 3A TA Instruments

Figure 2.4. Temperature weight loss profile of Eudragit® RL PO determined by 

thermogravimetric analysis (TGA).
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Samples heated to temperatures beyond 350°C changed colour from pale yellow to dark 

brown which is indicative of degradation. Karl Fischer titration was carried out using the 

powdered polymer which determined the polymer moisture content to be 2.98 ± 0.21%.

2.3.2. PXRD of Eudragit® RL PO

The crystallinine/ amorphous properties of Eudragit* RL PO were measured using X-Ray 

Powder diffractometry (XRPD). The diffraction pattern showed a spectrum characteristic 

of an amorphous material (figure 2.5) indicated by the absence of crystalline peaks.

7 17 27 37 47 57

2-theta (#)

Figure 2.5. PXRD diffraction pattern of Eudragit® RL PO to identify solid state 

material attributes

2.3.3. Determination of glass transition temperature of Eudragit* RL PO

Conventional DSC experiments were run to determine the effect of temperature on the 

heat flow response of Eudragit" RL PO (figure 2.6). The results show an enthalpic 

relaxation event which spanned across 46-71°C. The relaxation event was largely
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overshadowed by a broad endotherm that spanned from ambient temperature to 140°C 

which was suspected to be caused by the presence of residual moisture.

58.49’C

52.06‘C
1.137J/g

Exo Down Temperature (°C) Univefsal V4.2E TA Instruments

Figure 2.6. Temperature-heat flow response of Eudragif* RL PO as measured by 

DSC

Because of the presence of the broad endotherm and an enthalpic relaxation event, the 

glass transition temperature of Eudragit RL PO" was difficult to detect by conventional 

DSC due to this interference. Consequently modulated-DSC (MDSC) experiments were 

run in an attempt to resolve evaporation and relaxation events from the total heat flow.
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Using MDSC the glass transition for RL PO shown by the reversing heat flow- 

temperature profile (figure 2.7) was found at a similar temperature of 66.24°C± 0.52.

0 09-
74.02‘C

Exo Down Temperature (°C) Univereal V4.2E TA Instruments

Figure 2.7. Temperature-reversing heat flow response of Eudragit" RL PO as 

measured by MDSC

Dynamic mechanical thermal analysis (DMTA) was also used to detect the 

polymer glass transition temperature (figure 2.8.). The effect of two oscillatory 

frequencies was examined- 1 and 10 Hz and the glass transition temperature taken as the 

peak in the tan 8 curve. At a frequency of 1Hz, the tan 8 peak was found to be 73.7 ± 

3.1°C while at 10Hz the value increased to 81 ± 2.1°C showing that the glass transition 

was frequency dependent.
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Figure 2.8. DMT A showing the effect of increasing temperature and oscillatory 

frequency on the viscoelastic properties of Eudragit® RL PO

2.3.4. Relationship between temperature, torque and screw speed during HME of 
Eudragit® RL PO

The effect of temperature and screw speed on the torque measurement during 

polymer extrusion was evaluated. The relationship between the three variables is 

illustrated using a surface plot (figure 2.9). Torque measurements can be used to provide 

an indication of the rheological properties of the material during hot melt processing (Soh 

et ai, 2006). Torque was shown to be strongly affected by screw speed and processing 

temperature. Torque provides an indication of the compositional viscosity during the 

extrusion process, and is both a function of temperature and flow velocity for non- 

Newtonian polymer melts (Di Nunzio et ai, 2010). A range of temperatures between 120
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and 180°C were assessed. A Surface plot shows a 3-D image surface that connects the 

three sets of data points and visually useful for linking multiple processing variables.

Figure 2.9. 3-D surface plot constructed using Minitab 16 statistical software 

showing the relationship between extruder temperature, torque and screw speed 

during hot melt processing of Eudragit® RL PO

With an increase in extrusion temperature, a subsequent reduction in the torque 

value during was observed. This relationship was also true of screw speed whereby a 

reduction in torque was observed with an increase in screw speed. These results show 

that screw speed and temperature had a significant impact on extruder torque highlighting 

these as variables which can alter the rheological and flow properties of Eudragit" RL 

PO.
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2.3.5. Effects of processing temperature on residence time of Eudragit® RL PO

The effect of polymer processing temperature on the residence time of the polymer 

during HME was evaluated (figure 2.10). At processing temperatures below 120°C, the 

polymer was insufficiently fluid therefore could not be conveyed along the extruder 

screws to the die exit making processing at these temperatures infeasible. These samples 

resided within the extruder irrespective of the amount of time allowed for transit and 

visually were dark brown when removed from the extruder indicating significant 

degradation.

14

1 61K
4

2

0
100 120 140 160 180 200 220 240

Extrusion temperature
CC)

Figure 2.10. Effect of extrusion temperature on residence time (Rt) of RL PO. Mean 

values shown ± S.D. (n = 5)

A strong correlation between temperature and residence time of Eudragit4 RL PO 

was shown. Increasing the processing temperature caused a reduction in the residence 

time of the polymer within the extruder decreased. At the lowest processing temperature 

(120°C) residence time was approximately 12 minutes and decreased to 9.8 minutes with 

a 10°C rise. The largest reduction in residence time for a 10°C incremental step was noted 

between 130 and 140°C and was approximately 3.5 minutes. The residence time 

decreased from 6 minutes at 150°C to 4.7, 3.1, 2.2 and 1 minute at 160, 170, 180 and
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190°C respectively. A 30°C increase in extrusion temperature between 190 to 220°C 

resulted in a small reduction in residence time of 0.2minutes.

2.3.6. Thermal simulation of processing conditions to assess polymer stability

TGA was used to examine the effect of prolonged exposure to elevated temperatures on 

the temperature-weight loss profile of the polymer. Samples were subjected to 

temperatures ranging from 120aC to 220°C and held isothermally for the residence time 

observed during real time processing at that temperature in order to simulate processing 

conditions. The percentage weight remaining after exposure for the required time period 

for each sample is shown in table 2.2.

Table 2.2 Percentage weight of Eudragit ” RL PO sample remaining post exposure 

to isothermal TGA conditions. Mean values shown ± S.D. (n = 5)

Temperature (°C) Isothermal hold time (mins) Weight of sample remaining (%)

120 12 97.39 ±0.33

130 9.8 97.42 ±0.36

140 6.3 97.11 ±0.23

150 5.9 97.22 ±0.22

160 4.7 97.01 ±0.13

170 3.1 97.21 ±0.16

180 2.2 95.99 ±0.18

190 1.4 95.86 ±0.11

220 1.2 94.90 ± 0.22
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Samples held isothermally between 120°C and 170°C showed a weight loss lower than 

3% and this was due to loss of residual moisture from within the sample. At temperatures 

of 180°C and above, additional weight loss than over and above that which could be 

attributed to moisture was observed (i.e. approximately 4% at 180°C, 4.14% at 190°C and 

5.1% at 220°C) indicating that thermal decomposition (1-2%) of the polymer had 

occurred. It was suspected that this additional weight loss could have been attributed to 

cleavage and subsequent loss of functional groups form the molten polymer therefore 

functional group content was assayed before and after hot melt processing.

2.3.7. Determination of functional group content of Eudragit* RL PO using a 

manufacturers specification assay

A manufacturers specification assay was used as an adjunct to TGA to attempt to 

account for losses observed at 180°C and above during TGA investigations. Samples 

were dissolved in acetic acid and were then titrated with perchloric acid. This method 

determined the percentage functional groups present within the sample. The percentage 

of ammonio methacrylate units- % AMU- was calculated according to equation 2.1. in 

section 2.2.7. The specified allowable range given by the manufacturer for % AMU is 

between 8.85-11.96%. The pure material was assayed and found to have a functional 

group content of 9.65 ± 0.23 % therefore fell within the specifications set by the 

manufacturer. This assay method was then used to determine if loss of these functional 

groups occurred during hot melt extrusion (indicating thermal decomposition of the 

polymer side chains). Samples were extruded between 120°C and 220°C at screw speeds 

of 100 and 150rpm and the extrudate samples titrated to determine the functional group 

content. Results are shown in table 2.3.
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Table 2.3. The effect of processing temperature and screw speed on percentage 

ammonio methacrylate units (% AMU) measured by potemtiometric titration. 

Mean values shown ± S.D. (nsS)1.

Extrusion Temperature (°C) % AMU lOOrpm % AMU ISOrpm
Pre HME 9.65 ±0.23

120 9.66 ±0.13 9.64 ±0.31
130 9.62 ± 0.22 9.62 ±0.51
140 9.67 ±0.14 9.66 ±0.23
150 9.61 ±0.24 9.71 ±0.48
160 9.67 ±0.63 9.62 ±0.21
170 9.58 ±0.87 9.65 ±0.31
180 8.23 ±0.23 8.08 ± 0.49
190 8.19 ± 0.21 7.99 ±0.15
220 7.71 ±0.65 7.55 ± 0.46

Samples shown in red indicate significant loss of functional groups based on the assay of the pure 
unprocessed material

These results were in good agreement with findings from isothermal TGA studies. 

Extrudates processed between 120 and 180°C at lOOrpm showed no significant loss in 

weight during TGA other that the 3% which was attributed to moisture loss and did not 

experience a loss in functional group content when assayed using potentiometric titration. 

However, samples processed at 180, 190 and 220°C showed a significant reduction in the 

percentage functional groups when compared to the unprocessed raw material. 

Approximately 3% water is lost during heating and this was confirmed using DSC (where 

an evaporation endotherm was observed) LOD and Karl Fischer analysis therefore it can 

be said that 3% weight loss below 180°C can be attributed to moisture loss. At 180°C the 

functional group content was approximately 1.4% lower than that of the unprocessed 

material, 1.5% lower at 190°C and 2% lower at 220°C. At 150rpm, a similar trend was 

observed and no loss in functional group content was observed below 180°C. Above 

180°C a similar quantity of sample was lost. These studies therefore indicated that 

increasing the screw speed from 100 to 150rpm had no significant impact on loss of 

functional groups during hot melt processing below 180°C. DSC analysis also showed 

fluctuations in the baseline at temperatures above 180°C which may also be indicative of 

thermal degradation and hence loss of functional groups.
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2.3.8. The use of Dynamic Vapour Sorption (DVS) to investigate Eudragit® RL PO 

hydroscopicity
DVS experiments were conducted to determine the hygroscopicity of Eudragit® RL PO. 

Relative humidity (RH) within the apparatus was incrementally stepped from 40 to 90% 

and the sorption isotherm measured. % RH was then reduced from 90% to 0% and the 

desorption isotherm measured. An RH- mass change plot is shown in figure 2.11.

"emo: 24.9 C 
Meth: general.SAO 
M{0): 14.4957

DVS Isotherm Plot

Target RH (°^
© Surface Measurement Systems Lie UK 1996-2004

Figure 2.11. Sorption (♦) and de-sorption (■ ) isotherm of Eudragit® RL PO during

DVS analysis showing the effect of relative humidity (RH) on the polymer moisture 

sorption properties.

DVS provided confirmation that Eudragit RL PO'1 is a hygroscopic material capable of 

adsorbing increasing amounts of water as the relative humidity of the surrounding 

atmosphere is increased. The isotherm plot shows that the dehydrated polymer samples 

upon exposure to 25°C/40% conditions had a 2.32% increase in mass attributed to 

moisture sorption showing equilibrium moisture content at these conditions.
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This increased to 2.76% at 50% and 3.24% at 60% RH. Typical laboratory conditions 

were between 50 and 60% RH therefore these results were in good agreement with TGA 

and DSC results which showed a moisture content of the material of approximately 3%. 

Increasing %RH to 90% increased the equilibrium moisture content to 8.9%. These 

results show that the moisture content of Eudragif* RL PO is strongly influenced by the 

environmental RH highlighting the need for either storage of the material under 

controlled environmental conditions to maintain a consistent moisture content and thus 

consistent drug product; or drying of the sample prior to processing to remove variability. 

On the desorption cycle, the material was shown to exhibit hysteresis as all moisture 

contents were higher at the corresponding relative humidities. The rate of moisture 

uptake during DVS analysis was also examined and data shown in table 2.4. and figure 

2.12. A constant rate in change of mass was observed between 40 and 60% RH (A to B). 

The rate change of mass between 40 and 60% was calculated to be 6.6 x lO'3 percent per 

minute (calculated by measuring change in mass divided by time between A and B), 
which increased to 6.9 x 10"3 percent per minute (repeating the same procedure for B and 

C) between 60 and 90% relative humidity.

Table 2.4. Water vapour uptake properties of Eudragit" RL PO between 40 and

90% relative humidity (RH) measured using DVS analysis.

Time
(Min)

RH
(%)

Mass increase
(%)

Position Rate of water uptake
(%/min)

121 40 2.32 A
240 50 2.76 A-B
260 60 3.24 B 6.6 x 10’3
601 70 4.54 B-C
841 80 6.45 9.1 x 10‘3
1081 90 8.9 C
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Figure 2.12. Water uptake properties of Eudragit" RL PO between 40 and 90% 

relative humidity showing change in rate between A (40% RH) to B (60% RH) and 

B to C (90% RH). Mean values shown (n = 5).

2.3.9. Water uptake kinetics of Eudragit® RL PO

DVS investigated the movement of water as a vapour into the polymer matrix which has 

useful applications for stability considerations of a formulated drug product. The uptake 

of water into the matrix as a liquid was also investigated as these considerations are 

applicable to dissolution. Hot melt extrudates were examined gravimetrically and 

percentage water uptake was calculated according to equation 2.3 in section 2.2.2.9. 

Water uptake for RL PO extrudates immersed at 37°C was significantly faster than for 

those immersed at room temperature (figure 2.13).
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Figure 2.13. Water uptake properties of hot melt extruded Eudragit" RL PO 

matrices at 25°C (■) and 37°C (A) following immersion in pH 6.8 buffer. Mean 

values shown ± S.D. (n = 5)

Immersion time was also found to have a significant impact on water uptake of 

Eudragit® RL PO films. Equilibrium water uptake values was found to be approximately 

45% and this was reached after 12 hours at 37°C while samples immersed at ambient 

temperature it took approximately 48hours to reach equilibrium. Rate of water uptake 

was calculated by dividing percentage water uptake by time (table 2.5). After 1 hour, the 

rate of water uptake into the RL PO matrix at 37°C (27.79 % per hour) was 

approximately three times that of those samples immersed at ambient temperature 

(10.17% per hour). Beyond 1 hour, the difference in rate of water uptake at the two 

difference temperatures was markedly reduced being approximately 1.6 times faster for 

the 37°C sample at 3 hours, 1.3 times faster at 12 hours and 1.2 times faster at 12 hours. 

The effect of temperature of the media therefore the sample had the greatest impact on 

the rate of water uptake within the first hour of sampling.
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Table 2.4. Rate of water uptake of Eudragit® RL PO hot melt extrudates (n=5)

Time
(hours)

Rate of water uptake at
25°C(%/h)

Rate of water uptake at 37°C
(%/h)

1 10.17 27.79
3 8.26 13.33
12 2.71 3.75
24 1.57 1.88
36 1.17 1.25
48 0.94 0.94

In order to determine the mechanism of water uptake into the polymer matrix, a graph of 

log time Vs log (Mt/MJ was plotted using equation 2.4 in section 2.1.9. This yielded a 

linear relationship with an R: value of 0.9817 and a gradient (corresponding to the 

swelling exponent n) of 0.66. Fickian diffusion and Case II transport are defined by n 

values of 0.45 and 1, respectively, while anomalous transport behaviour (non-Fickian 
diffusion) is intermediate between Fickian and Case II (Bajpai et al, 2001). These results 
indicated that the mechanism of water uptake into the hot melt matrices as by anomalous 
non Fickian transport.

2.3.10. Viscoelastic properties of hydrated Eudragit " RL PO extrudates

The viscoelastic properties of hydrated Eudragit® RL PO extruded films were examined 

using tensile analysis and experiments were carried post immersion at 25 and 37°C 

(Table 2.6.).
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Table 2.6. Summary of viscoelastic properties of hydrated Eudragit" hot melt 

extruded films post immersion in pH 6.8 phosphate buffered saline. Mean values 

shown ± S.D. (n = 5)

Sample 
immersion 
time (h)

Young’s Modulus 
(Mpa)

Elongation
(%)

Ultimate Tensile 
Strength (N/mm)

25°C 3 27.1 ± 1.8 17.1 ±7.6 17.3 ±4.6
6 24.2 ± 1.5 22.9 ± 12.0 10.5 ± 1.1
12 20.0 ± 2.0 27.4 ± 9.1 8.0 ± 1.2
24 18.1 ±3.3 52.0 ±8.3 6.4 ±0.6
48 12.3 ±2.1 68.2 ± 6.4 4.1 ±0.9

37°C 3 19.2 ±4.3 23.7 ±2.1 7.7 ±0.9
6 20.3 ± 3.4 21.3 ± 8.1 6.9 ± 1.5
12 16.9 ±2.5 52.5 ±4.7 4.8 ± 1.1
24 11.3 ±3.8 71.7 ± 1.1 3.7 ±0.9
48 11.1 ±2.2 72.1 ±3.2 3.7 ± 1.2

Immersion of hot melt extrudates in PBS buffer had a significant impact on the

viscoelastic properties of RL PO. Immersion time and temperature were shown to have a 

significant influence on the Young’s Modulus, percentage elongation and ultimate tensile 

strength over the sampling period. At 25°C there was no difference in the Young’s 

Modulus, percent elongation and ultimate tensile strength between 3 and 12 hours. After 

24 and 48 hours however, there was a significant difference. Equilibrium water uptake 

was reported to occur at approximately 48 hours. The 37°C samples showed no difference 

in viscoelastic properties between 0 and 6 hours but did at 12, 24 and 48 hours. This 

equilibrium water uptake was shown to occur after approximately 12 hours. In water 

uptake studies, the ingress of water into the matrix was rapid after 1 hour, however 

plasticization of the polymer did not occur until after this event as shown by the non 

immediate change in viscoelastic properties. Post 3 hours immersion time, the Young’s 

Modulus of RL PO was 27.1 MPa when stored at ambient temperatures, while this 

dropped to 19.2 MPa when stored at 37°C indicating that increasing the storage 

temperature of the samples caused an observable reduction in Young’s Modulus of the 

material after 3 hours. Between 3 and 6 hours for both storage temperatures, there was no 

significant reduction in Young’s Modulus of the material, but there was between 6 and 24 

hours indicating that immersion time also had an impact on Young’s Modulus. Tensile
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tests showed no significant difference in % E at 3, 6 or 12 hours post immersion for 

samples immersed at room temperature (figure 2.9), however there was a significant 

difference observed after 24 hours post immersion at room temperature where % 

increased from 17% at t=3h to 52% after 24 hours. No difference was also noted for 

samples submersed in buffer for up to 6h at 37°C. The % elongation for 37°C samples 

increased from 21% after 6h to 52% and 71% for 12 and 24 hours respectively. At all of 

the time intervals tested, the UTS for samples immersed at 37°C were lower than samples 

immersed at room temperature (figure 2.10.). However, there was no difference between 

samples immersed for 3, 6, 12 or 24 hours at 37°C possibly indicating that minimal UTS 

had been reached after a 3h time period hence no further reduction after this time interval 

was observed. Room temperature immersed samples did however have a significant 

reduction in UTS from 17.1 Mpa at 3h to 10.5 Mpa and 8Mpa at 3 and 6 hours post 

immersion respectively.

89



Chapter 2

2.4. DISCUSSION
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To assess the suitability of Eudragit® RL PO as a matrix carrier for hot melt extrusion, 

the physiochemical properties of the polymer were evaluated. Important intrinsic 

properties of the material were established including thermal stability, glass transition 

temperature, moisture content and hygroscopicity. Reporting of the use of Eudragit RL 

PO for the fomulation of drug substances within hot melt extrudates is less frequent than 

studies which focus on the fomulation of Eudragit1' RS PO. In recent literature, some 

examples where these pH independent polymers have been formulated using melt 

extrusion include investigations carried out by Wu and McGinity (2003) where the 

properties of methylparaben as a solid-state plasticizer for Eudragit RS POw were 

evaluated during hot melt processing. Kidokoro et al. (2001) studied the efficiency of 

ibuprofen as a plasticizing agent for RS PO and the applications of hot melt extrusion for 

the production of oral matrix tablets. Fukuda et al. (2006) also investigated the use of RS 

PO for the production of floating hot-melt extruded tablets for gastroretentive controlled 

drug release systems prepared by hot melt extrusion. Given that RS PO has been reported 

to have multi functional uses in the formation of drug containing hot melt extrudates, it 

was therefore considered worthy of interest to assess the properties of RL PO for 

application as a matrix carrier for hot melt extrusion to attempt to address the gap in 

reporting between melt processing of RS and RL.

Hot melt processing of any polymeric material induces thermal and mechanical 

stresses as the material is subjected to elevated temperatures often much higher than the 

glass transition temperature. This in turn may influence the performance or life cycle of 

the final product (Capone et al., 2007) since it is commonly understood that degradation 

of a drug can occur at elevated temperatures (DiNunzio et al., 2010). TGA has been 

widely used as an analytical tool to assess the thermal behaviour of pharmaceutical 

materials at elevated temperatures since it can expose the material to temperatures similar 

to those experienced during melt processing. The technique measures weight change of a 

material as a function of temperature or time under a controlled atmosphere and can be 

used not only to detect thermal degradation of a polymer due to volitization of by

products produced from decomposition, but can quantify moisture content (Coats and 

Redfern, 1963), residual solvents and other volatile additives (Grodowska and
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Parczewski, 2010). Thermal events including melting and glass transition do not cause a 

change in the mass of the sample during TGA while other thermal changes such as 

decomposition, sublimation, reduction and vaporization are accompanied by a change in 

mass (Hatakeyama and Liu, 1998).

Eudragit1 RL PO samples were subjected to a thermal ramp using TGA and 

showed aproximately a 3% weight loss between 20 and 180°C. LOD analysis, confirmed 

that this loss was due to loss of residual moisture content. An additional loss in mass 

occurred between 180 and 250°C which could not be attributed to loss of moisture. TGA 

also showed that RL PO has a molecular structure which cracks and vaporizes at 

temperatures in greater than 350°C and decomposes into gaseous products. This was 

denoted by a rapid sample weight loss at temperatures higher than 350°C. For methyl 

methacrylate copolymers, previous research has shown that scission of polymer chains at 

elevated temperatures results in a monomeric product and that the depolymerization of 

poly(methyl methacrylate) is a free-radical process that is initiated from the ends of the 

chain (Me Neil, 1968). Each initiated chain unzips rapidly to yield monomer formation 

(Allcock, 1990). It is this monomer which then becomes volatile resulting in a large loss 

in weight beyond the critical temperature.

TGA is useful for determining the maximum hot melt processing temperature 

(Young et al., 2005) and a large number of authors have used TGA as a predictive tool in 

the determination of appropriate processing parameters for hot melt formulations. Young 

et al. (2002) used TGA to determine the thermal stability of drug and polymer for HME 

of controlled release pellets containing theophylline, while Crowley et al. (2002) used the 

technique to determine the stability of PEG for the production of hot melt extruded 

matrix tablets. It has also been used by Yang et al. (2010) to determine the stability of 

PEG and acetaminophen prior to hot melt processing. In spite of clear potential of TGA 

to measure thermal stability of pharmaceutical materials thus providing information on 

maximum processing temperatures and definition of a working temperature range, 

additional techniques may be required to fully characterise the thermal stability of 

polymeric materials.
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Due to the thermal stress and shear stress involved during thermal processing of 

Eudragit® RL PO, thermal and chemical stability should be considered as this relates to 

the processibility of the material and are important considerarions to attain a safe and 

stable formulation. A number of HME investigations have used TGA as a basic thermo- 

analytical method but accompany the technique with additional testing. In one study 

conducted by Young et al. (2005), TGA was used in combination with reversed phase 

HPLC to determine the physical and chemical stability of theophylline during HME 

showing that it was a suitable candidate for melt extrusion. Crowley et al. (2002) also 

used gel permeation chromatography as an adjunct to TGA to determine the molecular 

weight of PEG before and after HME reporting that the average molecular weight of PEG 

decreased by approximately 6.8% post thermal processing in the absence of API 

indicating polymer degradation. In this study, addition of guaifenasin or ketoprofen 

caused a reduction in the degradation of PEG during processing and it was concluded that 

as these actives behaved as solid state plasticizers for the polymer they therefore resulted 

in a reduction in the melt viscosity allowing easier processing with an observable in 

decrease drive load. During these investigations with Eudragit® RL PO, TGA was used in 

conjunction DSC and potentiometric titration to assess the thermal stability of the 

polymer to comprehensively characterise the thermal stability of the material.

DSC analysis provided further insight into the thermal properties of Eudragit' RL 

PO. Knowledge of the glass transition temperature of the polymer is important since it 

dictates suitable processing temperatures. The temperature range used for extrusion is 

typically 50 to 100°C above the Tg of the polymer (Matsuoka, 1992). DSC is a powerful 

analytical tool and can measure a range of exothermic (e.g. crystallisation) and 

endothermic events (i.e. melting, evaporation and boiling). DSC analysis of Eudragit" RL 

PO liberated a broad endothermic event which continued to approximately 140°C. This 

observation coupled with TGA and KF analysis confirmed that the broad endotherm was 

due to the presence of residual moisture within the polymer. The broad evaporation 

endotherm was coupled with a relaxation endotherm and hence masked the glass 

transition of Eudragit" RL PO making detection via conventional DSC difficult. 

Modulated differential scanning calorimetry (MDSC) was therefore assessed to attempt
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to separate out these thermal events. One of the major advantages of MDSC is that it 

allows direct measurement of the glass transition in the first heating scan when an 

associated enthalpic relaxation is also present (Hill et ai, 1998). Use of MDSC in such 

instances has been widely reported. For example, in a study conducted by Bailey et al. 

(2001) MDSC was used to successfully resolve the enthalpic relaxation and glass 

transition events of poly(ethyleneterephthalate), a thermoplastic polymer commonly used 

in the manufacture of synthetic fibres. Conventionally, prior to the evolution of MDSC, 

the approach in such instances where a relaxation event masked the glass transition was 

the use of one of a number of baseline extrapolations before and after the transitions or to 

measure the glass transition in a second heating cycle which should remove the relaxation 

peak (Royall et ai, 2001). Craig et al. 2000 used MDSC to as a means of assessing the 

relaxation behaviour of amorphous lactose via measurement of the heat capacity, glass 

transition and relaxation endotherm. The modulated function is an enhancement to 

conventional DSC where it permits the separation of the total heat flow signal into its 

thermodynamic (heat capacity) and kinetic components (Coleman and Craig, 1996). It 

has been widely used in the characterization of polymeric materials since it offers 

improved sensitivity and can separate overlapping transitions such as in the case of 

Eudragit® RL PO where an enthalpic relaxation event overlaps the glass transition. 

Enthalpic relaxation in glassy polymers is well documented (Verdonck et al. 1999) 

(Hutchinson and Montserrat, 1997) (Chung and Lim, 2003) and occurs as a result of rapid 

quenching of a polymer melt where the conformation of molecules in the liquid state is 

maintained in the glassy state. In this state, the polymer chains are at a higher metastable 

energy state than equilibrium. The chains still retain some molecular mobility in this 

glassy state but eventually relax back to equilibrium conformation. These molecular 

changes which result in the conversion to the equilibrium molecular state can affect the 

physical properties of the material such as tensile strength and toughness over time (Hay, 

1995). Modifications which occur as a result of enthalpic relaxation that affect 

mechanical properties are termed physical aging while changes to the thermal properties 

of the material over time is known as enthalpic relaxation. This study therefore showed 

that Eudragit " RL PO exhibited an enthalpic relaxation and that MDSC had the capability 

to successfully resolve this event from the glass transition. The experimentally derived
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glass transition temperature for Eudragit" RL PO using MDSC was found to be 66.24°C 

from the reversing heat flow trace and this is similar to the specified manufacturers glass 

transition. During DSC, fluctuations in the baseline of the thermogram were observed 

during heating of Eudragit1 RL PO and commenced at approximately 180°C. Such 

fluctuations can indicate the presence of thermal degradation (Ford and Francomb, 1985) 

and therefore these results were in good agreement with findings from TGA showing that 

at temperatures above 180°C thermal degradation of the polymer occurred.

While DSC is commonly used to analyze the thermal properties of polymers and 

thus determine the glass transition temperature of a polymer due to its wide application 

(Coleman and Craig, 1996), MDSC is being increasingly used due to increased sensitivity 

and resolution of complex thermal events (Tomasi et al., 1996) (Craig et al. 1998). 

Thermo-mechanical methods such as TMA, DMA and DMTA however have been less 

commonly used despite their high sensitivity (Pinoit and Prud'homme, 2002). Few reports 

exist which compare a number of different methods for measuring the glass transition. In 

an investigation by Rahman et al. (2007) a comparative study measured the glass 

transition of spaghetti samples using a variety of methods including DSC, MDSC and 

DMTA. The authors concluded that glass transition can significantly shift depending on 

the method of detection and analytical conditions such as heating rate and frequency 

therefore require clear definition and are of primary importance. The glass transition 

temperature of Eudragit® RL PO was also studied using DMTA showing a shift in the 

glass transition at both frequencies tested. While DSC detects the change in heat capacity 

when a polymer shifts from glassy to rubbery state, DMTA detects the change of 

modulus or stiffness. The glass transition temperature is determined from the peak of the 

mechanical loss tangent tan <5, which is responsible for dissipation of energy during 

deformation. The glass transition values of RL PO derived by DSC were lower than those 

derived by DMTA. This was also reported by Yang et al. (2011) when the glass transition 

temperature of PEO was investigated using DSC and DMTA and studies revealed that 

DMTA resulted in the reporting of increased glass transition values. In DMTA the glass 

transition values are determined from the peak of the mechanical loss tangent- tan d\
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tan 6 = E'l E"

where E' is the elastic modulus and represents how much energy the polymer stores, and 

E" is the viscous modulus and indicates the polymer's ability to dissipate energy as heat. 

The modulus relate to the stiffness of the material and to its damping capacity (energy 

dissipation). The reason for observed increased glass transition for the RL PO when 

measured by DMT A is as a result of the peak in the tan 5 curve lies at the center of the 

glass transition relaxation while in DSC measures the onset temperature of the glass 

transition relaxation which is reported and the amount by which these two variables differ 

depends on the material (Cheremisinoff, 1996). Experiments were conducted at two 

frequencies- 1 and 10Hz. During these studies, the glass transition was shown to be 

frequency dependent and increased as oscillation frequency increases. Using DMTA the 

glass transition temperature was found to be approximately 74.7 ±3.4°C at a frequency of 

1Hz and when run at a frequency of 10Hz the Tan 8 peak maximum value shifted to 80.0 

±2.7°C confirming the reversible glass transition was frequency dependent. The glass 

transition temperature is a kinetic transition and is therefore strongly influenced by the 

frequency or rate of testing (Me Crum et al., 1967). During this transition there is 

molecular relaxation of the polymeric chains and the rate at which this occurs depends on 

temperature. Thus, as the frequency of the test increases, the molecular relaxations can 

only occur at higher temperatures and, as a consequence, the Tg will increase with 

increasing frequency (Menard, 1999).

During HME, a polymer melt is conveyed from the feeder zone to the die exit and 

transit time may vary depending on the processing temperature, melt viscosity and screw 

speed. It is therefore useful to evaluate the effect of exposure of the material to elevated 

temperatures for similar periods of time to those experienced during processing. 

DiNunzio et al. (2010) correlated residence time with potency of a thermally sensitive 

drug hydrocortisone. Manufacturing process control studies were conducted by these 

authors using hot melt extruded compositions of hydrocortisone and a 

vinylacetate:vinylpyrrolidone PVPVA carrier showing that increased temperatures and 

residence times had a negative impact on drug potency due to thermal decomposition.
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The authors used a ‘tracer’ dye as a visual aid to estimate the residence time of material. 

The polymer blend was spiked with a tracer dye and the residence time was estimated 

easily as the period between charging of the tracer into the extruder and a visual change 

in colour of the extrudate. From this work it was suggested that residence time, 

temperature, screw speed and torque had a combined effect on potency of hydrocortisone.

The effect of temperature on the residence time of Eudragit1 RL PO was 

investigated with a strong correlation observed between the two variables. Residence 

time decreased with increasing processing temperature which was attributed to the effect 

of temperature on viscosity of the polymer. Increasing polymer processing temperature 

caused a reduction in the viscosity therefore the polymer melt could be more easily 

conveyed along the heated barrel causing a reduction in residence time. The dependence 

of polymer melt viscosity on the temperature at a given shear rate follows the Arrhenius 

equation (Paradkar et ai, 2009) (Martin, 2004). Minimum temperatures are required for a 

polymer to be processed by HME otherwise the torque required to rotate the screw can 

overload the drive unit and failure to process the material will result. Torque is an 

important processing parameter during extrusion and it correlates with several other 

important material parameters, which cannot be easily monitored during the 

manufacturing process including the rheological behaviour of the material and the 

velocity through the extruder (Koster and Thommes, 2010). Torque is directly 

proportional to melt viscosity (Crowley et ai, 2007). This work evaluated the 

relationship between temperature, screw speed and torque for Eudragit" RL PO during 

hot melt extrusion and results displayed in a surface plot. Torque was shown to be 

strongly influenced by screw speed and processing temperature for Eudragit" RL PO. 

This is because as temperature of the polymer melt increased, a reduction in viscosity 

occurred improving flow of the material within the extruder. An increase in screw speed 

also resulted in a similar outcome for two reasons. Firstly, if a polymer exhibits 

pseudoplasticity, increasing the screw speed increases the shear rate, which causes a 

reduction in viscosity of the material. This is due to orientation of the polymer molecules 

along the flow direction and accordingly macromolecular movements are relatively easier 

and molecular internal entanglements are reduced (Yang et ai, 2009). The result is a
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reduction in the resistance to flow hence a reduction in viscosity of Eudragit RL PO. 

Secondly, heat is also generated from shearing of the polymer melt and this increases 

with increase in shear rate in a phenomenon known as viscous heat generation. 

Mechanical energy from shearing is converted into thermal energy and in turn affects the 

viscosity of the material. Since viscosity is proportional to torque then it is unsurprising 

that temperature and shear rate exerted an impact on the torque value obtained during hot 

melt processing of RL PO. A similar relationship was observed by DiNunzio et al. (2010) 

when the relationships between torque, screw speed and temperature were assessed for a 

PVPA polymeric carrier.

Samples were held isothermally in TGA studies for a period of time 

corresponding to the residence time of the polymer at that processing temperature. This 

approach has been previously used to simulate processing conditions in order to identify 

risk of polymer and drug breakdown during processing. Zhu et al. (2002) confirmed the 

thermal stability of eudragit RS PO at 120°C by holding a sample of the material 

isothermally in TGA for 60 minutes showing no observable change in weight. Sauer and 

McGinity (2009) used isothermal TGA studies to replicate curing conditions at 60°C over 

a 6 hour period to determine the stability of a range of excipients used in dry powder 

coatings including Eudragit L 100-55, polyethylene glycol (PEG) 3350 and triethyl 

citrate (TEC). Below 180°C, Eudragit® RL PO samples held isothermally for the required 

period of time corresponding to residence time within the extruder showed no significant 

weight change, other than loss attributed to volatilization of the 3% residual moisture 

within the polymer. While extensive Eudragit" RL PO backbone breakdown and 

volatilization did not occur until temperatures exceeding 350°C a small but significant 

weight change which preceded volatilazation of the main sample was observed between 

180°C and 350°C. This indicated cleavage and subsequent volitilization of groups within 

the polymer molecules, which were not part of the main backbone. The presence of 

functional groups within a polymer determines the various types of interactions such as 

hydrophillic, van der Waals, and electrostatic. (Wu and Me Ginity, 2000).
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The functional groups present on the Eudragit® RL PO side chain repeating unit 

were ammonium functional groups (NH4+). In order to ascertain if this weight loss 

between 180-350°C was due to scission of side chains which contain the amine 

functionalities, a potentiometric titration assay which is detailed in the manufacturers raw 

material specification was used. The assay is also recognized by the USP and determines 

the percentage Ammonio Methacrylate Units (AMU) or percentage functional groups, 

using a potentiometric titration method. The % AMU in unprocessed Eudragit8 RL PO 

pre hot melt extrusion was assayed to be 9.96 ± 0.53 which fell within the manufactrers 

specification limits. Results from titration assay studies correlated well with isothermal 

TGA data. Hot melt extrudates were produced between 120 and 180°C and assayed using 

the titration method and showed that when the polymer was processed between 120 and 

180°C, no change in functional group content was observed therefore no breakdown of 

polymer side chains occurred. Extrudates processed at 180, 190 and 220°C however 

showed a significant reduction in functional group content when assayed indicating at 

these temperatures, processing by HME caused a loss in functional groups. There are a 

number of general classes of chemical mechanisms which occur during thermal 

decomposition of polymers: random-chain scission (Yoon et al., 1997) where breakdown 

occurs at random locations in the polymer chain; end-chain scission (Ueno et al., 2010) in 

which individual monomer units are successively removed at the chain end; chain 

stripping where the atoms or groups not part of the polymer chain (or backbone) are 

cleaved; and cross-linking in which bonds are actually created between polymer chains. 

The results provide evidence therefore that Eudragit8 RL PO was subjected to a chain 

stripping mechanism when processed between 180 and 220°C followed by end-chain 

scission at temperatures above 350°C. Similarly EVA polymers undergo a chain stripping 

thermal degradation mechanism with a simultaneous loss of acetate and a hydrogen atom 

with the evolution of acetic acid. Wang et al. (2011) showed that side chain 

fragmentation for these EVA polymers is competitive and is the dominant mechanism for 

thermal degradation. Between 180°C and 350°C total polymer weight loss was 

approximately 10% which broadly coincided with functional group content indicating 

that significant functional group loss occurred between 180 and 350°C. The 

Potentiometric assay was carried out on extruded samples which had been processed at
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two screw speeds: 100 and 150. Similar results were obtained for both screw speeds up to 

180°C showing that increasing the screw speed did not have a significant impact on the 

thermal stability of the polymer and did not result in increased loss of functional groups 

during processing. This therefore showed that processing Eudragit' RL PO at 100 or 

150rpm did not negatively impact upon polymer stability and through the use of a 

150rpm screw speed, this could provide an added benefit of reduction in polymer 

residence time within the extruder which is advantageous when extruding drug loaded 

formulations to minimize the risk of drug degradation by minimizing thermal exposure. 

A summary of the temperature profile and proposed breakdown mechanisms for 

Eudragit" RL PO is shown in figure 2.14.

ADSORBED 
MOISTURE LOSS

FUNCTIONAL GROUP 
LOSS

BREAKDOWN 
OF POLYMER 
BACKBONE

I omporaturo i“C)

Figure 2.14. Summary of temperature-weight loss profile during TGA and proposed 

breakdown mechanism of Eudragit® RL PO

Thermal degradation of a polymer may result in a rapid reduction in molecular 

weight through the process of chain scission which in turn will influence the polymer 

flow properties. Conversly, the degradation process may result in the formation of 

crosslinks and branching may lead to an increase in average chain length and molecular 

weight. It has been shown that thermal and mechanical degradation of a polymer during
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extrusion can affect flow properties with temperature not the only contributing variable. 

Capone et al. (2007) compared the flow curves of polymer melts of two synthetic 

polymers and assssed the effects of temperature and mechanical shear and found that 

holding the melt at an elevated temperature for a prolonged period (50minutes) did not 

significantly affect the flow curves. Lin and Yu (2000) investigated the thermal behavior 

of a number of Eudragit" polymers including RS, RL, E 30D using an FTIR/DSC 

microspectroscopic technique. In a previous study the authors showed the Eudragit" 

polymers without the ammonio methacrylate salt groups formed of a six-membered 

cyclic anhydride within the molecular structures via inter or intrapolymer condensation 

on heating (Lin and Yu, 1998). During the secondary study, it was then shown that RS 

and RL did not form this cyclic anhydride during heating and it was proposed that this 

higher thermal stability of RS and RL was due to the presence of the salt groups within 

the polymer. It was proposed by these authors that multiple free carboxylic acids may be 

responsible for the easier anhydride formation in the structural formula of Eudragits S 

and L than in Eudragits RS and RL, which lacked these free carboxylic acids. Given that 

Eudragit" RL PO has been shown to thermally degrade at elevated temperatures, it might 

be necessary to use a plasticizer to enable processing at temperatures well below 

degradation temperatures.

The moisture sorption properties of a pharmaceutical material is recognised as a 

critical factor in determining its storage, stability and processing performance (Prodduturi 

et al., 2004). The transmission of water vapour into the polymer matrix can also have a 

decisive influence on the stability of formulations which contain moisture-sensitive 

actives. It is therefore useful to investigate the uptake of water both in the liquid and the 

vapour form. Dynamic vapor sorption (DVS) provides extremely accurate gravimetric 

data in conjunction with a control of relative humidity and temperature. The technique 

has been shown to be useful at detecting phase changes in materials such as 

crystallization and glass transitions. Crystallization of amorphous lactose (Lane and 

Buckton, 2000), quantification of the amorphous content of lactose (Hogan and Buckton, 

2001) and crystallization of amorphous salbutamol sulphate (Columbano et al., 2002) 

have utilized DVS principles to investigate changes of solid state properties of the
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material upon exposure to moisture. Results from DVS analysis of Eudragit^ RL PO 

were in good agreement with TGA and DSC investigations. Studies showed that the 

material was hygroscopic and had the ability to adsorb up to 8.9% water at 90% relative 

humidity. DSC data showed an endotherm corresponding to evaporation of moisture 

which continued to 140°C due to loss of water strongly adsorbed to the polymer. It has 

been shown that the temperature of water loss from a polymeric system is indicative of 

the type of intermolecular forces by which the water is bound within the system. 

Ostrowska-Czubenko and Gierszewska-Druzyhska (2009) investigated the temperature of 

water removal of chitosan membranes using DSC and DTG. These authors reported that 

polysaccharides have a strong affinity for water and their hydration properties depend on 

their primary and supramolecular structures which causes release of water at different 

temperatures depending on the interactions present. Furthermore, Avella et al. (2007) and 

Russo et al. (2004) detailed three different types of polymer-water interactions in alginate 

hydrogels indicated by three distinct evaporation events. It was reported in these studies 

that free water was released from the polymeric material in the region of 40-60 °C, while 

water linked to the polymer via hydrogen bonding was released at higher temperatures in 

the region of 80-120 °C. Water was also shown to be removed from these systems at 

160°C and these authors attributed this to more tightly linked molecular interactions 

which occurred at carboxylate sites within the polymer structure. It could therefore be 

said that adsorbed water within the Eudragit" RL PO matrix was tightly bound to the 

polymeric matrix by hydrogen bonding since complete evaporation did not occur until 

approximately 140°C. DVS studies of Eudragit' RL PO samples indicated that moisture 

loss on the desorption cycle was incomplete when relative humidity was dropped from 90 

to 0% and this also showed that RL PO retained moisture. The moisture content on the 

desorption cycle was higher than on the sorption cycle indicating that the material 

exhibited hysteresis. From the data it was shown that drying of the material prior to hot 

melt extrusion would be beneficial if processing of the material should proceed at 

temperatures below 140°C as residual moisture is retained within the formulation. 

Residual moisture may have detrimental consequences on the stability and processibility 

of the material and hence this is particularly true if processing RL PO above 140°C. It has 

been shown that vaporization of residual moisture during HME may result in the
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generation of steam which can lead to air bubbles and foaming of the extrudates (Willet 

and Shogren, 2002) (Gomes et al. 2002). There may also be the risk of affecting drug 

performance and stability by the presence of residual moisture in the formulation and it 

has been shown that hydration and dehydration can alter the product performance of an 

API (Herman et al., 1989) (Otsuka et al., 1991). The presence of residual water can also 

affect the solid state properties of the dosage form because water is known act as a 

plasticizer for a large number of pharmaceutical polymers (Chamarthy and Pinal, 2008) 

thus significantly lowering the glass transition temperature causing spontaneous phase 

transitions. Increasing moisture content can increase polymer molecular mobility causing 

translation and rotational movements further enhancing water uptake which may further 

intensify water adsorption (Gondek and Lewicki, 2005) (Gondek and Lewicki, 2006), 

(Keetels et al., 1996) and encourage crystallization of an amorphous material within the 

extrudates. Proddutri et al. (2004) investigated the sorption properties of hot melt 

extruded films of HPC, investigating the effect of polymer molecular weight on 

equilibrium moisture content. It was shown that numerous factors, such as molecular 

packing and the presence of drug can contribute to equilibrium moisture content. 

Processes which increase the molecular packing of glassy polymers tend to reduce the 

polymer hydration and hence equilibrium moisture content. It has been reported that 

during HME, the polymer being subjected to high pressure due to being forced through a 

die can result in a change in the free volume (Dawson, 1999) which may then influence 

water uptake properties.

Using PXRD the amorphous nature of RL PO was confirmed by absence of 

crystalline peaks within the spectra. For amorphous materials, it is known that at room 

temperature, if humidity is above a certain critical level, the material can transform into 

its rubbery state via a glass transition (Chamarthy and Pinal, 2008) (Burnett et al., 2004) 

(Frick and Richter, 1995). Determining the necessary threshold temperature and humidity 

conditions to prevent a glass transition is critical for determining storage conditions and 

processing of EudragiU RL PO. If the humidity surrounding an amorphous material is 

linearly ramped from 0% relative humidity (RH) to a humidity above the water vapour 

induced glass transition, then a shift in vapour sorption characteristics will be evident.
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Burnett et ai, (2004) have reported that below the polymeric glass transition, water 

sorption will typically be limited to surface adsorption but as the material phases through 

the glass transition, molecular mobility increases, allowing bulk water absorption which 

subsequently causes a shift in the sorption characteristics of the material and will be 

evident in the dynamic vapour sorption profile of the material. Such knowledge is useful 

in determining upper atmospheric humidity limits for storage of amorphous formulations 

composed of RL PO. In this study, DVS was used to determine the critical relative 

humidity at which Eudragit RL PO converted from the glassy to the rubbery state. This 

was done by calculating the rate of mass change within the sample in relation to time 

with increasing relative humidity and observing a significant change in the rate of water 

uptake. The rate of water uptake for Eudragit1 RL PO was constant between 40 and 60% 

RH. However, from 60 to 90% relative humidity, the water uptake rate significantly 

increased indicating that storage at 60% relative humidity at 25°C is a critical point at 

which water may induce a glass transition. This is due to the penetration of water into the 

system which acts as a plasticizer causing an increases the molecular mobility of the 

polymer and subsequently causing an increase in permeability of the bulk material and 

further enhancing water sorption. The permeability of a vapor through a polymer is a 

measure of molecular level rigidity. An increase in rigidity results in a decrease in 

permeability and vice versa (Strydom et ai, 2009) (Chamarthy and Pinal, 2008) 

therefore this significant rise in water uptake upon storage at 60% RH indicated that a 

phase transition occurred within RL PO. A similar method was used by Hogan and 

Buckton (2001) to detect a humidity induced material phase change. In this study, the 

authors used rate of mass change as the primary indicator for the detection of a phase 

change in amorphous lactose. A rapid increase in water uptake rate in the sorption profile 

of the material upon reaching a critical relative humidity was found to be attributed to 

plasticization of the amorphous lactose, which subsequently led to crystallisation of 

lactose and was quantified and confirmed using near infrared (NIR) spectroscopy. 

Eventually, a mass was observed and this was shown to correspond to the expulsion of 

water during crystallization of the material. In another study by the same authors in 2004, 

DVS was used in combination with NIR spectroscopy to evaluate the effect of relative 

humidity on an anhydrate, monohydrate and metastable dehydrate form of theophylline
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through the use of the same principle where a change in the rate of moisture sorption was 

used to evaluate a phase transition.

Water uptake studies were conducted to investigate the effect of temperature on 

the rate of water uptake into the Eudragit RL PO matrices produced by HME and also to 

determine the mechanism of water ingresses. A large number of studies have been 

conducted which assess water uptake in a similar way to this investigation as a means to 

predict and explain drug release mechanisms and as part of the physiochemical 

characterization of drug loaded dosage forms. Glaessl et ai, (2010) used an identical 

method to assess the water uptake kinetics of solvent cast RL PO films containing tartaric 

acid, metoprolol free base and metoprolol tartrate upon exposure to acidic media water 

and phosphate buffer pH 7.4 at 37 °C with Kreye et ai, (2011) and Ozgiiney et al. (2009) 

also adopting a similar methodology. Eudragit" RL PO extrudates immersed at 37°C 

exhibited a faster rate of water uptake than those immersed at ambient temperature and 

these extrudates reached equilibrium much more rapidly. Devi et ai, (2011) conducted a 

study to characterize the water uptake properties of hybrid polymeric composites of 

fibreglass and pineapple leaf fibers and evaluated the effect of increasing polymer 

immersion temperatures on the water uptake properties of the material. It was reported by 

these authors that an increase in temperature gives rise to an increase in water diffusion 

into the polymer matrix, which is a direct result of the increase in velocity of the water 

molecules at higher temperatures. This was also true of the Eudragit" RL PO hot melt 

matrices. Diffusion is defined as the process of mass transfer of individual molecules of a 

substance, brought about by random molecular motion and associated with a 

concentration gradient (Martin, 1993). An increase in temperature results in increased 

molecular mobility of the polymeric chains and similarly RL PO at 37°C has a higher 

molecular chain mobility than at 25°C allowing more rapid penetration of water into the 

structure. DVS studies have provided evidence that water acts as a plasticizer causing 

increased permeability. Similarly at 37°C there is faster diffusion as a result of increased 

molecular collisions of water, resulting in more rapid ingress of water into the immersed 

extrudates. The rapid ingress of water plasticizes the polymer resulting in a further 

increase in polymer chain mobility leading to more water uptake. Since diffusion of water
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is slower at lower ambient temperatures, the entire process of diffusion into the matrix 

and subsequent plasticization is slower and therefore explaining why the ambient samples 

took longer to reach equilibrium.

Following immersion in aqueous media the polymer may undergo a relaxation 

process so that chains become more flexible and the matrix swells, allowing the 

encapsulated drug to diffuse more rapidly out of the matrix (Wu et al., 2005). 

Mathematical modeling of the water uptake kinetics of RL PO matrices was effectuated 

to elucidate the mechanism of water uptake. A plot of In time Vs In Mt/M„ was used to 

calculate this diffusion mechanism. Singh et al., (2010) used this method to investigate 

the swelling behaviour and solute permeation across hydrogels composed of PMVE/MA 

and PEG in buffered solutions. It was shown that the concentration of polymer and cross 

linker was directly related to the diffusion/permeation coefficients of the three different 

solutes studied- theophylline, fluorescin and vitamin B12. Bajpai et al., (2001) also used 

this method to study water uptake kinetics of semi-interpenetrating polymer networks 

concluding that water uptake and swelling of these materials can be affected by varying 

experimental conditions such as pH, electrolyte concentration, molecular weight and 

cross linking density of the material.

The mechanism of water uptake into Eudragit' RL PO hot melt matrices was found to 

be anomalous transport. The glass transition temperature of RL PO (~66°C) was above 

both immersion temperatures (25°C and 37°C) used for these water uptake studies and 

therefore the polymer chains had insufficient mobility to allow immediate penetration of 

water (Singh et al., 2010). The insoluble matrix represents a barrier through which water 

must flow in order to permeate throughout the polymeric structure. Water molecules 

invade the polymer surface and thus a moving solvent front is observed that clearly 

separates the un-solvated glassy polymer from the swollen, plasticized rubbery polymer 

region behind it. Ahead of this front the presence of water plasticizes the polymer causing 

it to undergo a glass to rubber transition (Alfrey et al., 1966). This means that if the glass 

transition of the polymer is well below the temperature at which the samples were 

immersed, the polymer chains would be highly mobile allowing penetration of the water
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molecules into the polymer structure (Roudaut et ai, 2004). The diffusion rate of the 

water in this instance would be slower than the polymer relaxation rate resulting in 

fickian diffusion (Bajpai et ai, 2001). For the Eudragit1 RL PO hot melt extrudates 

however this was not the case since the glass transition temperature of the polymer was 

above the immersion temperature of the extrudates. The polymer chains at the immersion 

temperatures were therefore not sufficiently mobile to permit immediate penetration of 

the water into the polymer core giving rise to non-Fickian diffusion and whichever the 

mechanism depends on the relative rates of diffusion and chain relaxation (Bajpi et ai, 

2001). Two types of diffusion mechanism fall within this category: case II and anomalous 

diffusion. If the rate of diffusion of the water is greater than the rate of relaxation, case II 

transport is the result, while if the rate of diffusion approximately equals the rate of 

polymer relaxation then anomalous diffusion results. For RF PO the rate of diffusion was 

approximately equal to the rate of polymer chain relaxation giving rise to anomalous 

transport.

Properties of thin film extrudates of Eudragit" RL PO were assessed using tensile 

analysis. The extrudates were glassy and brittle in the absence of a plasticizer therefore it 

was impossible to achieve an accurate value for parameters such as Young’s Modulus 

(YM), % elongation (% E) and Ultimate Tensile Strength (UTS) in the dry state due to a 

high incidence of breakage and slippage within the tensile clamps. Samples were 

therefore tested in the hydrated state. Solids can be deformed by tension, bending, shear, 

torsion and compression (Menard, 1999). The current discussion addresses tension, 

which is the mode most widely used mode for drug loaded polymeric films in current 

literature. Ideal or elastic solids are deformed when subjected to stress but regain their 

original shape and dimensions when the stress is released (Sinko, 2006). Stress-strain 

profiles of extruded Eudragit RL PO films showed an initial linear region, indicating 

Eudragit RL PO exhibited elastic deformation. Within this linear elastic region, 

elongation is proportional to applied stress following Hooke’s law (Martin, 1993) (Ward 

and Pinnock, 1966) and the material returns to its original shape when the tensile stress is 

removed. The tensile stress produces a proportional tensile strain and the constant of 

proportionality is termed the Young’s modulus. The slope of the linear portion of the
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profiles obtained during tensile analysis was used to calculate this parameter. The moduli 

of a polymer or tensile strength as it is otherwise known generally increase with 

increasing chain stiffness and with increasing cohesive energy density (Wu and McGinity 

2000).

The Young’s modulus of Eudragit1' RL PO was shown to be significantly influenced 

by immersion time and temperature and this was related to the water uptake kinetics of 

the material which were also shown to be influenced by these variables. After 12 hours, 

equilibrium water uptake was observed for the films immersed at 37°C. The Young’s 

Modulus of the material was found to progressively decrease to this point and after which 

no further reduction was observed indicating that water uptake was directly responsible 

for the change in Young’s Modulus of the material. This is because water acted as a 

plasticizer increasing molecular mobility of the polymer chains and resulted in a 

reduction in stiffness of the material. At 25°C storage conditions, water uptake 

equilibrium was reached after 48 hours and this was also in good agreement with 

Young’s Modulus data where a progressive reduction was observed up to 48 hours. The 

effect of water on the mechanical properties of RL PO were considered since this may 

ultimately influence the release of an incorporated API from the hydrated matrix. A 

reduction in stiffness of the sample as was observed in these studies. A downward trend 

in Young’s modulus value was observed in this study for RL PO with increasing 

immersion time of the extrudates in PBS buffer. This indicated that ingress of water into 

the matrix affected the viscoelastic properties of the polymer by causing a reduction in 

the stiffness. These studies also supported findings from DVS providing further evidence 

that water acts as a plasticizer for RL PO. Plasticizers weaken the inter-molecular 

attractions between polymer chains, which decreases the tensile strength the polymer 

(Repka and McGinity, 2000). The incorporated water molecules during immersion 

became interposed between the polymer chains, resulting in a decrease in both chain 

stiffness due to plasticization (Wu and McGinity, 2000) subsequently causing a reduction 

in Young’s modulus of hot melt extruded films.
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The modulus of a material is proportional to the strength of the link between the atoms 

and to the number of links per unit of cross-section area (Menard, 1999). When stress is 

applied, the weakest link i.e. the non-bonded interaction deforms more easily than the 

strong individual bounded chains therefore the non-bonded interchain interactions play a 

crucial role in determining the magnitude of the modulus of the polymeric matrix (Gupta 

et al., 2007). Above the linear elastic region, the tensile stresses exerted on upon 

Eudragit' RL PO caused permanent deformation and fracture of the samples. When 

stressed beyond the yield point, films either failed immediately or continued to deform in 

a non-linear manner and this was especially true when the extrudates were immersed for 

longer. Failure of the films occurred because shear stress and the tensile stress eventually 

reached maximum values. The tensile strength of a material quantifies how much stress 

the material will endure before suffering permanent deformation (Schilling and 

McGinity, 2010) and these values also decreased with increasing immersion time 

following a similar trend to Young’s Modulus. Tensile strength has been used in the 

literature to evaluate the effect of addition of drug (Crowley et al., 2004) plasticizers 

(Chamarthy and Pinal, 2008) and processing conditions (Henrist and Remon, 1999) 

(Bialleck and Rein, 2011) on the mechanical properties of hot melt extrudates. This is 

again due to the plasticization of Eudragit® RL PO by water and is directly related to the 

water uptake kinetics of the polymer. The presence of plasticizing water molecules led to 

a reduction in polymer-polymer interactions therefore reducing the tensile strength of the 

material. Percentage elongation of films also followed the same trend and this was also 

affected by immersion time and temperature with increased elongation values after longer 

immersion times. These results also supported evidence that water acted as a plasticizer 

when absorbed into the RL PO matrix which affected polymer-polymer intermolecular 

bonding which in turn affected the mechanical properties of the material.
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2.5. CONCLUSION
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The principal aim of this work was to characterise the physiochemical properties of 

Eudragit RL PO to determine its suitability as an insoluble pH-independent matrix 

carrier for the production of drug loaded dosage forms using HME. Suitable processing 

conditions such as temperature and screw speed were defined and based on thermal 

stabililty considerations. Properties such as glass transition, solid state nature, water 

uptake kinetics and response to elevated humidities were investigated providing a 

comprehensive understanding of Eudragit' RL PO and its potential for utilization as a hot 

melt matrix carrier. This study also provided information on critical storage parameters 

such as relative humidity at ambient temperatures. A working knowledge of the 

physiochemical properties of the carrier matrix is beneficial as it facilitates understanding 

of drug loaded systems in terms of their solid state stability, miscibility, drug release 

kinetics and storage conditions. TGA studies showed that Eudragit® RL PO exhibited 

good thermal stability up to 180°C. Above 180°C thermal degradation of the polymer was 

detected by TGA and DSC. Between 180°C and 350°C thermal decomposition of RL PO 

proceeded by a mechanism which caused cleavage and loss of ammonio methacrylate 

functional groups which was confirmed using portentiometric titration. Beyond 350°C the 

thermal degradation products of the polymer became volatile. Eudragit® RL PO is an 

amorphous polymer exhibiting a glass transition at approximately 66°C. TGA, DSC and 

LOD analysis indicated that the material possessed hydroscopic properties and contained 

approximately 3% adsorbed residual moisture when stored at ambient temperature at 

atmospheric conditions. This masked the glass transition due to the presence of a broad 

evaporation endotherm which continued to 140°C and detection by DSC was further 

complicated by the presence of an enthalpic relaxation. MDSC was used to resolve the 

glass transition from the enthalpic relaxation. Residence time of the polymer during HME 

was correlated with processing temperature due to the effect of temperature on viscosity 

of the material. Torque was also shown to be strongly influenced by screw speed and 

processing temperature of Eudragit1 RL PO potentially due to the pseudoplastic nature of 

Eudragit' RL PO and viscous heat generation. Acceptable processing limits for hot melt 

extrusion were between 120°C and 170°C. Below 120°C the material was insufficiently 

fluid to permit flow and therefore could not be processed. Upper temperature limits were 

defined at 170°C and within this temperature range no thermal degradation and loss of
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functional groups were detected. Increasing the screw speed from 100 to 150rpm did not 

negatively impact upon the stability of the polymer and therefore is recommended due to 

a reduction in residence time, which reduces the risk of drug degradation in a formulated 

dosage form. From DSC and TGA studies, it is also recommended that if processing of 

this polymer is to occur below 140°C, the material should be dried to eliminate the risk of 

the presence of moisture which can have a detrimental impact on the formulation from a 

stability and a microstructral perspective. DVS investigations showed that the material 

was hygroscopic and had the ability to adsorb up to 8.9% water at 90% relative humidity. 

Equilibrium moisture content of the polymer was found to fluctuate with a change in 

environmental relative humidity prompting recommendations that the polymer be stored 

under controlled environmental conditions or dried prior to HME to minimize the risk of 

variability in product appearance and performance due to moisture content. At ambient 

temperature and relative humidity above 60%, adsorbed water acts as a plasticizer 

lowering the glass transition to below ambient temperature increasing free volume and 

hence permeability of the material. This information is particularly important if 

formulating an amorphous dispersion of a drug in Eudragit" RL PO to prevent changes in 

the formulation characteristics upon storage. If an amorphous dispersion were to be 

produced using Eudragit“, RL PO as the matrix carrier, it would be highly recommended 

that a desiccant be added to the packaged product to prevent the ingress of moisture 

which may result in an amorphous to crystalline conversion of the drug. Water uptake 

kinetics were modelled and showed that diffusion of water was greater than the rate of 

polymer chain relaxation giving rise to non-fickian case II transport. The interaction 

between RL PO and water resulted in plasticization which in turn caused changes in the 

mechanical properties of hot melt extrudates. A decrease in the Young’s Modulus and 

tensile strength was observed upon immersion of hot melt extrudates in PBS while 

percentage elongation increased providing evidence that water acts as a plasticizer for RL 

PO. Immersion time and temperature were found to have a significant impact on the 

viscoelastic properties of the extrudates and this was directly related to the polymer water 

uptake kinetics.
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3.1. Introduction

The thermal and physical properties of Eudragit" RL PO have been evaluated in 

chapter 2 showing that it is a suitable polymeric carrier for use during HME and is 

capable of matrix incorporation of an API to form a solid dispersion. Solid dispersion 

technology is an area which has attracted significant interest in recent literature. A 

major contributor to this is the emergence of high throughput screening technologies 

within the pharmaceutical industry generating large numbers of potential new 

molecular entities which have poor aqueous solubility. It is therefore not surprising 

that an overwhelming majority of publications within the hot melt extrusion fields 

focus on the formulation of poorly water soluble entities in an effort enhance 

dissolution properties of the poorly water soluble active to improve bioavailability. 

Celecoxib (Albers et al., 2009); nimodipine (Zheng et a/.,2007) carvedilol (Lyons et 

ai, 2007); indomethacin (Foster et al., 2001); lacidipine (Foster et al., 2001); 

itraconazole (Verreck et al., 2003) (Janssens et al., 2007) and ketoconazole 

(Mididoddi and Repka, 2007) are just a small number of the vast range of poorly 

soluble drugs in which the technique has been used to create a polymer-drug matrix 

with improved drug solubility and superior release characteristics

The formulation of water soluble drugs using HME on the other hand has 

attracted much less interest and the diversity of such studies in the literature remain 

significantly fewer in number. A key reason for this is because highly soluble actives 

posess fewer formulation challenges which must be overcome (i.e. poor dissolution 

properties) and hence there is substantially less drive to employ innovative new 

technologies such as HME to formlate these compounds which aim to enhance the 

dissolution performance of the drug in order to improve bioavailability. The 

advantages of formulating hydrophillic drugs via HME however are clear with a 

number of specific advantages including a cost-effective one-step solventless process 

which is easily scalable resulting in a uniform end product. Examples of the fewer 

highly water soluble drugs which have been formulated using hot melt extrusion 

include chlorphenamine maleate (Crowley et. al., 2002) (Fukuda et al., 2006) (Zhu et 

al., 2002); metoprolol tartarate (Verhoven et al., 2009) and methylparaben (Wu and 

McGinity, 2003).
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In a study by Repka and McGinity (2001) chlorpheniramine maleate was formulated 

within the water soluble polymer hydroxypropylcellulose as hot melt extruded films 

and the chemical, physical and mechanical properties the extrudates characterized. 

Chlorphenamine was shown to act as a plasticizer reducing polymer glass transition 

subsequently altering the polymer mechanical properties. The drug was also shown by 

PXRD and DSC to be in solid solution form in the HPC in concentrations up to the 

10% w/w and from these the authors concluded that chlorphenamine was a candidate 

for transdermal drug delivery and that topical hot melt extruded films could easily be 

manufactured. Zang and McGinity (1999) also used hot melt extrusion to prepare 

matrix tablets containing chlorphenamine maleate and polyethylene oxide (PEG) 

showing that drug diffusion proceeded through the swollen gel layer at the surface of 

the tablets and on this basis it was concluded that hot melt extrusion was 

demonstrated to be a viable novel method to prepare sustained-release tablets for this 

water soluble drug. Verhoven et at. (2009) also produced ethylcellulose based mini 

matrices by hot melt extrusion which incorporated metoprolol tartrate. The addition of 

polyethylene glycol (PEG) and polyethylene oxide (PEG) were evaluated as these 

polymers imparted as release rate modifying properties to the dosage forms. Similarly 

Almeida et al. (2010) formulated Metoprolol tartrate within different ethylene vinyl 

acetate grades of polymer (EVA9, EVA15, EVA28 and EVA40 having a VA content 

of 9%, 15%, 28% and 40%, respectively) showing that matrices with drug loadings 

containing up to 50% w/w drug could be produced where the drug was dissolved 

within the polymer matrix. Release of drug from this polymer matrix could be 

retarded by altering the vinyl acetate content of the polymer. The authors also showed 

that these systems were insoluble in the GI fluid using a Simulator of the Human 

Intestinal Microbial Ecosystem and were not modified during GI transit, nor did it 

affect the GI ecosystem following oral administration. Wu and McGinity (2003) also 

showed that sustained release tablets of methylparaben in Eudragit' RS PO could be 

prepared using hot melt extrusion technology and that this drug acted as a plasticizer 

for the polymer.

The production of solid dispersions using alternative of manufacture other 

than hot melt extrusion has been reported including freeze drying (Dangprasirt et al., 

1998) spray drying (Mundargi et al., 2011) and supercritical fluid technology 

(Sunkara and Kompella 2002); with a recurrent aim to retard release of highly water
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soluble entities. For example, it has been reported that by preparing solid dispersions 

containing a polymer blend, such as hydroxypropylcellulose and ethylcellulose, it is 

possible to precisely control the rate of release of an extremely water soluble drug, 

such as oxprenolol hydrochloride (Yuasa et al., 1991) (Ozeki et al., 1994). The 

rationale follows that by dispersing a given drug into an inert carrier, the drug 

dissolution can either be accelerated or retarded depending upon the solubility or 

permeability of the carrier matrix. A range of solid dispersions containing freely water 

soluble drugs for controlled release purposes have been manufactured. Kohada et al. 

(1997) prepared bioadhesive films using ethanol and a solvent evaporation method. 

Films contained solid dispersions of the highly water soluble local anesthetic agent 

lidocaine hydrochloride. These authors employed the use of a water insoluble matrix 

carrier ethylcellulose (EC) and a water-soluble carrier hydroxypropylcellulose (HPC). 

A controlled release profile of lidocaine from the solid dispersions of varying film 

compositions were achieved at the EC/HPC composition ratio of 5/5 and the 

mechanism of controlled release speculated to be due to swelling of the HPC in the 

film by the permeating fluid. Release of lidocaine subsequently occurred via diffusion 

into the swollen HPC phase, causing a marked decrease in the release rate. Zasshi 

(1997) prepared four sustained release solid dispersion dosage forms using a solvent 

evaporation technique containing the highly water soluble pilocarpine hydrochloride 

with ethylcellulose and/or hydroxypropylmethylcellulose phthalate as carrier 

matrices. One preparation was composed of API: ethylcellulose: 

hydroxypropylmethylcellulose phthalate at weight ratio of 1:9:10 and showed the 

optimal sustained release behavior in dissolution testing among the four preparations. 

This preparation was examined by powder X-ray diffractometry and differential 

scanning calorimetry, and was confirmed to be a solid dispersion. Follonier et al. 

(1995) also investigated several ways of modulating the release of the highly water 

soluble drug diltiazem hydrochloride, using hot melt extruded sustained release 

pellets prepared using a number of polymeric materials. It was concluded in this study 

that hot-melt extrusion could be a simple method for producing sustained-release 

pellets with a high loading of a freely soluble drug.

In this work, a model hydrophillic drug will be chosen and formulated via hot 

melt extrusion within a Eudragit'1 RE PO carrier matrix to demonstrate if the 

production of drug loaded solid dispersions within this polymer is feasible and if
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controlled release of a highly soluble drug is possible from the matrix. The highly 

soluble active chosen for this study was metformin hydrochloride (MHC1). This work 

therefore will focus on the formulation and physiochemical characterisation of solid 

dispersions containing MHC1. Melt extrudates will be characterised in terms of their 

dissolution properties, polymer-drug interactions and solid state properties. In the 

same way that poorly water soluble drugs impart significant challenges to the 

formulator in terms of dissolution properties, highly water soluble entities such as 

MHC1 may be associated with particlar problems which include dose dumping, burst 

phenomenon, and difficulty in achieving 24 hour linear release profile (Zeng, 2004). 

MHC1 is an orally administered antidiabetic drug belonging to the biguanide group of 

drugs and is classed as a second-generation sulphonyl urea. It is widely used in the 

treatment of non-insulin dependant diabetes mellitus and acts by decreasing hepatic 

glucose production and improves insulin sensitivity by increasing peripheral glucose 

uptake (Amo et al., 2002). Metformin is slowly and incompletely absorbed from the 

gastro-intestinal tract and the absolute bioavailability of a single 500mg dose is 

reported to be about 50-60% (Zarghi et al., 2003). Because of its short and variable 

biological half-life between 1.5 and 4.5 hours (Corti et al., 2008), metformin must be 

administered 500mg three times daily to maintain effective plasma concentration.

As MHC1 is highly soluble (>100mg/ml), rapid dissolution of the drug from an 

immediate-release tablet occurs in the stomach. This can be problematic since 

absorption is extremely low in the stomach (approximately 10% over 4 hours) with 

oral absorption being confined to the duodenum, ileum and jejunem (Corti et al., 

2007). The main site of absorption of MHC1 is reported to be the proximal small 

intestine (Ali et al., 2007). The bioavailability can be reduced due to very high local 

concentrations of drug, which exceed saturation point. Release profiles which ensure 

that the drug concentration will be maintained within saturation level at the site of 

absorption (hence increasing bioavailability) are preferred.

MHC1 is a white crystalline powder and being highly water soluble but poorly 

permeable it is a defined as class III drug by the biopharmaceutical classification 

system (Cheng et al., 2004) since the lipid solubility of the unionized species is low as 

shown by its low logP value of-1.43 (Craig, 1990). Metformin has acid dissociation
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constant values (pKa) of 2.8 and 11.5 (Craig, 1990) (Clarke and Bretnall, 1998) and 

therefore, exists very largely as the hydrophilic cationic species at physiological pH 

values. The molecule itself is polar and has a molecular weight of 165.62 g/mol 

(figure 3.1).

• HC1

NH NH

Figure 3.1. Chemical structure of Metformin Hydrochloride (MHO)

Sustained release dosage forms of metformin have been prepared because of 

the short initial pharmacokinetic half life of metformin (Graham et al., 2011). 

Metformin is not an ideal candidate for a traditional sustained release dosage form 

because its absorption largely is restricted to the small intestine (Marathe et al., 2000). 

Absorption is slowed by a sustained release formulations with maximum plasma 

concentrations reached at about 7-8hours (compared to 3 hours with immediate 

release formulation). In spite of this there is a drive to prepare sustained release 

formulations of MHC1. Gastrointestinal intolerance is known to be particularly 

problematic with both immediate and sustained release metformin, however sustained 

release preparations are better tolerated by patients (Feher et al. 2007) (Davidson and 

Hewlett, 2004). The National Institute for Health and Clinical Excellence (NICE) 

currently recommends that sustained release metformin should be trialed if 

gastrointestinal intolerance prevents use of the immediate-release preparation. With a 

sustained release formulation also allowing a once daily dosing regimen which 

improves patient compliance. It is clearly advantageous therefore to be able to 

produce a formulation containing MHC1 in which the drug release profile can be 

sustained over a longer period of time. It is therefore considered worthy of interest to 

evaluate the effectiveness of insoluble Eudragif' RL PO as a matrix carrier prepared 

by HME for obtaining a sustained release profile oral dosage form of MHC1.
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A range of analytical techniques have been used to measure MHC1 in both 

dissolution media and biological fluids. It has been determined by titration in non 

aqueous media with perchloric acid using a number of different indicators (Hassan et 

al, 1999). UV analysis has also been described by a number of authors to determine 

MHC1 concentration in dissolution media (Cheng et al., 2004) (Hu et al., 2006) (Corti 

et al., 2007) (Block et al., 2008). In biological fluids, a range of methods have been 

used to measure concentration of metformin including HPLC with mass spectroscopy 

(Marques et al., 2007); GC with electron capture (Lennard et al., 1978), capillary 

electrophoresis (Song et al., 1998) and HPLC with UV detection (Bhavesh et al., 

2007) (Porta et al., 2008).

3.1.1. Aims and objectives

The principal aims and objectives of this study are summarised as follows:

o To assess the suitability of MHC1 as a candidate for hot melt extrusion using 

TGA.

o To study the feasability of hot melt extrusion to manfacture solid dispersions 

using Eudragif11 RL PO as the carrier matrix and a model hydrophillic drug, 

o To investigate the solubility of MHC1 in the molten Eudragit RL PO polymer 

matrix using DSC to provide insight into the miscibility interactions between 

drug and polymer.

o To characterise drug loaded hot melt extrudates in terms of their solid state 

properties, drug-polymer interactions, surface morphology and dissolution 

characteristics.

o To evaluate the effect of drug loading on the solid state and dissolution 

properties of the drug loaded solid dispersions, 

o To investigate if addition of MHC1 impacts upon the the water uptake and 

viscoelastic properties of the polymer matrix, 

o To assess the effect of addition of a structurally similar second polymer, 

Eudragit' RS PO to the hot melt formlation to determine if release of MHC1 

can be sustained from RL PO hot melt matrices.
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3.2. METHODS AND MATERIALS
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3.2.1. Materials

Metformin hydrochloride was purchased from Sigma-Aldrich Company Ltd., 

Gillingham, Dorset. Eudragit RL PO was a gift from Evonik, Darmstadt, Germany. 

All other materials used in this study were purchased from Sigma-Aldrich Company 

Ltd., Gillingham, Dorset.

3.2.2. Methods

3.2.2.1. Thermogravimetric analysis (TGA)

To assess the suitability of materials used for hot melt extrusion, TGA analysis was 

performed according to the method described in chapter 2 section 2.2.2.1.

3.2.2.2. Preparation of hot-melt extrudates

Prior to hot melt extrusion, drug and polymer were weighed in the correct ratio and 

blended together for uniformity of content using a pestle and mortar for 3 minutes. 

The drug-polymer blends were fed into a 16mm co-rotating twin-screw extruder 

(Minilab, Thermo Electron Corporation, Germany) and extruded at 150°C. Screw 

speed was 150rpm. Extrudates were stored in polyethylene bags inside a desiccator at 

25°C.

3.2.2.3. Differential Scanning Calorimetry (DSC)

The thermal properties of MHC1-RL PO hot melt extrudates were characterised using 

DSC and the solubility and miscibility of drug in molten polymer matrix determined 

in a similar method to that described by Andrews et al. (2009). A series of drug- 

polymer solid dispersions of MHC1 and RL PO with drug loadings ranging from 5 to 

80% w/w were prepared using a hot melt method. These physical mixtures of drug 

and polymer were prepared and heated beyond the glass transition temperature of the 

polymer. The formulations were then cooled to room temperature for 6 hours after 

which they were subjected to a thermal ramp in DSC as per DSC method detailed in 

section 2.2.2.5. between 0 and 240°C. Measurements for each of the solid dispersion 

formulations were repeated at least five times. The solubility of the MHC1 in the 

polymer was found by calculating the enthalpy of fusion (AHf) of the endothermic
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peak produced at each physical mixture by plotting AHf Vs drug loading and 

extrapolation to the x-axis (AHf= 0).

To assess the effect of the presence of MHC1 on the glass transition of 

Eudragit" RL PO, hot melt extrudates were prepared containing increasing 

concentrations of MHC1 from 2.5% w/w to 30% w/w. The extrudates were milled and 

5-10mg of sample placed in a DSC aluminium pan and subjected to modulated DSC 

using conditions specified in section 2.2.2.5.

3.2.2.4. Hot-stage microscopy

Hot-stage microscopy was performed on physical mixtures of drug and polymer on a 

linkham TP93 hot stage (Linkham Scientific Instrument Ltd, Surrey, UK) coupled 

with an Olympus BX50 microscope (Olympus, Tokyo, Japan) and JVC TK-C1380 

colour video camera. Approximately 5.0mg of powdered sample was heated to 150°C 

and examined on the hot stage using the microscope at x 40 magnification. All 

samples were viewed after 3 minutes.

3.2.2.5. Powder x-ray diffraction (PXRD)

Powder X-ray diffraction patterns were collected for pure drug, pure polymer, 

polymer-drug physical mixtures and polymer-drug melt extrudates. Melt extrudates 

were milled down to a fine powder prior to analysis and samples packed onto graphite 

sample holders and exposed to CuKa radiation under a 40kV voltage and 40 mA 

current. A Philips X’Pert PRO diffractometer with a PW3040 generator (Philips, 

Almelo, Netherlands) was used and analysis of results was carried out using X’Pert 

Data Viewer Version 1.0 software Measurement was conducted using a 20 scanning 

range in continuous mode from 5 to 65° at a scanning rate of 1° per minute.

3.2.2.6. Scanning electron microscopy (SEM)

Surface morphology of the hot melt extrudates was examined using scanning electron 

microscopy (SEM). The samples were mounted onto an aluminium stage using 

double sided adhesive copper tape and placed in a dry atmosphere in a vacuum 

overnight. Samples were then sputter coated with a thin film of gold to a thickness of 

15nm using an Agar® Auto Gold Sputter Coater. Scanning electron microscopy was
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performed using a JEOL 6500F field emission microscope. The accelerating voltage 

was between 5 and 15kV with a 4pA beam current and images captured using Jeol® 

software.

3.2.2.7. Fourier-Transform infrared spectroscopy (FT-IR)

FT-IR analysis was performed on pure MHC1, polymer, drug-polymer physical 

mixtures and hot melt extrudates using a Fourier Transform Infrared 

Spectrophotometer model 4100 (FT/IR4100) (Jasco, Japan). Extruded samples were 

milled and mixed with potassium bromide using a mortar and pestle, then compressed 

at 10 tonnes of pressure for 1 minute into spherical discs. Spectra were collected and 

then analysed using Jasco Spectra Manager Software (version 2.0). A scanning range 

of dOO^OOOcm'1 and a resolution of 4cm'1 was used for all samples.

3.2.2.8. In-vitro drug release studies

In-vitro drug release was performed using a Caleva 8ST dissolution apparatus 

according to the USP basket method (n=5). Samples were submerged in 900ml of 

phosphate buffered saline at pH 6.8 at a temperature of 37°C. Baskets were rotated at 

a speed of lOOrpm and 5ml aliquots were withdrawn from the dissolution media at 

predetermined time intervals and replaced with 5ml of fresh media. Dissolution 

samples subsequently were passed through a 0.45pm Millipore filter and assayed for 

MHC1 using a UV-VIS spectrophotometer at 233nm and a standard calibration curve 

that was linear over the concentration range.

3.2.2.9 Water uptake of drug loaded hot melt matrices

Water uptake studies of MHC1 loaded matrices were carried out in an identical manor 

to the method described in section 2.2.2.9. with a correction applied for the mass of 

drug leached into the dissolution media. All studies were repeated five times.

3.2.2.10. Mechanical properties of drug loaded extrudates

Mechanical properties of drug loaded MHC1-RF PO hot melt extrudates were 

evaluated using the method detailed in section 2.2.2.10 post immersion in the 

dissolution medium for 3 hours. All studies were repeated five times.
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3.2.2.11. Altering polymer matrix composition for sustained drug release

Hot melt extrudates containing pure RL PO/RS PO as the matrix carriers and MHC1 

were prepared according to the method described in section 2.2.2.6. The effect of 

addition of 30 and 70% Eudragit1' RS PO to the Eudragit " RL PO formulation on in- 

vitro dissolution properties of hot melt extrudates was evaluated and treated 

identically to those samples containing only RL PO with in-vitro dissolution was 

carried out according to the method detailed in 3.2.2.9. Hot melt extruded films of 

pure Eudragit' RS PO were also prepared in accordance with section 2.2.2.6. and 

water uptake properties measured according to the method detailed in section 2.2.2.9. 

All analysis was repeated five times.

3.2.2.12. Statistical analysis

The effect of various treatments (i.e. ratio of RL PO: MHC1 on physiochemical 

parameters (i.e. Young’s Modulus) was statistically analysed using a one-way 

ANOVA (P >0.05). Individual differences were identified using Tukey’s post hoc 

test.
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3.3. Results

3.3.1. Thermal stability of MHC1

Thermogravimetric analysis was used to construct a weight loss-temperature profile 

for MHC1 (figure 3.2.) to determine suitability of this drug for hot melt extrusion. 

Analysis was carried out between 0 and 500°C.

Temperature ("C)

Figure 3.2. The effect of temperature on weight loss of MHC1 as determined by 

thermogravimetric analysis (TGA).

MHC1 exhibited good thermal stability with no oberservable weight loss at 

temperatures below 250°C, indicating that this API was suitable for use in hot melt 

processing at temperatures required to extrude Eudragit' RL PO. Beyond 250°C, 

significant weight loss and hence degradation of the compound was observed with a 

20% weight reduction between 250°C and 300°C with only 35% of the original 

sample weight remaining at 350°C. Based on these results and process optimisation 

studies in chapter 2, it was decided that processing temperature of 150°C with a screw 

rotation speed of 150rpm was a suitable processing range for the production of hot 

melt extrudates containing MHC1. MHC1 was also subjected to a heat of 150°C and 

held isothermally for 10 minutes showing no significant weight loss.
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3.5.2. Visual observations during HME

Diring the manufacture of MHC1 loaded hot melt extrudates, those containing 2.5% 

wvv and 5% w/w MHC1 appeared translucent but upon further inspection, small white 

agregates were observed throughout the polymer indicating the presence of 

cr/stalline drug particles. Extrudates containing 15% w/w and 30% w/w were white 

ard opaque indicating poor solubility of drug in the polymer matrix and the formation 

ot a two phase creystalline dispersion. Images of MHC1 loaded hot melt extrudates 

an shown in figure 3.3.

Fijure 3.3. Drug-polymer extrudates containing (A) 5%w/w MHCI (B) 30% 

MIC1 (C) 2.5% MHCI and (D) 15% MHCI

3...3. Solubility of MHCI in EudragifK RE PO molten polymer matrix using

DISC

Th solubility of MHCI in the molten RL PO matrix was calculated using DSC. 

Physical mixtures of polymer and drug were prepared and heated to beyond the 

meting temperature of MHCI. DSC traces for the binary mixtures are shown in figure 

3.4 Increasing the concentration of polymer in the binary mixtures did not impact 

upm the melting onset temperature of MHCI which indicated little or no interaction 

beiveen the drug and polymer during the application of thermal energy. In order to 

assiss the sensitivity of DSC, physical mixtures containing NaCl and MHCI were 

proared. NaCl is thermally inactive at temperatures around the melting point of 

MIC1 therefore was chosen as a suitable diluent compound. Melting endotherms for
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MHC1 could be detected at 5% vv/w MHC1. However at 2.5% w/w no endotherm was 

detected which signified the lower limit of detection for MHC1 on DSC was 

approximately 5% w/w with a 10°C ramp rate.

2.5% MHCI 9/ 5% HI PO 
5% MHCi 95% Rl PO 
30% MHCI 70% RL PO 
50% MHCI 50% RL PO 
80% MHCI 20% RL PO 
100% MHCI

Temperature (°C)

Figure 3.4. DSC analysis of binary mixtures containing MHCI and Eudragit® RL 

PO

The enthalpy of fusion for each physical mixture was then plotted against 

concentrations of MHCI in the binary mixture with the results shown in figure 3.5. 

The solubility of MHCI in the molten matrix was calculated to be 2.38% ± 1.9 by 

extrapolation to the x-axis (AHf = 0). This indicated poor solubility of the drug in the 

molten polymer matrix small.
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Figure 3.5. Solubility of MHCI in RL PO molten matrix as measured by DSC. 

Mean values shown ± S.D. (n=5).

3.3.4. Effect of MHCI addition on glass transition temperature of Eudragit® RL 

PO

The effect of addition of MHCI on the glass transition temperature of the polymer was 

evaluated using DSC (Table 3.2). No significant reduction in glass transition of the 

polymer was observed post hot melt extrusion between drug loadings of 5-15% w/w 

MHCI. Addition of 30% w/w MHCI however caused a significant increase in the 

glass transition temperature from 66.2°C (pure polymer) to 69.3°C.

Table 3.2. The effect of addition of MHCI on the glass transition temperature of 

Eudragit® RL PO post hot melt extrusion. Mean values shown ± S.D. (n=5).

% w/w MHCI Polymer glass transition temperature (°C)

0 66.2 ± 0.43

2.5 66.3 ±0.52

5 65.9 + 0.46

15 66.31 ±0.24

30 69.3 ±0.33
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3.3.5. Hot stage microscopy

Binary mixtures containing drug and polymer in low concentrations were prepared to 

visually observe if drug dissolved in the molten polymer. Images were captured on a 

hot stage microscope and are shown in table 3.3.

Table 3.3. Hot stage microscopy images of binary mixtures containing MHC1 and 

Eudragit® RL PO

% w/w MHC1 Hot stage microscopy image Observations
0 Molten polymer

2.5

o ^
Presence of undissolved 

crystalline material

5 l i Presence of undissolved 
crystalline material

Hot stage microscopy images were in good agreement with DSC analysis. The 

molten polymer in the absence of MHC1 was clear and transparent. The binary 

mixtures which contained both 2.5% and 5% w/w MHC1 when molten both contained 

crystalline drug particles which indicated that MHC1 had poor solubility within the 

molten matrix even at low drug loadings.

3.3.6 Crystalline properties of hot melt extrudates

In chapter 2 it was shown that Eudragit1 RL PO is an amorphous polymer given by 

the absence of crystalline peaks observed within the diffraction pattern. The solid 

state properties of MHC1 loaded hot melt extrudates therefore were analysed using X-
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Ray Powder Diffractometry (XRPD). Pure MHC1 gave a diffraction pattern 

characteristic to that of a crystalline material showing multiple strong peaks between 

5 and 55° with the highest intensity peak at 17.5°. Physical mixtures containing 5% 

w/w MHC1 and Eudragit' RL PO also showed crystalline peaks indicating that in 

concentrations as low as 5% w/w drug content could be detected using this method. 

Figure 3.6. shows XRPD diffractograms of MHC1-RL PO extrudates and physical 

mixtures. At 2.5% w/w MHC1 content in the physical mixture, no crystalline peaks 

were detected and a characteristic halo appearance similar to that of the pure polymer 

was observed indicating that at this loading, MHC1 was beyond the detection limit of 

the technique. The diffraction pattern of hot melt extrudates containing 5% w/w of 

MHC1 showed multiple peaks, which corresponded to those of the pure crystalline 

material indicating that the drug was present in the crystalline form. There was no 

discernable difference between diffraction patterns observed for physical mixture and 

hot melt extrudates at the same concentration indicating that no crystalline to 

amorphous transition of MHC1 occurred during hot melt processing.

7000

PM 2.5% w/w MIIC16000

IIME 2.5% w/w MHO

PM 5% w/w MHO

ILME 5% w/w MHO4000

PM 15% w/w MHO

HME 15% w/w MHO3000

PM 30% w/w MHO
2000 ■

HME 30% w/w MHO

1000 ■

Crystalline MHO

2 Theta

Figure 3.6. XRPD patterns of physical mixtures (PM) and hot melt extrudates 

(HME) containing MHC1 and Eudragit" RL PO
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Extrudates containing 15% and 30% w/w also indicated MHC1 was present in the 

crystalline form and there was no observable differences in the diffraction patterns 

between physical mixtures and hot melt extrudates. Since no differences in the 

diffraction patterns were observed between physical mixtures and hot melt extrudates 

at all drug loadings, it can be concluded that changes in the solid state properties of 

MHC1 did not occur during processing. DSC analysis of hot melt extrudates also 

confirmed the presence of a crystalline melting endotherm which corresponded to the 

pure crystalline drug which was also at an identical position and intensity for physical 

mixtures of drug and polymer as hot melt extrudates containing the same loading.

3.3.7. Spectroscopic analysis of hot melt extrudates

FT-IR was used to determine if molecular association between drug and polymer 

occurred during HME. The chemical structures of MHC1 and Eudragit1' RE PO are 

shown in figure 2.2 and 3.1 respectively.
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FT-IR spectra of MHC1, RL PO, and their respective binary systems produced by hot 

melt extrusion are displayed in the 800-3600 and 700-1900 cm'1 regions (selected as 

the most interesting regions to evaluate drug carrier solid state interactions) in figure 

3.7 and 3.8. The FTIR spectrum of pure MHC1 showed two typical bands at 3369 and 

3294 cm 1 relative to the N-H primary stretching vibration and a band at 3155 cm ' 

due to the N-H secondary stretching, and characteristic bands at 1626 and 1567 cm 1 

assigned to C-N stretching. In the Eudragit RL PO spectrum, peaks were observed at 

1148 cm-1 (C-CO-C- stretching), 1390 cm-1 (CH3- asymmetric bending), 1450 cm 1 

(CH2- symmetric bending) and 1727 cirf1 (C=0 stretching).

3300 2800 2300 1800 1300

Wavenumber (cm1)

Figure 3.7. FTIR spectra of (A) 30% MHC1 PM (B) 5% MHC1 PM (C) 100% 

RL PO (D) 30% MHCI HME (E) 5% MHC1 HME and (F) 100% MHC1 between 

800 and 3600cm'1.
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13001700 1500 1100

Wavenumber (cm1)

Figure 3.8. FTIR spectra of (A) 30% MHC1 PM (B) 5% MHC1 PM (C) 100% 

RL PO (D) 30% MHC1 HME (E) 5% MHCI HME and (F) 100% MHC1 between 

700 and 1900cm'1.

The FT-IR absorption spectra for physical mixtures and hot melt extrudates showed 

no difference in the position or intensity of any of the absorption bands. No significant 
shifts or reduction in intensity of the FTIR bands of MHCI or Eudragit11 RL PO were 
observed in the binary mixtures post hot melt extrusion indicating no significant 

interactions between drug and polymer occurred during HME. The spectra of hot melt 

extrudates can be simply regarded as the superposition of the two pure materials.

3.3.8. In-vitro drug release from RL PO-MHC1 hot-melt extrudates

In-vitro dissolution of MHCI loaded hot melt formulations were assessed at a range of 

drug loadings using the dissolution method described in section 3.2.9. In the absence 

of polymeric carrier, MHCI dissolved was observed to dissolve rapidly and within a 

few minutes reflecting its high aqueous solubility (figure 3.9). Formulating MHCI via 

hot melt extrusion within an RL PO carrier matrix showed clear potential for the 

production of a sustained release formulation. Release of MHCI from the matrix was 

shown to be significantly affected by drug loading. Increasing the concentration of
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drug within the hot melt extrudates increased the rate of drug release with 2.5%w/w 

loaded matrices having the slowest release profiles and 30% w/w having the most 

rapid. Drug loaded extrudates containing 2.5 and 5% w/w MHC1 displayed less than 

100% release with maximal drug release being 80 and 85% at the end of the sampling 

interval respectively.

I
l

300 350 400

Figure 3.9. In-vitro drug release from hot-melt extrudates in pH 6.8 phosphate 

buffered saline. Symbols refer to (A) 100% MHC1 (A) 30% w/w MHC1 (A) 

15% w/w MHC1 (A) 5% MHC1 (A) 2.5% MHC1. Mean values shown ± S.D. 

(n=5).

To show that the extrudates contained 100% label claim, after dissolution was 

complete samples were dried and the polymer matrix dissolved in organic solvent. 

The remaining MHC1 was then extracted into water and assayed. The results are 

shown in table 3.3.
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Table 3.3. Recovery of MHC1 following extraction from dissolved polymer. Mean 

values shown ± S.D. (n=5).

Drug loading (%w/w) % Drug released after in-

vitro dissolution

% Drug recovered

after extraction

2.5 80 ±3.93 18.89 ± 1.62

5 85 ±2.11 16.59 ± 1.21

3.3.9. Surface morphology of MHC1 hot melt extrudates

Scanning Electron Microscopy (SEM) was used to study the surface morphology of 

the MHC1 loaded hot melt extrudates. Images were captured at a range of 

magnifications at a range of drug loadings between 2.5 and 30% w/w (figure 3.10.). 

At 2.5% w/w MHC1 content, extrudates surfaces appeared smooth and uniform at 

magnifications up to X500. Images captured prior to dissolution and post dissolution 

and showed no observable differences. 5% w/w loaded extrudates also appeared 

smooth but minor changes in the surface morphology could be observed post drug 

release. At 15 and 30% w/w MHC1 loading, large crystals were apparent on the 

surface of the extrudates (between 50 and 100pm in diameter). Elemental analysis of 

the observed crystals confirmed their identity as MHC1. The surface of the extrudates 

at these drug loadings were rough and a number of large tears were observed across 

the polymer structure. Crystals appeared to be embedded within these tears as a 

consequence of the large immiscible MHC1 crystallites being forced through the 

extruder die causing rupturing and tearing of the polymer.
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Figure 3.10. Surface morphology of hot-melt extrudates containing (A) 2.5% w/w 

MHC1 Pre dissolution (B) 2.5% w/w MHC1 Post dissolution (C) 5% w/w MHC1 

Pre dissolution (D) 5% w/w MHC1 Post dissolution (E) 15% w/w MHC1 Pre 

dissolution (F) 15% w/w MHC1 Post dissolution (G) 30% w/w MHC1 Pre 

dissolution (H) 30% w/w MHC1 Post dissolution (I) 30% w/w MHC1 Pre 

dissolution (J) 30% w/w MHCI Post dissolution
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3.3.10. Water uptake properties of drug loaded hot melt extrudates

The ingress of water into the drug loaded hot melt extrudates was investigated. 

Samples were immersed in the dissolution media and water uptake determined at 

defined intervals. Water uptake studies were performed (accounting for drug leached 

from the formulations). The following equation (equation 3.1.) was used to correct the 

water uptake value for drug leached into the media at this time point:

Water Uptake =
(W2 + M)-W]

vu,
Equation 3.1.

Where W2 is weight of sample after immersion; M is mass of MHC1 leached into 

media; W| is starting weight of sample all in mg. Extrudates containing a range of 

drug loadings 2.5 to 30% w/w were investigated (figure 3.11).

so

Time (h)

Figure 3.11. Water uptake properties of drug loaded hot melt extrudates at 37°C 

containing 0% MHC1 (■) 2.5% MHC1 (♦) 5% MHCL (A)15% MHC1 (O) and 

30% MHC1 (^k). Mean values shown ± S.D. (n=5).
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No difference in the water uptake properties of extrudates containing 0, 2.5 and 5% 

w/w MHC1 was observed indicating that the drug leaching process from the 

extrudates did not affect the overall permeability at these concentrations. At 15 and 

30% w/w however, a significant increase in the % water uptake into the polymer 

matrix between 0 and 3 hours was observed. At t= 1 hour, percentage water uptake for 

the pure polymer was approximately 27% which increased to approximately 36% for 

films containing 15%w/w MHC1 and even further to 42% with 30% w/w MHC1 

loadings. These results indicated that at higher MHC1 loadings, leaching of drug from 

the polymer matrix increased the permeability of the matrix to the dissolution 

medium.

3.3.11. Viscoelastic properties of hydrated drug loaded matrices

It was shown in chapter 2 that the elastic modulus of the polymer reduced following 

immersion in pH 6.8 PBS at 37°C due to plasticization of the polymer by water. 

Studies were carried out to determine if the release of MHC1 impacted upon the 

viscoelastic properties of the hydrated material (Table 3.4). A range of MHC1 loading 

were evaluated. Tests were performed post immersion in the dissolution media for 3 

hours.

Table 3.4. Viscoelastic properties of hydrated hot melt extrudates containing 

MHC1. Mean values shown ± S.D. (n=5).

% w/w MHC1 Young’s modulus (Pa)

0 1.92 x 107 ± 4.3

2.5 2.11 x 107 ±2.1

5 1.83 x 107 ± 1.4

15 1.33 x 107 ± 1.3

30 1.01 x 107 ±2.2
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The viscoelastic properties of hot melt extrudates containing 2.5 and 5% w/w MHC1 

do not differ significantly to those extrudates which did not contain drug indicating 

that leaching of the MHC1 at these concentrations did not alter the polymeric 

microstructure and hence the viscoelastic properties. At higher drug loadings however 

the converse was true. A reduction in the Young’s modulus from 1.92 to 1.33 x 107 Pa 

at 15% w/w MHC1 loadings indicated that changes in the microstructre occurred upon 

leaching of the drug occurred and this effect was enhanced by a further increase in 

drug loading to 30%w/w MHC1.

3.3.12. Development of a sustained release formulation of MHC1 prepared by 

HME

It has been shown that Eudragit® RL PO is a porous insoluble matrix, which allows 

rapid ingress of water at 37°C. Eudragit11 RS PO is chemically identical to RL PO but 

has approximately 5% ammonio methacrylate functional groups present by way of 

comparison to 10% within Eudragit RL PO. This is reported to cause a reduction in 

porosity of the polymer (Apu et ai, 2009) and thus it was hypothesised that addition 

of RS PO to the hot melt formulation could provide a mechanism whereby drug 

release of MHC1 could be further controlled. Samples were prepared with identical 

drug and polymer ratios, with the RL PO component being fully replaced by RS PO 

or partially replaced by RS PO in a 0.3:0.7 and 0.7:0.3 RL PO: RS PO ratio. All 

methods of preparation, processing temperatures and dissolution conditions were 

identical to those prepared using RL PO. The dissolution properties of the RS/ RL 

formulations are shown in figure 3.12.
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Figure 3.12. In-vitro drug release of MHC1 hot-melt extrudates containing (A) 

0.7 RS PO: 0.3 MHC1 (A) 0.95 RS PO: 0.05 MHC1 (A) 0.21 RS PO: 0.49 RL 

PO: 0.3 MHC1 ( ) 0.285 RS PO: 0.665 RL PO: 0.05 MHC1 (A) 0.49 RS PO:

0.21 RL PO: 0.3 MHC1 (A) 0.665 RS PO: 0.285 RL PO: 0.05 MHC1 ( ) 0.7 RS

PO: 0.3 MHC1 (A) 0.95 RS PO: 0.5 MHC1. Mean values shown ± S.D. (n=5).

The results show that increasing the concentration of RS PO in the hot melt 

formulation caused retardation in the rate of release of MHC1 from the hot melt 

extrudates. When formulated in an RS PO matrix, release of MHC1 from the matrix 

was extremely slow and significantly less drug was released by the end of the 

sampling period.

With RS PO, drug release was significantly slower with less than 35 and 17% 

drug release for 30% w/w and 5% w/w loaded films respectively after 1440 minutes. 

By comparison to Eudragit " RL PO formulations 95% release was attained after 180 

minutes with 30% w/w drug loaded films and 83% with 5% w/w films. RS PO 

matrices were significantly influenced by drug loading with higher loadings giving 

faster dissolution. These results show that altering the RS:RL ratio in the hot melt
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formulation provides a mechanism whereby the release of a highly water soluble drug 

such as MHC1 can be easily tailored to the required release profile.

3.3.13. Water uptake properties of Eudragit " RS PO

It was shown that addition of Eudragit " RS PO to the hot melt formulations caused a 

reduction in drug release which increased with increasing proportion of Eudragit' RS 

PO in the formulation. Observations from surface morphology studies using S.E.M. 

showed extrudates containing Eudragit RS PO were identical in appearance 

irrespective of the quantity of Eudragit" RS PO added to the formulation and 

therefore the change in the porosity of the material could not be visually confirmed. 

Water uptake properties of Eudragit RS PO matrices were investigated in order to 

explain differences in the dissolution profiles of the extrudates containing MHC1 

(figure 3.13).
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Figure 3.13. Water uptake properties of hot melt extruded Eudragit® RS PO (A) 

and Eudragit® RL PO (♦) matrices at 37°C in PBS pH 6.8. Mean values shown 

± S.D. (n=5).

Rate of water uptake into Eudragit " RL PO extrudates was significantly higher than 

that of Eudragit " RS PO at all time intervals sampled. At t=lhour, the RL PO matrix
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showed a 28% weight increase post immersion in PBS at 37°C compared to 1.6% for 

the RS PO extrudates. This showed that the large difference observed in dissolution 

profiles of MHC1 from the two polymers could be attributed to marked differences in 

water uptake kinetics between both polymers with the main mechanism through 

which Eudragit* RS PO controls the release of MHC1 from the matrix is a reduction 

in the rate of water uptake into the polymer matrix. MHC1 was also found to have 

poor solubility in the Eudragit" RS PO polymer matrix and was calculated to be 

3.01% ± 1.9.

145



Chapter 3

3.4. DISCUSSION
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The key aim of this study was to produce solid dispersions of a highly water soluble 

model drug, MHC1, within a Eudragit1 RL PO insoluble matrix and to characterize 

the extrudates in terms of their solid state, dissolution properties and drug polymer 

interactions. Formulations containing Eudragit" RS PO were also manufactured to 

assess if this polymer could be used to retard the release of MHC1 from the hot melt 

extrudates. This study showed that Eudragit RL PO systems containing MHC1 could 

be readily produced by HME and release of drug from the matrix could be 

manipulated by the addition of a release controlling polymer to the hot melt 

formulation. MHC1 was a suitable candidate for HME due to high thermal stability at 

temperatures required to process Eudragit RL PO. TGA showed an absence if 

significant weight loss of the sample up to 250°C beyond which volatile degradation 

proceeded. In chapter 2, the optimal processing temperature for Eudragit RL PO was 

between 120 and 170°C which is well below the degradation temperatre of MHC1. In 

this study, MHC1 was used as a highly water soluble model drug. Highly water 

soluble drugs while possessing the ability to dissolve rapidly, are not without specific 

challenges and are associated with problems such as dose dumping and burst 

phenomenon (Zeng, 2004). Monolithic polymeric matrix tablets composed of drug 

and gel forming polymers have been commonly used to retard drug release of highly 

water soluble drugs since they are easy to manufacture and inexpensive. HPMC has 

frequently been reported in the literature to retard the release of highly water soluble 

drugs due to its safety, applicability, and compatibility with many drugs (Kojima et 

af., 2008). Polyethylene oxide (Sako, 1996) ethyl cellulose (Siepmann and Bodmeier, 

2000) and guar gum (Krishnaiah et ai, 2002) have also been shown to retard the 

release of highly soluble drugs to produce sustained release matrix tablet 

formulations. Hot melt can improve the dissolution properties of poorly soluble drugs 

through the formation of solid solutions (Fukuda et al, 2008) (Forster et al., 2001) 

(Saerens et al., 2011) (Kindermann et al., 2011) (Crowley et al., 2004) but studies 

detailing the formulation of highly soluble model drugs remain significantly fewer 

than these poorly water soluble entities. Visually examining the extrudates produced 

during HME can provide an early indication of drug-polymer interactions and can in 

some cases detect the formation of a one phase homogeneous system or a two phase 

crystalline dispersion depending on the turbidity or translucence of the extrudates 

(Albers et al., 2009). The MHC1 loaded hot melt extrudates were white and opaque at 

concentrations as low as 15% w/w offering evidence for the formation of a crystalline
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solid dispersion at these concentrations and above. Extrudates containing lower 

amounts of drug (2.5 and 5%w/w) showed some degree of translucency but fine 

agglomerates of the white crystalline material could be detected visually througout the 

matrix also indicating a solid crystalline dispersion.

The physical state of a drug in a melt extruded formulation can extend from 

crystalline material embedded within the polymer matrix to amorphous or 

molecularly dissolved phases and therefore the study of the nature of the solid state is 

indispensable for the understanding of the mechanism of dissolution (Albers et ai, 

2008). The release characteristics of drugs from polymeric delivery systems are 

largely determined by the solubility and diffusivity of the drug within the polymer 

network (Gramaglia et. ai, 2005). It was therefore considered beneficial within this 

work to understand the solubility of MHC1 within the RL PO matrix. Quantifying the 

solubility of any compound within a polymer matrix is not a straightforward concept 

since conventional methods to estimate solubility such as saturation/filtration 

techniques are clearly not possible. It is also impossible to distinguish whether a drug 

has been dispersed or dissolved using results from drug release studies. Despite the 

importance of knowing drug solubility in a polymeric matrix, there has been no 

standard technique for measuring an accurate value (Tao et al., 2008). Both 

microscopy and XRD have been previously been used to estimate the solubility of 

drug within a polymer matrix (Yang et al., 2011) (Suryanarayanan et al., 1992) but 

thermal methods of quantifying drug solubility have become increasingly more 

popular. The use of differential scanning calorimetry (DSC) for the quantitative 

measurement of solid dispersions and the solubility of drugs within polymeric 

matrices was first described by Theeuwes et al. (1974) and refined by Jenquin and 

McGinity (1990). Since then it has been extensively described and therefore 

considered a suitable technique for use within this study.

DSC thermograms for pure MHC1 confirmed the crystallinity of the material with a 

melting endotherm at 234°C and an enthalpy of fusion of 354 J/g which was in good 

agreement with literature data (Santos et al., 2008) (Corti et al., 2008). Binary 

mixtures containing drug and polymer were heated and the enthalpy of fusion of the 

resulting melting endotherm obtained plotted against drug concentration in the 

physical mixture. The solubility value for MHC1 in RL PO was calculated to be less
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than 3% indicating that Eudragit' RL PO acts as a poor solvent for MHC1 forming an 

insoluble binary matrix during HME. At a molecular level, during application of 

thermal energy, the drug molecules in the binary mixture dissociate from the crystal 

lattice and eventually dissolve within the polymer matrix in a time dependant manor. 

The method is based on the principle that the fraction of drug solubilised within the 

polymeric matrix does not contribute to the melting endotherm associated with the 

dispersed drug fraction therefore heat of fusion values plotted against drug 

concentration for a range of loadings allows determination of solubility via 

extrapolation to AHf= 0 (Gramaglia et al., 2005). Linear trend lines were fitted using 

Microsoft excel which yielded regression values larger than 0.99. The nature of this 

DSC experiment, and in particular the relatively slow heating rates employed, limit 

the use to the measurement of drug solubility at the drug’s melting temperature. The 

calculated solubility value obtained for MHC1 solubility should be interpreted with 

caution since the true value may lie between 0 and 3%. Slower heating times such as 

those used in the current investigation can result in a small over estimation of 

solubility since sufficient time is allowed for the molecules within the crystal lattice 

of MHCI to respond to the input of thermal energy into the system during the thermal 

ramp, allowing them to detach from the crystal lattice and subsequently dissolve in 

the polymer matrix. This would prevent these MHCI molecules from contributing to 

the overall enthalpy of fusion as they have already been dissolved prior to the main 

melting event. The value derived estimates the solubility at the melting temperature of 

the drug only and while it is likely not the absolute solubility value, a good estimation 

of overall drug-polymer miscibility and solubility has been derived. The low values 

obtained for solubility corresponded with visual observations that a solid crystalline 

dispersion was produced during HME as opposed to a solid solution and provided 

strong evidence of poor miscibility between MHCI and RL PO. Hot stage microscopy 

showed the presence of crystalline drug at concentrations below 5% w/w at the 

extrusion temperature (150°C) providing further evidence of poor miscibility of drug 

and polymer. DSC has previously been reported to be a useful tool in the 

characterization of binary systems containing MHCI. Santos et. al., 2008 conducted a 

study using conventional DSC to investigate possible interactions between MHCI and 

a range of excipients including sodium starch glycolate, sodium croscarmellose, PVP 

magnesium stearate and lactose. The authors highlighted the poor reactivity of MHCI
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finding no significant interactions between MHC1 and any of the excipients tested as 

shown by a lack of change in the thermal profile of the binary mixtures. An 

interaction with starch and lactose was however detected by DSC as shown by a 

displacement in the melting temperature of MHC1 and change in the enthalpy of 

fusion at all concentrations in the binary mixture. The authors presented the possible 

explanation of a Maillard reaction between starch and lactose and identified that the 

hydroxyl group of these excipients may interact with a MHC1 amine functionality.

More recently, for determination of drug-polymer solubility, there has been 

growing interest in techniques which rapidly heat the sample in order to reduce the 

limitations imparted by conventional DSC. Gramaglia et al., 2005, conducted a study 

using high speed DSC (HDSC) at heating rates in excess of 400°C/min and compared 

to conventional DSC heating rates of 20°C/min to estimate the solubility of 

metronidazole in a silicone elastomer. Differences in solubility were observed with 

both methods estimating this to be 2.16mg/g (~0.2% w/w) using HDSC and 6.16mg/g 

(-0.6% w/w) at 400 and 20°C respectively. These authors concluded that faster 

heating rates permitted the solubility to be calculated under non-equilibrium 

conditions such that the solubility better approximated that at the temperature of use. 

Andrews et al. (2009) also used HDSC to estimate the solubility of a common poorly 

water soluble anti-inflammatory drug mefenamic acid in a polyoxyethylene 

polyoxypropylene polymer matrix. These authors applied this knowledge to 

understand the effect of drug-polymer solubility on in-vitro dissolution concluding 

that the dissolution properties of the drug-polymer systems which were biphasic 

(crystalline dispersions) were slower than monophasic (molecular dispersions) of the 

drug.

Hot-melt extrusion does not always require formulation components to be 

miscible. To form solid molecular dispersions by hot melt methods, it is reported 

however that the drug and polymer must be miscible at the processing temperatures 

(Leuner and Dressman, 2000). Poor miscibility between the drug and the carrier 

simply leads to a product that is not molecularly dispersed. Subsequently it can be 

deduced that MHC1-MHC1 and RL PO-RL PO forces of attraction were more 

thermodynamically favoured than MHC1-RL PO interactions. In a study conducted by 

Marsac et al. (2009), depression in melting point was assessed to determine the
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miscibility of a number of APIs in a PVP, dextran and Eudragit El00. The authors 

conveyed that systems previously reported to be immiscible or partially miscible 

showed little or no melting point depression while miscible mixtures showed various 

degrees of melting point depression leading to the calculation of negative Flory- 

Huggins interaction parameters. It was suggested that strong exothermic mixing 

should produce a large melting point depression while weakly exothermic, athermal, 

and endothermic mixing, should give progressively less melting point depression. 

Alternatively, if the drug and the polymer are immiscible, no melting point depression 

is expected since the chemical potential of the molten drug is unaltered by the 

presence of the polymer and that if a sufficiently positive interaction parameter was 

observed, the components would not be expected to mix. Applications of this 

approach not only extend to drug polymer interactions, but to any system where there 

is one or more crystalline component. Silva et al. (1998) also used this approach to 

predict miscibility of blends of crystalline polymers poly(ethylene) oxide with 

poly(epichlorohydrin) and poly(epichlorohydrin-co-ethylene oxide) prepared by 

freeze-drying.

The permeability and mechanical properties of a polymer is related to its glass 

transition temperature. (Saby-Dubreuila et al., 2001) At the glass transition, an 

amorphous polymer softens, undergoing a transition from a glassy state to a rubbery 

state because of increased polymer chain mobility (Nair et al., 2001). Some drugs 

have been shown to act as plasticizers for polymeric systems, resulting in significant 

changes in the thermal properties of the dosage form and consequently the release 

characteristics (Zhu et al., 2002) (Schilling et al., 2007). Crowley et al. (2004) 

demonstrated that addition of 15% w/w ketoprofen resulted in a more than two-fold 

increase in percentage elongation of PEO films (compared to drug-free systems), and 

the tensile strength was shown to significantly decrease with increasing drug content. 

Aitken-Nichol et al. (1996) also showed that addition of lidocaine HC1 to Eudragit 

ElOO-based films in increasing concentrations led to a significant decrease in the 

glass transition temperature of the polymer and an increase in elongation at break of 

the films. Addition of a drug to a polymer matrix can result in a number of thermal 

outcomes: it may cause a reduction (Schilling et al., 2010), an increase (Kierkels et 

al., 2007), or impart no effect (Nair et al., 2001) on the polymer glass transition 

temperature. A reduction is caused by an increase in segmental mobility and free
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volume of the polymer due to location of drug molecules between the polymer chains 

(Glaessl et ai, 2009). The presence of drug may also cause an increase in glass 

transition temperature as a result of a reduction in polymer chain mobility and 

subsequent stiffening of the polymer in a so-called antiplasticizing effect. Holgado et 

al. (1995) suggest that the modification in the glass transition of a polymer is 

dependent on the interaction degree between this compound and the drug and suggest 

an increase in glass transition can also be associated with a strong interaction between 

drug and polymer causing a reduction in the polymer chain mobility. They concluded 

that the observed increase in the glass transition value for carteolol within a eudragit 

L 30 D matrix was due to a strong interaction between the two and the drug was 

described as having an anti-plasticizing effect. The glass transition of the polymer can 

also remain unaltered due to a balance between antiplasticizing and plasticizing 

actions or the absence of interaction between drug and polymer.

DSC analysis also showed that addition of MHC1 to the hot melt formulation 

had no significant impact on the polymer glass transition indicating that MHC1 did not 

act as a solid state plasticizer for RL PO at concentrations below 30% w/w. Hot melt 

extrudates containing 30% w/w MHC1 content showed a 3°C increase in glass 

transition temperature. It is unlikely that this resulted from a strong drug-polymer 

interaction based on DSC miscibility studies and lack of depression in melting point 

and solubility in the matrix. This increase is attributed to the presence of a high 

degree of crystalline drug particles dispersed throughout the matrix. Bruce et al. 

(2007) showed that a crystalline dispersion of guaifenesin was formed in hot melt 

extrudates of Acryl-EZE and Eudragit ' LI0055 matrices in concentrations above 

25% w/w, causing an increase in the drive motor current required to maintain a 

constant screw speed during the extrusion process. This study showed that crystalline 

drug particles dispersed in the matrix acted as a filler and exerted an anti

plasticization effect on the polymer. In addition to this study, Lyons et al, (2007) 

showed the use of nanoclay particles as a novel filler material in hot melt extruded 

polymer matrices to improve the mechanical properties of the extrudates. It was 

shown that addition of the organic modified layered silicate (nanoclay) increased the 

tensile strength of polyethylene oxide matrices which contained carvedilol as the 

model drug. The extruder torque and Young’s modulus as a result were also found to 

increase with increasing filler concentration again showing that the incorporation of
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solid crystalline fillers (which can be extrapolated to include immiscible crystalline 

drugs) into the polymer matrix can exert an anti-plasticization effect, corresponding to 

an increase in glass transition temperature and change in mechanical properties of the 

extrudates.

FT-IR is a powerful technique used to detect the presence drug-carrier 

interactions within solid dispersions and has been used in a number of studies to 

characterize hot melt extrudates (Andrews et al., 2010) (Qi et al., 2008) (Zheng et at., 

2007). The appearance or disappearance of peaks and/or the shift in their positions are 

often an indication of interactions such as hydrogen bonding (Wu et al., 2009). FT-IR 

analysis showed that no significant interactions between MHC1 and RL PO occurred 

during hot melt extrusion since no shifts or broadening of peaks were observed. When 

the spectra of drug-polymer physical mixtures and heat-treated samples were 

compared, no difference was shown in the position or intensity of the absorption 

bands and the observed spectra was simply a superposition of those of the pure 

untreated components. This observation ruled out the possibility of chemical 

interaction and complex formation between these two components during extrusion 

and this was supported by DSC studies, XRPD and hot stage microscopy that MHC1 

and RL PO were immiscible, forming a two phase solid dispersion during hot melt 

extrusion. In the absence of peak shift and intensity, many studies have concluded that 

no drug polymer interaction occurred. Khandai et al. (2010) showed this during the 

manufacture of propronalol hydrochloride matrix tablets containing HPMC and EC 

that no interaction between drug and polymer was imminent due to the absence of 

spectral changes following processing. Similarly Azharuddin et al. (2011) showed no 

specific drug polymer interaction during the manufacture of matrix tablets containing 

losartan potassium and HPMC indicated by lack of change in the FT-IR spectra of 

both compounds. FT-IR and DSC analysis also showed an absence of change in the 

physical properties of MHC1 therefore confirming the absence of polymorphic 

transitions during hot melt extrusion. It a recent study Childs et al. (2004) showed that 

MHC1 exhibited two polymorphs- Form A and Form B. The highly metastable form 

B, previously undetected, was generated using a novel capillary crystallisation 

technique. It was shown in the study that the very slow solvent evaporation rates in a 

capillary tube allowed for an increase in the metastable zone width hence allowing the 

formation these less thermodynamically stable Form B crystals. It was also found that
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the temperature at which capillary evaporation took place was more critical than the 

solvent used and all samples converted from Form B to Form A over time. These 

studies show good potential for the formulation of MHC1 via HME due to the low risk 

and incidence of polymorphic phase transitions which can occur during hot melt 

processing (Zhang et al., 2004). When formulated as a solid dispersion, MHC1 has a 

high solid-state stability. Similarly, in a study by Corti et al. (2007) solid dispersions 

containing MHC1 were characterized, confirming the presence of a crystalline phase 

with a melting point of 231°C and an enthalpy of fusion of 292J/g. These researchers 

reported that the thermal profile of the drug was unaffected by a range of treatments 

such as spray drying, seal heating and co-grinding. Minimal changes to the thermal 

profile of MHC1 during heat sealing were observed and excluded the possibility of 

drug polymer interactions during this method of preparation. Some changes in the 

thermal behavior of the co-ground and kneaded MHC1 samples material were 

however observed and the authors attributed this to the creation of an unstable 

amorphous form of the cyclodextrin, present in the formulation. Lowering of the 

melting temperature and enthalpy of fusion of MHC1 were also observed which led to 

the conclusion that some interaction between MHC1 and the cyclodextrin was 

imminent. In this study, it was also shown that spray drying pure MHC1 did not affect 

the thermal or solid-state properties of the pure drug but when mixed with the 

polymeric carrier and spray dried, the system became entirely amorphous showing a 

Hat profile on DSC. This was theorized to be due to either strong drug-polymer 

interactions or drug inclusion complexation. These researchers found no observable 

changes in the FT-IR spectra of the heat treated MHC1 samples indicating no 

significant interactions between drug and carrier matrix. In a subsequent study by the 

same authors (Corti et al., 2007) matrix tablets of the cyclodextrin/MHCl were also 

prepared and evaluation of excipient compatibility of a range of polymeric excipients 

with the evolution that blends consisting of a hydrophobic swelling polymer such as 

HPMC or chitosan and pH sensitive polymers were suitable for retarding and 

targeting release of the drug.

Scanning Electron Microscopy (S.E.M.) is frequently used to characterize the 

surface morphology of hot melt extrudates (Bruce et al., 2007) (Qi et al., 2010) 

(Crowley et al., 2004) (Bruce et al., 2005). S.E.M. analyses were performed on the 

hot melt extruded systems in order to gain insight into possible morphological
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changes caused by hot melt extrusion. By examining the surface morphology of melt 

extrudates using SEM, the presence of crystalline particles or amorphous domains can 

be probed and reliable particle size information can be obtained using this technique 

(Crowley et al., 2007). Theoretically, some of the compound will extend above the 

surface of the film and can be viewed if the crystal form of the compound is 

positively or neutrally buoyant relative to the melted polymer medium (Mididoddi 

and Repka, 2007). This technique provided direct visual evidence of the presence of 

dispersed drug within the matrix at 15 and 30% w/w MHC1 loadings therefore, and 

proved SEM results were consistent with the results obtained from DSC and XRPD 

studies. Large crystals on the surface of the extrudates were observed (between 50 

and 100pm in diameter) and elemental analysis of the observed crystals confirmed 

their identity as MHC1. A number of large tears in the polymer network were 

observed and crystals appeared to be embedded within the large striations leading to 

the conclusion that the poor miscibility and large angular crystals resulted in tearing 

of the cooled polymer upon exit from the die. MHC1 is reported to consist of lamellar, 

irregular sized crystals with a tendency to self-agglomerate (Corte et el., 2007), which 

also proved true in this study. Given that MHC1 and RE PO have been shown to be 

immiscible it is highly likely that the forces of attraction between MHC1-MHC1 

particles was significantly larger than MHC1-RL PO during processing of the polymer 

resulting in the formation of large clumps due to aggregation of the crystalline 

material. Interestingly, at 2.5 and 5% w/w drug loaded films appeared smooth and did 

not show evidence of large crystallites. This indicated that solid dispersions formed at 

lower drug concentrations resulted in smaller aggregates of MHC1 crystals due to 

lower concentration, which were not visible using S.E.M. DSC studies showed a 

melting endotherm for MHC1 at 5% w/w loading confirming that crystalline drug was 

present. However no melting endotherm was detected at 2.5%w/w indicating one of 

two possibilities: the drug may have been totally dissolved in the polymer matrix or 

there was a DSC detection issue at 2.5% w/w MHC1. To determine which of the 

proposed theories were correct, physical mixtures of pure crystalline MHC1 and NaCl 

in a 2.5 and 5% w/w ratio of MHC1 were prepared. NaCl is a crystalline salt with a 

melting point in excess of 800°C therefore remains thermally inert at the MHC1 

melting point. No melting endotherm was detected at 2.5%w/w MHC1 but was at 

5%w/w MHC1 which indicated that DSC could not detect concentrations as low as
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2.5%w/w but could at 5%w/w. SEM images were captured prior to and post 

dissolution and showed no observable differences indicating that no overall change in 

polymeric structure during dissolution was observed at lower concentrations. Post 

dissolution images for the highly drug loaded extrudates which contained larger 

crystals did however show large pores in the polymer structure. This was a direct 

result of the larger immiscible crystallites dissolving leaving behind large voids in the 

polymer network.

The solid-state properties of the MHC1- RL PO solid dispersions were 

investigated by XRPD. XRPD is a key technique used to characterize the solid state 

properties of drug-containing hot melt extrudates (Wu et al., 2003) (Andrews et al., 

2010) (Bruce et al., 2005). Repka and Me Ginity (2001) used XRPD as an adjunct to 

tensile analysis to explain the influence of chlorpheniramine maleate on the chemical 

and physical-mechanical properties of hydroxypropylcellulose hot-melt extruded 

films. Forster et al. (2001) also used XRPD as a technique to determine the influence 

of extrusion temperature on the solid-state properties of four poorly water soluble 

drugs in a PVP carrier matrix. In this study, MHC1 crystallinity was confirmed by the 

presence of multiple well-defined peaks in the XRPD spectra. The XRPD patterns of 

the physically mixed and hot melt extruded samples at all concentrations tested were 

similar in the number and intensity of peaks indicating that no crystalline to 

amorphous transition occurred during hot melt processing. The crystallinity of MHC1 

following hot-melt extrusion was the result of the high melting point of the MHC1 and 

the immiscibility of the drug with the polymer as revealed by the DSC data. These 

findings were consistent with the results obtained by FTIR, DSC and SEM studies.

Several researchers have suggested that sustained release dosage forms prepared 

by HME show slower drug release rates than those prepared by traditional methods 

(Crowley at al., 2004) (Zhang and McGinity, 1999) (Zhu et al., 2006). This is 

because air present in the powder bed can be excluded from a polymer melt during 

HME resulting in dosage forms which have a lower porosity and higher tortuosity, in 

comparison with the dosage forms prepared by tabletting processes. MHC1 in these 

studies was used as a model water-soluble entity to explore the concept of producing 

a sustained release formulation with a combination of RS PO and RL PO as the 

polymer matrix. There is a clear rationale for the production of a sustained release
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formulation of MHCl. Being a highly water-soluble oral anti-hyperglycaemic agent 

with a short half-life (1.5-4.5h), this drug requires frequent administration to maintain 

effective plasma concentrations therefore rendering it a suitable candidate for 

controlled release (Corti et al., 2008). The use of a hydrophobic matrix for the 

production of a slow release formulation of MHCl has been reported. Corti et al. 

(2007) studied the use of novel hydrophobic cyclodextrins, a class of compounds 

which have been subject to growing interest in recent years in the pharmaceutical 

industry, as matrix carriers for MHCl to produce a sustained release dosage form. 

Cyclodextrins have been widely studied as carriers to improve the dissolution rate and 

bioavailability of poorly water soluble drugs (Loftsson, 2005) but analogous to the hot 

melt extrusion field, there are substantially fewer reports on the use of these carriers 

for the production of sustained release formulations of highly soluble drugs such as 

MHCl.

In-Vitro dissolution properties of the RL PO hot melt extrudates showed that 

incorporation of the drug into the matrix significantly retarded drug release when 

compared to unformulated MHCl showing clear potential for the production of a 

sustained release drug delivery system. In the absence of polymer, MHCl dissolved 

rapidly within a few minutes. However, release from within the matrix was 

significantly slower. An initial burst effect was observed within the first 20 minutes 

for all extrudates sampled and dissolution profiles for all loadings were similar within 

this time. This was due to the non-encapsulated superficial drug particles on the 

polymer surface diffusing into the surround media as drug was released from the 

surface which had a short diffusion pathway. The observed slowing of drug 

dissolution following matrix incorporation is attributed to the polymeric network 

impeding immediate solvation of the highly water soluble drug. These extrudates are 

described as monolithic dispersions (Siepmann and Siepmann, 2008). Monolithic 

matrices may have a soluble or insoluble matrix carriers. The drug becomes available 

for dissolution when the carrier dissolves in a soluble matrix system while with 

insoluble carriers, as in the RL PO formulations, drug particles dissolve when fluid 

penetrates into the device, followed by dissolution of the drug particles and diffusion 

through the fluid filled pores that are created. In a matrix or monolithic system, drug 

is distributed through a polymer that serves as the diffusion barrier (Frenning, 2010). 

The rate of drug release from the polymeric environment is dependent on the
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solubility of the drug in the polymer, the permeability of the drug through the polymer 

matrix and in some cases the aqueous solubility of the matrix if applicable. In the case 

of an inert matrix such as Eudragit " RL PO where a water-soluble drug is embedded 

in a finely dispersed state in an insoluble carrier material and released by diffusion, 

such systems can be described by percolation theory (Leuenberger et ai, 1995). 

According to Percolation Theory, drug release occurs primarily through a network of 

interconnected pores, which is created by solid drug particles that are initially loaded 

in the matrix. The pores are randomly situated within the matrix and form 

interconnected capillaries composed of interconnecting drug particle clusters and the 

pore network (Crowley et ai, 2004).

Drug loading was found to have a significant impact on the release profile of the 

extrudates with increased loading increasing the rate and extent of release. This effect 

was largely attributed to the formation of pores or cavities upon dissolution of the 

crystalline drug. Increasing drug loading facilitated in the formation of a larger and 

more extensive pore network, which could permeate throughout the entire polymer 

network. At very low drug loadings (i.e. 2.5% w/w), release from the matrix involved 

the dissolution of the API in the polymer medium followed by diffusion to the surface 

of the device (Douglas et ai, 2010) and cavities were small and few in number due to 

a low concentration of crystalline drug and the presence of small crystallites. These 

extrudates also displayed incomplete drug release which provided evidence that at 

these concentrations, they were below the percolation threshold. At higher loadings 

such as those extrudates containing 5%w/w MHC1, larger cavities remained after the 

loss of MHC1 near the surface, which become filled with external dissolution media. 

Such cavities then provided additional pathways for the escape of the material 

remaining in the device. The cavities may increase the overall permeability but are 

not connected to form continuous pathways throughout the extrudates. Below the 

percolation threshold, incomplete drug release is observed presumably due to limited 

accessibility of many drug particles to the dissolution medium since they are 

encapsulated by the water insoluble polymer (Crowley et al., 2004). This was 

observed for those extrudates containing 2.5 and 5% w/w MHC1 indicating these 

concentrations were below the percolation threshold. Increasing the loading to 

15%w/w and 30% w/w resulted in more extensive cavities which eventually became 

connected, forming continuous channels throughout the polymeric structure. This

158



Chapter 3

results in a marked increase in permeability of the matrix and reduction in tortuosity 

of the drug diffusion pathway further facilitating drug diffusion into the surrounding 

matrix. Water uptake studies which were performed on drug loaded extrudates to 

determine if changes in permeability of the matrix was related to drug concentration 

supported these theories. Increasing drug loading caused an increase in the 

permeability and hence rate of water uptake into the matrix providing evidence for the 

formation of an extensive inter-connecting pore network at MHC1 loadings of 

15%w/w and higher. The water uptake properties of the hot melt extrudates were 

shown to be significantly increased at 15 and 30% w/w MHC1 loadings and hence 

showing that the permeability of the polymer network due to the formation of these 

connected pores was enhanced due to a large open porous structure. As a direct result 

of this, the molecular mobility of the polymer also increased due to the plasticization 

effect of water further enhance drug dissolution. Ozgiiney et al. (2009) used this 

approach to examine the water uptake properties of hot melt extruded Kollidon SR 

mini matrices containing increasing loadings of ibuprofen. It was shown that 

increasing drug concentration from 25% where the drug was molecularly dispersed to 

35% where a solid dispersion was apparent resulted in an increase in water uptake and 

drug release rate. It was also acknowledged that by increasing relative amount of 

water, the mobility of polymeric macromolecules increased and thus the free volume 

available for diffusion increased. Tensile analysis of the drug loaded matrices was 

performed and also showed that at lower drug concentrations, there was no difference 

in material stiffness denoted by no change in Young’s modulus after 3 hours 

immersion in dissolution media when the drug loaded matrices were compared 

directly with placebo matrices. However, at 15% and 30% MHC1 loading, the tensile 

properties of the material were significantly altered and these samples were less stiff 

than those containing smaller quantities of drug. Again, these studies further 

supported the formation of an extensive network of capillaries throughout the 

polymeric structure at higher MHC1 loadings which affected polymer microstructre 

affording less resistance to the applied tension forces. The increased permeability of 

these films resulted in a faster rate of water uptake. As water has been shown to 

plasticize the polymer in chapter 2, this also is a contributing factor to the reduction in 

stiffness of the sample at these high drug loadings.
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Films containing high MHC1 loadings (i.e. 15 and 30% w/w) displayed 100% drug 

release. Crystals dispersed within these samples were visibly larger in size and 

number than those with smaller amounts of MHC1. This allowed interior drug clusters 

within the films to diffuse out more easily since the tortuous pathway through which 

drug must move was reduced, allowing all of the drug to be released from the matrix. 

At low drug loadings (i.e. 2.5 and 5% w/w) however incomplete drug release 

(cumulative release percentages smaller than 100%) was observed, in the time frame 

sampled indicating that some drug remained trapped in the matrix upon completion of 

dissolution testing. Crowley et al. (2004), report that below the percolation threshold, 

incomplete drug release is observed due to limited accessibility of drug particles to 

the dissolution medium since they are encapsulated by the water insoluble polymer, 

and it is therefore possible that 2.5 and 5% w/w MHC1 loadings are below this 

percolation threshold. A similar outcome was observed by Madalina et al. (1995) 

where two drugs: acetazolamide and timolol maleate, were loaded into biocompatible 

polymeric fibres fibers in increasing concentrations below and above the drug 

solubility limit in polymer. These authors showed that complete release was not 

achieved also suggesting residual drug entrapment in the matrix post dissolution as a 

cause. In this study, drug loading was also shown to have an impact on drug release 

with increased loading creating faster release profiles with the conclusion that loading 

being a variable which can be used to control the release rate. Leelarasamee et al. 

(1986) similarly reported that drug loading played an important role in the control of 

drug release rate from drug loaded microcapsules suggesting an empirical relationship 

between drug loading and drug diffusability through the polymeric matrix was with 

the rate of drug release increasing exponentially with increase in drug loading.

The release profile of hot melt extrudates can be manipulated by physically 

blending a release modifying excipient within the formulation prior to extrusion to 

alter the dissolution performance (Windbergs et al., 2009). Such an approach may 

prove possible, but slightly more difficult with other modes of manufacture such as 

tabletting, where the addition of such may result in changes in powder flow properties 

causing unpredictable die fill and poor process reproducibility. Schilling et al. (2008) 

investigated the addition of citric acid monohydrate to hot melt extruded matrix 

tablets containing Eudragit® RS PO and a highly water soluble active diltiazem 

hydrochloride. It was shown that addition of citric acid to the formulation promoted
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the thermal processibility and matrix integrity by plasticization of the polymer and 

that drug release was significantly increased as a result of enhanced pore formation.

It is advantageous to have a predictable and quantifiable mechanism by which 

the release of API can be controlled from an extruded polymer matrix. On this basis, 

the addition of Eudragit' RS PO to the formulation was assessed as a potential 

method to alter the release of MHC1 from the matrix. Eudragit' RL PO and RS PO 

are chemically identical polymers and differ only in the amount of the quaternary 

ammonium substitution, with RS being much lower than RL (Saerens et al., 2011). 

Comparative water uptake studies showed that aqueous media permeated more freely 

into RL than RS and this was due to the presence of higher proportions of the ionized 

quaternary ammonium groups in the polymer. On these findings, it was theorized that 

customized release profiles of MHC1 from the extrudates could be achieved by a 

combination of RL and RS grades in varying ratios.

Addition of Eudragit " RS PO to the hot melt formulations caused retardation of 

MHC1 release and concentration of Eudragit RS PO added was shown to 

significantly influence this effect. An inverse relationship between Eudragit RS PO 

concentration and drug release rate was observed showing that as Eudragit RS PO 

concentration in the formulation increased, the drug release rate decreased and this 

was directly related to reduction in the permeability of the extrudates with increasing 

Eudragit " RS PO due to a lower content of quaternary ammoniom functional groups. 

Drug loading in the extrudates containing Eudragit" RS PO was also found to have an 

impact on drug release due the formation of an extensive capillary network 

throughout the polymeric microstructure at higher drug loadings. This effect was less 

pronounced in the early dissolution profiles containing Eudragit RS PO since 

permeability of the extrudates was low and drug release was primarily from the 

surface. Eventually as drug was released from within the matrix, highly loaded films 

had a reduced tortuosity and increased permeability due to the release of the highly 

water soluble drug. Studies in current literature have applied similar principles using 

combinations of Eudragit' RL PO and RS PO using alternative methods of 

manufacture to hot melt extrusion have been reported to be useful for manipulation of 

drug release for a number of dosage form types. Apu et al. 2008, showed that the 

release of carbamazepine, a poorly water soluble drug, from matrix tablets prepared
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comprising of Eudragit' RL PO and RS PO was slower with Eudragit® RS PO 

matrices that RL PO. These authors attributed this to low porosity and permeability of 

the RS PO matrix while the hydrophilic nature of RL PO allowed the dissolution 

medium to penetrate into the polymer matrix system. It was then suggested by these 

authors that the resultant effect was that the dimensions between the polymer chains 

increased due to polymer relaxation by the stress of the penetrated solvent and this 

facilitated drug diffusion from the matrix. Similarly Abdelbary et al. (2007) used 

ratios of RL PO and RS PO to produce cured pellets containing ibuprofen to alter 

permeability and hence dissolution rate and in 2008 the same authors applied this 

rationale to retard the release of the highly water soluble entity nicorandil from matrix 

tablets composed of a range of gel forming polymers.
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3.4. CONCLUSION
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HME was used to manufacture solid dispersions of containing a model water soluble 

drug, MHC1, using a pH-independent insoluble matrix carrier, Eudragit' RL PO. 

MHC1 was shown to be a suitable candidate for HME due to its high thermal stability 

and the low risk of polymorphic transitions during hot melt processing. DSC was 

unable to detect a glass transition temperature for amorphous MHC1 and therefore 

was unable predict the miscibility of drug and polymer through the study of glass 

transitions. Melting point depression data from DSC was evaluated, showing that 

MHC1 and RL PO exhibited a poor interaction during HME indicating that forces of 

attraction between MHC1 and RL PO were weaker than forces of attraction between 

drug and drug or polymer and polymer. These findings were in good agreement with 

FT-IR studies which failed to detect significant interactions between drug and 

polymer post HME.

DSC was used to estimate the solubility of MHC1 in the Eudragit® RL PO 

carrier matrix with MHC1 having a calculated solubility of approximately 3%. The 

glass transition temperature of the polymer remained unchanged by the presence of 

MHC1 in concentrations below 30% w/w showing that MHC1 did not act as a solid 

state plasticizer, further supporting immiscibility deductions. At 30%w/w 

concentrations, the glass transition temperature was found to increase and this was 

due to the presence of a crystalline disperse phase within the carrier matrix which 

reduced the free volume of the polymer causing a reduction in molecular mobility and 

a change in mechanical properties of the extrudates.

XRPD confirmed no crystalline to amorphous transitions of MHC1 occurred 

during hot melt extrusion with Eudragit' RL PO at any of the loadings investigated 

and spectra for extruded samples were comparable to those of the physical mixtures 

of the same drug : polymer ratios indicating a high degree of similarity. SEM showed 

the presence of large irregular shaped crystals on the surface of 15 and 30% w/w 

extrudates, which were subsequently confirmed to be MHC1 by elemental analysis. 

Substantial tears in the polymer network were visible at 30% w/w loadings caused by 

the large angular drug crystals rupturing the polymer matrix upon exit from the die. 

2.5 and 5% w/w MHC1 extrudates appeared smooth at similar magnifications 

indicating a finer crystalline dispersion was produced at lower drug concentrations, 

which were below the detection limit of SEM.
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Formulation of MHC1 and RL PO via hot melt extrusion showed clear potential for 

the production of a sustained release formulation and indicated this was a feasible 

manufacturing technique to slow the dissolution of rapidly dissolving drugs using 

Eudragit' RL PO. MHC1 rapidly dissolved in the dissolution media in the absence of 

polymer with significant retardation in release when formulated within the Eudragit 

RL PO carrier matrix. All extrudates showed an initial burst effect caused by non- 

encapsulated superficial drug particles on the polymer surface with a short diffusion 

pathway partitioning into the surround media. Drug release from melt extrudates was 

influenced by drug loading within the film. Increasing drug concentration within the 

extrudates caused an increase in the rate of drug release which was related to the 

formation of increasingly large cavities left behind after dissolution of crystallites. At 

higher loadings, these pores became extensive throughout the structure and eventually 

formed a continuous network at 15 and 30% w/w loadings which resulted in a 

reduction in tortuosity of the matrix allowing faster dissolution. The percolation 

threshold therefore was determined to be between 5 and 15% drug loading. Leaching 

of MHC1 from the immersed films was found cause an increase in permeability of the 

extrudates at 15 and 30% w/w loadings as a result of the extensive pore network 

formation and water uptake was enhanced. The pore network also affected the 

polymer microstructure and this coupled with increased uptake of water affected the 

viscoelastic properties of the films causing a reduction in Youngs modulus.

Eudragif' RS PO was found to further retard release of MHC1 from the hot melt 

matrix when added to the formulation and this response was concentration dependent 

with increasing proportions of Eudragit' RS PO causing slower release of drug from 

the extrudates. This work has therefore shown formulation of a highly water soluble 

drug in an Eudragit® RL PO carrier matrix using hot melt extrusion is a viable 

technique to create a sustained release dosage form and that release can be controlled 

by the addition of increasing quantities of Eudragit RS PO.
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4.1. INTRODUCTION
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With the advent of high throughput screening in drug discovery and the introduction 

of combinatorial chemistry, the number of poorly water soluble drug candidates has 

increased significantly in recent years (Ping and Lee, 2007). It is estimated that 

approximately one third of new compounds synthesized in medicinal chemistry 

laboratories have an aqueous solubility less than 10 [ig/mL, another one third have a 

solubility from 10 to 100 ftg/mL and the solubility of the remaining third is >100 

(jg/mL (Serajuddin, 2007). This presents major challenges to formulators in the 

pharmaceutical industry due to the inherent low bioavailability of compounds with 

poor solubility characteristics. Aqueous solubility is one of the most important 

physicochemical properties which exerts a significant impact on oral absorption and 

the consequent bioavailability of a drug. Several approaches have been attempted to 

improve the solubility and dissolution characteristics of poorly water-soluble drugs 

and solid dispersion technology is fast emerging as a popular method to improve 

aqueous solubility of such compounds. In spite of clear applications for HME (Sun et 

al., 2008) (Tho et ai, 2010) (Verreck et al., 2005) (Andrews et al., 2010), commercial 

uptake of this concept is surprisingly low and the number of hot melt extruded 

products currently on the European and US market although on the increase remain 

exceedingly limited. The underpinning reason for this is due to the employment of 

other well established and fully understood solubility enhancing mechanisms such 

pharmaceutical salt formation. It is estimated that half of all drug molecules used in 

modern medicine are administered as salts, and the formation and selection of a 

suitable salt for a drug candidate is recognized as an essential step in the preclinical 

phase of modern drug development (Stahl and Wermuth, 2008). The interest in salt 

formation has grown greatly over the past 50 years and in particular is the most 

preferred approach for the development of liquid formulations for parenteral 

administration (Serajuddin, 2007). Maximizing the bioavailability potential via salt 

formation is considered the most practical approach in enhancing bioavailability in 

modern formulation development (Huang and Tong, 2004).

Salt formation (salification) is an acid-base reaction involving either a proton 

transfer or a neutralization reaction that can affect the solubility, hygroscopicity, 

stability and processability of a potential drug candidate (Kumar et al., 2008). Salts
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are formed by a chemical attraction of oppositely charged parent drug and 

neutralizing compound which do not retain their chemical identity in aqueous solution 

(Patel et al., 2009). When a drug salt is formed, the properties change and that form 

determines the physicochemical properties including melting point, hygroscopicity, 

dissolution rate, physical stability and chemical stability.

The mechanisms through which a drug salt form exerts its impact on the 

physiochemical properties of hot melt extrudates during the formation of solid 

dispersions is poorly understood and has received limited interest in the literature. 

There have been no significant attempts to address if the drug salt counter ion exerts 

an impact upon the physiochemical properties of solid dispersions prodced by hot 

melt extrusion. Developing an understanding of how a drug salt form can influence 

the physiochemical properties of hot melt extrudates provides useful insight into the 

underlying mechanisms through which solid dispersions are formed allowing a better 

understanding of these systems and potentially resulting in an improvement in the 

commercial potential of HME as a viable manufacturing process and shifting the 

beliefs that HME is more than just a mechanism to produce solid dispersions, but a 

highly adaptable and well understood process through which drug release rates can be 

tailored to specification using a combination of matrix carrier and drug salt selection 

principles. This work therefore will attempt to bridge the knowledge gap and 

determine if the salt form of a drug exerts a significant impact physiochemical 

characteristics of solid dispersions produced by hot melt extrusion and if so develop 

an understanding of the mechanisms which have resulted in the observed differences. 

A number of studies have investigated the effect of salt counter ion on 

physiochemical properties of a drug substance but this has been poorly extrapolated to 

hot melt extruded systems. Agharkar et al (1976) investigated the use of organic salts 

of the antimalarial drug a.-(2-piperidyl)-3,6-bis(trifluoromethyl)-9- 

phenanthrenemethanol with the formation of several organic salts showing that the 

choice of salt had a significant impact on the solubility of the drug. O'Connor et al 

(2001) also investigated the physiochemical properties of a range of salts of 

diclofenac investigating eight counter ions in which the resulting salts displayed a 

wide range of aqueous solubilities. Parshad et al (2004) studied the aqueous solubility 

of salts of benzylamine derivatives and /^-substituted benzoic acid derivatives. The 

benzylamine derivatives utilised were (V-methylbenzylamine and N,N-
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dimethylbenzylamine as well as benzylamine itself. The results showed that the salts 

of the yV-methylbenzylamine and /V./V-dimethylbenzylamine derivatives were orders 

of magnitude greater than the corresponding salts of benzylamine. In order to explain 

this observation thermal analysis of the salts was performed and it was shown that the 

increased solubility due to a decreased lattice energy caused by a reduction in the 

number of hydrogen bonds in the salts of the derivatives.

During this study, Eudragit1' RL PO will be used as a matrix carrier to 

manufacture solid dispersions containing a poorly water soluble model drug and its 

commercially available salt forms. The solid dispersions produced will then be 

characterised in terms of their solid state attributes such as solubility in the polymer 

matrix, crystalinity and surface morphology. Furthermore, the effect of 

pharmaceutical salt counterion type will be examined to determine if this exerts an 

impact upon the solid state properties of the hot melt extrudates. Additional salt forms 

of the selected model drug will be manufactured and the effect of salt form on the 

physiochemical characteristics of solid dispersions assessed.

Quinine was selected as the model drug for these studies since it is an excellent 

example of the rapidly increasing newly discovered APIs being both poorly water 

soluble and basic in nature. Quinine Base (QB) is commercially available in a number 

of different salt forms. The hydrochloride (QHC1) and sulphate (QSO4) forms were 

chosen due to the large difference in inherrent physiochemical properties between the 

two componds including aqueous solubility and moleclar weight. Table 4.1. provides 

a summary of the properties of the three chosen forms of quinine to be investigated. 

Quinine is a cinchona alkaloid having applications for around three centuries in the 

treatment of malaria (Stepniewska et al., 2001). It is considered the drug of choice in 

severe chloroquine-resistant Plasmodium falciparum malaria (Wirima et al., 1990) 

and is currently re-emerging as an important drug in the treatment of multiple-drug 

resistant strains of P. falciparum malaria due to growing resistance to chloroquine 

(Ong and Heard, 2009). Quinine is also a mild antipyretic and analgesic, is used 

commonly and as a bitter and flavoring agent and alleviates the symptoms of 

nocturnal leg cramps. Intravenous infusion of quinine is the first line treatment in 

severe falciparum malaria since this route has an extremely rapid onset of action. This
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can prove problematic however in many malaria endemic areas which are remote and 

underdeveloped. Oral and other routes of administration are therefore preferred since 

there are no requirements for highly skilled health care workers to administer the drug 

in an IV format. Many studies have been conducted which formulate quinine as in a 

variety of dosage forms using the free base and salt forms. Coated pellets produced by 

extrusion spheronization for oral administration of QSO4 (Kayumba et al. 2007), 

rectal hydrogel administration of QHC1 (Fawaz et al., 2004) and solutions for 

sublingual delivery of QHC1 (Ong and Heard, 2009) are to name but a few of such 

recently developed novel formulations of quinine. There are however no reports in the 

literature which detail the formulation of quinine using hot melt extrusion technology 

therefore providing further justification for use of this drug as a model poorly soluble 

entity.
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Two additional novel quinine salts will be manufactured using benzoic acid and 

salicylic acid. The properties of benzoic and salicylic acids used during these studies 

are shown in table 4.2.

Table 4.2. Properties of benzoic and salicylic acid used to manufacture novel
quinine salts

Molecular

formula

Chemical structure M.W.

(glmol)

Benzoic 126.18 122.12

Salacylic 161.40 138.12

The manufactured quinine salts will then be characterised and the effect of drug 

counter ion on the solubility within the polymer matrix evaluated.
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4.1.1. Aims and objectives

The key aim of this work is to prepare solid dispersions containing QB, QHC1 and 

QSO4 salts using hot melt extrusion to determine if salt formation affects the 

physiochemical properties of the dosage forms produced. The effect of salt counter 

ion will be assessed and two additional salts will be manufactured to allow further 

deductions to be made about the effect of salt form.

The overall aims of this investigation are as follows:

o To assess the suitability of the three commercial salts for formlation via hot 

melt extrusion using TGA analysis

o To characterise the thermal properties of the commercially available salts 

using DSC

o To determine if there are differences in the solubility of QB. QHC1 and QSO4 

in the molten Eudragit® RL PO polymer matrix using DSC 

o To assess the effect of addition of QB, QHC1 and QSO4 on the glass transition 

temperature of Eudragit® RL PO

o To manufacture Eudragit' RL PO solid dispersions containing QB, QHC1 and 

QSO4 forms at a range of drug loadings.
o To examine the solid state properties of Eudragit RL PO hot melt extrudates 

containing the quinine forms using XRPD 

o To examine the surface morphology of hot melt extrudates using S.E.M. 

o To determine the mechanism of crystalline to amorphous transition of each of 

QB, QHC1 and QSO4 using a casting film technique and XRPD 

o To explore the potential of Raman mapping as a technique for the detection of 

solid solutions and dispersions containing QB, QHC1 and QSO4. 

o To manufacture and characterise two additional quinine salt forms using 

benzoic and salacylic acid.

o To determine the effect of salt counter ion on the solubility of drug in the 

polymer matrix
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4.2. MATERIALS AND METHODS
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4.2. Materials and methods

4.2.1. Materials
All materials used in this study were purchased from Sigma-Aldrich Company Ltd., 

Gillingham, Dorset. Eudragit' RL PO was a kind gift from Evonik, Darmstadt, 

Germany.

4.2.2. Methods

4.2.2.1. Thermogravimetric analysis (TGA)
To assess suitability of QB, QSO4 and QHC1 for hot melt processing, thermal 

profiling was carried out using TGA according to the method described in section

2.2.2.1. Analytical temperatures were between 20 and 300°C with a 10°C/min thermal 

ramp. During manufacture of the quinine salts, starting materials and final salt forms 

were also subject to thermal profiling using a 10°C thermal ramp.

4.2.2.2. Equilibrium solubility of quinine salts
An excess of quinine salt form was added to 50ml glass vials containing pH 6.8 

phosphate buffered saline. Samples were placed in an orbital shaker at 37°C and 

allowed to equilibrate for 48 hours. Samples were then filtered using a 0.45pm 

Minisart filter (Sartorius, UK) to remove undissolved salt and analyzed using a UV- 

VIS spectrophotometer at 330nm and a standard calibration curve that was linear over 

the concentration ranges for each of the quinine forms.

4.2.2.3. Preparation of hot-melt extrudates
Prior to hot melt extrusion, drug and polymer were weighed in the correct ratio and 

blended together using a pestle and mortar for 3 minutes. Salt concentrations were 

normalised and % w/w values stated are based on a ratio of pure quinine to polymer. 

Hot melt extrudates were prepared in an identical manor to those described in section

3.2.2.2. Samples were stored in polyethylene bags inside a desiccator at ambient 

temperature.
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4.2.2.4. Differential Scanning Calorimetry (DSC)

The solubility of the free base, hydrochloride and sulphate quinine forms in the 

polymer matrix was determined using DSC in an identical method to that described in 

section 3.2.2.3. To assess the effect of the presence of each of the quinine forms on 

the glass transition of Eudragit RL PO, binary mixtures were prepared containing 

increasing concentrations of drug and polymer using a hot melt method as in section 

3.2.2.3.. Extrudates were milled and 5-10mg of sample placed in a DSC aluminium 

pan and subjected to modulated DSC using similar conditions as in section 2.2.2.5. 

All experiments were with five replicates. Thermal properties such as glass transition 

and melting temperatures of pure materials, polymer-drug binary mixtures and hot 

melt extrudates were also characterised.

4.2.2.5. Powder X-ray diffraction (XRPD)

Powder X-ray diffraction patterns were collected for pure drug, pure polymer, 

polymer-drug physical mixtures and polymer-drug melt extrudates as described in 

section 3.2.2.5. Measurement was conducted using a 20 scanning range in continuous 

mode from 5 to 65° at a scanning rate of 1° per minute.

4.2.2.6. Solvent cast films

Cast films were prepared by dissolving the required quantities of drug and polymer in 

an excess of acetone. The acetone solution was poured into Teflon molds 

(15cmxl5cmx 0.2cm) and samples dried at 40°C for 24h to remove residual solvent. 

Cast films were then removed from the moulds using a surgical knife. Samples were 

then stored in a desiccator at 25°C.

4.2.2.7. Scanning electron microscopy (SEM)

Surface morphology of hot melt extrudates was examined using scanning electron 

microscopy (SEM) as in section 3.2.7.

4.2.2.S. Raman spectroscopy

The Raman spectra of QB, QHC1 and QSO4 were recorded with a LabRam HR 800 

(Horiba Jovan Yvon) equipped with a 633-nm He-Ne laser. The laser excitation was 

focused using a 50 objective (OLYMPAS Corporation) and the scattered light was
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transmitted through the notch filter towards the confocal hole and entrance slit of the 

spectrograph. In addition, the Raman spectra of hot melt extrudates were obtained. 

Raman mapping was also carried out. 2D images were created using peak intensity 

ratios. The characteristic polymeric peak at 1726cm'1 and quinine peak at 1370cm 1 

were selected and the ratio Imt'-lmo was assigned throughout the spectral map to 

generate a multi coloured image.

4.2.2.9. Synthesis of QBENZ and QSAL

5g of a 1:1 molar ratio of QHC1 and the sodium salt of the acid was dissolved in warm 

deionised water (70°C) and the inner surface of the glass scratched to begin seeding of 

the crystals. The solution was allowed to cool for 24 hours at 5°C and the resulting 

precipitated hydrophobic quinine salt extracted into 500ml of dichloromethane 

(DCM) in five successive 100ml portions. The DCM was then removed using a Buchi 

R-210 rotary evaporator leaving behind the novel quinine salt residue.

4.2.2.10. Characterisation of QBENZ and QSAL
Analysis of novel quinine salts was performed as detailed in sections 4.2.2.1. to 

4.2.2.5. which included analysis by TGA, DSC, equilibrium solubility and XRPD. 

Water content was measured using Karl Fischer analysis.

4.2.2.11. Single crystal XRD
Single crystal was used to solve the crystalline structure for the two newly 

manufactured salts. The X-ray diffraction patterns were obtained by slow evaporation 

of crystals from ethanol and the crystal structure was determined by the X-ray dif

fraction data of the compound, which collected on a Bruker SMART APEX CCD 

diffractometer using Mo Ka radiation with fine focus tube with 50KV and 30 mA.

4.2.2.12. Statistical analysis
The effects of various treatments on the physiochemical properties of hot melt 

extrudates were statistically analysed using a one way ANOVA. In all cases, p<0.05 

denoted significance. Individual differences were determined using Tukey’s post hoc 

test.
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4.3. RESULTS
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4.3.1. Suitability of quinine salts for hot melt extrusion
TGA analysis of the three commercially available quinine forms was carried out to 

ascertain if thermal degradation was likely at the required processing temperature for 

Eudragif' RL PO (figure 4.1.). All three forms showed good thermal stability up to 

200°C. A reduction in weight was observed for the hydrochloride and sulphate forms 

where approximately 6.33% of the hydrochloride and 4.78% of the sulphate weight 

was lost between these temperatures. TGA showed that the hydrochloride and 

sulphate forms had a higher thermal stability than the free base denoted by rapid 

weight loss of the sample at 260°C for QHC1 and QS04 and approximately 225°C for 

QB. All samples were subjected to an isothermal hold time of 10 minutes at the 

processing temperature of Eudragit' RL PO (150°C) and no weight loss was observed 

which could not have been attributed to water loss from the crystalline structure.

100 -

100% QHCL 
100% QS04
100% QB

Temperature (°C) Universal V4.3A TA Instrumurts

Figure 4.1. Temperature- weight loss profile of Quinine free Base (QB), Quinine 

Hydrochloride (QHC1) and Quinine Sulphate (QSO4) determined by TGA
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4.3.2. Visual observations during HME

All forms of quinine were extruded at I50°C containing drug loadings of 5%w/w 

15%w/w and 30%w/w (figure 4.2.). Hot melt extrudates containing QB at each 

concentration were pale straw in colour and translucent indicating the possibility that 

a one phase molecular dispersion was produced. Extrudates containing QHC1 were 

translucent at 5%w/w but were white and opaque at 15% and 30%w/w potentially 

indicating that there was a difference in solubility between the base and the 

hydrochloride in the Eudragit® RL PO matrix. As observed in chapter 3, opacity of 

hot melt extrudates indicated that the drug had reached saturation solubility within the 

matrix and resulted in the formation of a crystalline dispersion. Interestingly when 

QS04 was extruded with Eudragit® RL PO both the 5 and 15% w/w loadings were 

translucent while the 30% w/w extrudates were opaque. The initial visual 

observations of the extrudates highlighted potential differences in the miscibility and 

solubility of the three drug variants within the Eudragit" RL PO polymer matrix 

during hot melt processing processing.

Figure 4.2. The physical appearance of quinine- Eudragit" RL PO hot melt 

extrudates. (A-C) 5, 15 and 30% w/w QB (D-F) 5, 15 and 30% w/w QHC1 (G-I) 

5, 15 and 30% w/w QSO4
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4.3.3. Thermal properties of QB, QHC1 and QSO4

TGA highlighted differences in the thermal stability of the quinine salts therefore 

thermal profiling of each of the quinine forms was carried out using DSC (figure 4.4). 

An endothermic peak was observed in all three DSC thermograms corresponding to 

melting. QB was shown to have a melting temperature of 177 ± 3 °C, QHC1 149 ± 

2°C and QS04 231 ± 2°C.

QSo4
QHCI

2---

Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure 4.3. DSC thermograms of pure crystalline QB, QHCI and QSO4

Endothermic peaks were also observed at 84HC for QHCI and 95°C for QSO4 

in addition to the drug melting endothermic peak. These in combination with TGA 

studies confirmed this to be due to evaporative loss of water. Upon a second heating 

cycle, the absence of this endotherm provided further evidence non reversible 

moisture loss had occurred. The enthalpy of fusion of the drug melting endotherm for 

each drug form was calculated using universal analysis software for the pure 

crystalline material and was found to be 87.01, 15.27 and 49.34 J/g respectively for 

QB, QHCI and QS04.
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4.3.4. Solubility of QB, QHC1 and QSO4 in molten Eudragit® RL PO polymer 

matrix using DSC
Binary mixtures of each of the salt forms containing 10-80% w/w drug loading were 

prepared and subjected to a thermal ramp in conventional DSC at 10°C/ min to 

determine drug solubility in the molten matrix. The drug solubility in the matrix was 

calculated by linear regression and extrapolation of AHfo. A significant difference in 

solubility between the free base, hydrochloride and sulphate forms in the molten 

Eudragit' RL PO matrix was observed. The free base exhibited the highest solubility 

at 28.48 ± 3.4 % while QHC1 displayed lowest solubility of 7.96 ± 2.2%. QS04 had a 

solubility of 19.27 ± 2.34%. Binary mixtures containing 30% QB or lower did not 

show a melting endotherm during heating. This was also true for mixtures containing 

20% w/w or lower QSO4 and 5% or lower QHC1. This indicated the absence of 

crystalline drug at these concentrations and signified that below these critical 

concentrations, the drug was present as a molecular dispersion.

120

l
100

80 l

60

I
40 i

20

0
0

S

J
l l

20 40 60 80
Drug concentration in binary mixture (%w/w)

l

100 120

Figure 4.4. Calculation of solubility of (♦) QB (■) QSO4 and (a) QHC1 in the 

Eudragit® RL PO molten matrix using DSC. Mean values shown ± S.D. (n=5).
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4.3.5. Effect of polymer concentration on the thermal properties of quinine
Physical mixtures of drug and polymer were prepared and the effect of increasing 

polymer concentration in the physical mixture on the melting temperature of the drug 

was evaluated using conventional DSC (table 4.1 .)•

Table 4.1. The effect of increasing % w/w polymer content in binary mixture on 

depression of melting point (°C) of the crystalline drug. Mean values shown ±

S.D. (n=5).

% RL PO OB QHC1 qso4
0 177.27 ±0.82 148.69 ±0.98 229.87 ± 1.2

20 174.21 ±0.32 148.21 ± 1.12 219.94 ± 1.21
50 167.6 ±0.89 148.32 ±0.82 213.07 ±0.39
60 164.37 ±0.91 148.42 ± 1.21 211.54 ±0.27
70 No endotherm 148.28 ±0.65 208.34 ± 1.21
80 No endotherm 148.11 ±0.87 No endotherm
90 No endotherm 148.08 ±0.23 No endotherm

In the absence of polymer, the melting temperature of QB, denoted by the 

peak maxima of the melting endotherm was found to be 177.27°C. With the addition 

of 20% polymer, the melting temperature of the crystalline drug was reduced to 

174.21°C and a 50:50 drug polymer mixture reduced the melting point further to 
167.6°C. This trend continued as % w/w of polymer in the binary mixture increased to 

60%. Beyond this concentration (i.e. 70 80 and 90% w/w RL PO), DSC thermograms 

showed a complete absence of melting endotherm indicating the absence of quinine 

base crystallinity and signifying that a conversion to the amorphous form had ensued. 

A similar trend was observed with QS04. Increasing the polymer concentration within 

the binary mixture resulted in a reduction in melting point of the crystalline drug from 

229.87°C (pure crystalline material) to 208.34°C at 70% w/w. No melting endotherms 

were observed at 80 % w/w polymer content indicating complete absence of 

crystalline drug at 10 and 20% drug loading. Interestingly, the addition of RL PO to 

the binary mixture had no significant effect on melting point of QHC1, nor did 

increasing % w/w polymer content have an effect on the melting point of the 

crystalline drug. These studies suggest differences in miscibility and polymer-drug 

interactions between the hydrochloride and the sulphate and free base forms of 

quinine (figure 4.5).
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Figure 4.5. DSC thermograms obtained during melting point depression studies 

for binary mixtures containing RL PO and (a) QB (b) QSO4 and (c) QHCI
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4.3.6. Effect of drug forms and loading on the glass transition temperature of 
Eudragit® RL PO

The glass transition temperature of solid dispersions prepared by HME containing 

increasing drug loadings was measured using MDSC (figure 4.6.). Extrudates 

containing QB, QHC1 and QSO4 at 5% w/w loadings displayed a significant reduction 

in glass transition temperature of Eudragit RL PO, indicating that the three forms 

acted as solid state plasticizers. No difference in the magnitude of transition 

depression between QB, QHC1 and QSO4 at 5% w/w was observed. Increasing the 

QB concentration however in the formulation however resulted in a progressive 

reduction in Eudragit'1 RL PO glass transition temperature from 66.2 ± 0.43 °C to 

39.9 ± 1.86 °C between 5 and 30% w/w. Increasing QB loading to 50% w/w afforded 

no further reduction in glass transition.

70

65

60

55

uo
'St)

45

■ RL PO
■ QB
■ QHCI
■ QS04

40

35

30
5 10 IS

Drug concentration (% w/w)
30 50

Figure 4.6. Effect of drug loading on the glass transition temperature of Quinine- 

RL PO extrudates prepared by HME. Mean values shown ± S.D. (n=5).
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Unlike QB, increasing the drug loading of QHC1 within the hot melt extrudates above 

5% w/w did not result in a further reduction in glass transition temperature. Those 

extrudates containing QSO4 however displayed a progressive decrease when drug 

loading was increased from 5 to 15% w/w and the glass transition decreased from 

66.2 ± 0.43 °C for pure polymer to 41.78 ± 1.83 °C for 15% w/w loaded extrudates. 

Beyond 15% w/w QSO4, there was no significant reduction in glass transition 

temperature of the polymer. These results highlighted that all three forms had the 

ability to act as solid state plasticizers for the polymer at 5% w/w but drug form and 

concentration imparted a significant influence on the thermal properties of the 

polymer, potentially indicating differences in the degree of interaction.
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4.3.7. Crystallinity of hot-melt extrudates
Crystallinity of the hot melt extrudates and pure materials were analysed using 

XRPD. Pure crystalline QB, QHC1 and QS04 were analysed individually and showed 

differences in their characteristic diffraction pattern (figure 4.7) indicating that each 

salt had unique solid state properties.

2 Theta

Figure 4.7. XRPD patterns of pure crystalline drug (-) QB, (-) QHC1 and (-)

qso4

Hot melt extrudates containing increasing concentrations of QB, QHC1 and 

QS04 were then prepared and analysed using XRPD. The results obtained from these 

studies were in good agreement with those obtained from DSC studies showing that 

solid state properties of the extruded dosage forms were influenced by quinine form 

and concentration in the formulation. Extrudates containing 5%, 15 and 30% w/w QB 

showed a diffraction pattern typical of an amorphous material indicated by the lack of 

crystalline peaks, which corresponded to that of the pure polymeric material (figure 

4.8). The absence of peaks within these samples suggested the absence of crystallinity 

and indicated that QB underwent a crystalline to amorphous transformation during 

hot melt extrusion at concentrations of 30% w/w and under. Physical mixtures at the
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same concentrations were also analysed and all were found to exhibit characteristic 

crystalline peaks corresponding to the pure material. This indicated that it was the hot 

melt extrusion process that which caused the crystalline to amorphous conversion as 

opposed to the ambient mixing process carried out when the physical mixtures were 

prepared. At concentrations as low as 5% w/w in the physical mixtures, crystalline 

drug peaks were detectable indicating that sensitivity of the technique for this material 

was below 5% w/w loadings.

40% QB EXT

30% QB EXT

15% QB EXT

5% QB EXT

100% QB

2 Theta (°)

Figure 4.8. XRPD patterns of (-) 100% QB, (-) 5% w/w QB extrudates (-) 15% 

w/w QB extrudates (-) 30% w/w QB extrudates ( ) 40% QB extrudates

From DSC studies, solubility of QB in the molten matrix was determined to be 

approximately 27.48 ± 3.4 % w/w therefore this in combination with XRPD studies 

provided evidence that QB dissolved totally in the molten polymer matrix during hot 

melt extrusion up to 30% w/w. Extrudates containing 40%w/w displayed 

characteristic crystalline QB peaks showing that at drug loadings in excess of 30% 

w/w the drug was present in the crystalline form.

190



In
te

ns
ity

 (c
ou

nt
s)

Chapter 4

Extrudates containing 5% w/w QHC1 were absent of crystalline material indicating 

that a crystalline to amorphous conversion of the hydrochloride occurred during hot 

melt extrusion. Similar to QB, physical mixtures for all concentrations were prepared 

and were shown to exhibit crystalline diffraction patterns, which corresponded to the 

pure material. At QHC1 concentrations of 10% w/w and higher, crystalline peaks were 

detected in all of the extrudates sampled suggesting the formation of a crystalline 

dispersion upon extrusion. This provided evidence that differences in the solid state 

properties of extrudates containing QB and those containing QHC1 existed since 

extrudates containing up to 30% w/w QB loadings were amorphous hence indicating 

the formation of a molecular dispersion. XRPD patterns obtained for hot melt 

extrudates containing QHC1 were also in good agreement with results obtained from 

DSC where QHC1 displayed lowest solubility of the three forms at 7.96% w/w ± 2.2.

5% QHCI EXT

30% QHCI EXT

10% QHCI EXT

20% QHCI EXT

2 Theta (°)

Figure 4.9. XRPD patterns of (-) 100% QHCI, (-) 5% w/w QHCI extrudates , (-) 
10% w/w QHCI extrudates, (-) 20% w/w QHCI extrudates( ) 30% w/w QHCI 
extrudates
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A similar trend was observed for extrudates containing QSO4 and XRPD results were 

also in agreement with findings from DSC studies. Solubility of QSO4 was found to 

be approximately 19.27 ± 2.34 %. All extrudates containing concentrations of 

20%w/w QSO4 and below displayed an amorphous diffraction pattern indicating the 

presence of a molecular dispersion (figure 4.10). It was confirmed that the change 

from crystalline to amorphous form of drug occurred during hot melt extrusion by 

comparison with physical mixtures at the same concentrations, all of which (in 

concentrations as low as 5%w/w) showed the characteristic crystalline peaks. Above 

20% w/w, QSO4 was present as a crystalline dispersion. Degree of crystallinity of the 

drug increased when the concentration of drug in the hot melt extrudates was 

increased to 30% w/w shown by an increase in number and intensity of peaks in the 

XRPD pattern.

9000

8000 -

7000

6000 -

5000 -

4000 -

3000 -

2000

1000 -

2 Theta (°)

Figure 4.10. XRPD patterns of (-) crystalline QSO4, (-) 20% w/w QSO4 extruded 

(-) 25% w/w QSO4 extruded, (-) 30% w/w QSO4 extruded
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4.3.8. Determination of the mechanism of crystalline to amorphous transition of 
quinine during HME

XRPD studies provided evidence that a crystalline to amorphous transition occurred 

during hot melt extrusion for QB, QHC1 and QS04 loaded systems and that the 

quinine form and concentration exerted a significant impact upon the solid state 

properties of the hot melt extrudates. To ascertain if this conversion was a direct result 

of exposure to elevated temperatures causing melting of the crystalline drug or as a 

result of dissolution of the drug in the polymer matrix, films containing drug and 

polymer were prepared by a solvent casting method to eliminate temperature as a 

variable. XRPD analysis of the milled solvent cast films was then carried out (figure 

4.11). Concentrations of quinine in the solvent cast films were chosen based on the 

concentrations in the hot melt formulations which gave an amorphous diffraction 

pattern.

2 Theta

Figure 4.11. XRPD patterns of solvent cast films containing (-) 30% w/w QB cast 
film, (-) 15% w/w QSOj cast film (-) 5% w/w QHC1 cast film

For all three quinine forms, preparation of solvent cast films in the same 

concentrations to those processed by hot melt extrusion gave rise to an amorphous 

diffraction patterns. This therefore provided evidence that in the absence of elevated
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temperatures, Eudragit' RL PO had the ability to behave as an efficient solvent for 

the drug forming an amorphous molecular dispersion.

4.3.9. Surface morphology of hot melt extrudates
Surface morphology of hot melt extrudates was assessed using scanning electron 

microscopy. A summary of these investigations is provided in table 4.2. All samples 

were observed at a range of magnifications. Hot melt extrudates containing 5% w/w 

QB, QHC1 and QSO4 were smooth and homogenous at all magnifications. This was in 

good agreement with findings from XRPD and DSC providing further evidence that 

the drug had dissolved fully within the polymer matrix at this concentration. At 15 

and 30% w/w QB extrudates were also smooth and homogenous at all magnifications 

indicating total miscibility and supporting deductions that a one phase molecular 

dispersion was formed up to concentrations of 30% w/w. On the surface of QHC1 

extrudates at 15% w/w, needle like crystals were apparent indicating that the drug was 

present in the crystalline form and supported DSC and XRPD studies where solubility 

of QHC1 within the molten matrix was found to be less than 10%w/w. Increasing the 

concentration of QHC1 in the matrix from 15% w/w to 30% w/w resulted in an 

increase in the amount of crystals observed per unit area of sample indicating that 

saturation solubility within the matrix was surpassed. At 5 and 15% w/w QS04, 

extrudates appeared smooth and no evidence of crystals were found at the surface of 

the extrudates. However, at 30% w/w crystals were present as a fine dispersion.
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Table 4.2. Surface morphology of quinine loaded hot melt extrudates containing 

(A) 5% w/w (B) 15% w/w (C) 30% w/w QB, QHC1 or QS04

OB OHC1 OSOi

X 1000 magnification X 1000 magnification X 1000 magnification
No crystals observed No crystals observed No crystals observed

B

QUB Sll ?0liV XI00

X 2000 magnification X 5000 magnification X 13000 magnification
No crystals observed Crystals present No crystals present

X 200 magnification 
No crystals observed

X 1000 magnification 
Crystals observed

X 5000 magnification 
Crystals observed
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4.3. 10. Raman mapping of hot melt extrudates
Studies were conducted to determine if Raman mapping could be used to distinguish 

between an amorphous molecular dispersion, an amorphous dispersion and a 

crystalline dispersion of quinine. An amorphous dispersion contains a polymeric 

phase and a dispersion of amorphous drug within the polymeric carrier therefore these 

systems are two phased dispersions. A molecular dispersion however contains a one 

phase system where the drug is dissolved at the molecular level within the polymer 

and this is the most desirable solid dispersion particular when formulating poorly 

water soluble entities due to the numerous advantages with such systems. A 

crystalline dispersion is also a two phased system whereby the drug is dispersed 

throughout the polymer as a fine crystalline dispersion. Raman mapping generates 

detailed chemical images based on the sample’s Raman spectrum. A large number of 

spectrum are collected across the sample over a defined area and then interrogated to 

generate false colour images. The intensity of a peak is proportional to concentration 

therefore areas containing high drug concentration are easily identified based on peak 

intensity. Mapping of the surface of the sample was carried out using two selected 

peaks from the spectra of the pure polymer and pure QB (figure 4.12).
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1800 1750 1700 1650 1600 1550 1500 1450 1400 1350 1300

Raman shift (cm l)

Figure 4.12. Characteristic Raman spectra of (A) 100% QB and (B) 100% 

Eudragit" RL PO. Chosen peaks for Raman mapping studies are marked with 

an asterisk

The peak at 1724cm"1 was chosen as the marker for mapping studies since this 

was distinct for Eudragit RL PO and therefore the polymer could easily be identified 

by the presence of this peak. The peak chosen for mapping studies to identify the 

presence of quinine was 1365cm 1 due a high intensity and low risk of interference 

from RL PO spectral peaks (figure 4.14). This peak shifted to 1363 and 1362 cm'1 

respectively in the pure QHC1 andQS04 therefore mapping studies accounted for this 

shift.
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C

E

Figure 4.14. 2D Raman mapping coloured images of hot melt extrudates 
containing (A) 5% QS04 (B) 30% QS04 (C) 5% QB (D) 40% QB (E) 5% QHC1 

and (F) 30% QHC1
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At 5% w/w quinine, XY images showed that there were no areas throughout the 

surface sampled with a high drug to polymer peak intensity ratio and images for all 

forms were comparable with the mapping image of pure polymer as indicated by the 

uniform black image. This provided further evidence in addition to DSC and XRD 

that the drug was present in the amorphous form as a molecular dispersion throughout 

the polymer. Concentrations above the calculated saturation solubility of the drug 

were also mapped. 30% w/w QHC1 and QSO4 images showed that drug reach regions 

were present and was in good agreement with XRPD and DSC that a crystalline 

dispersion of drug in carrier matrix was formed during hot melt extrusion. Similar 

findings were also shown for QB at 40% w/w.

4.3.11. Manufacture and characterisation of additional quinine salts
It has been shown that varying the commercially available salt form of quinine had a 

significant impact upon the solid state properties of the extrudates produced by hot 

melt extrusion. In order to gain further insight into the effect of the salt form, two 

additional quinine salt forms were manufactured using benzoic acid (BA) and 

salacylic acid (SLA). To confirm that intended salts were successfully manufactured 

and extracted, single crystal XRD was performed on the final compound (figure 4.15 

and 4.16). Bond lengths were measured between the C7 of the carboxcylic acid group 

of benzoic and salicylic acids as this can aid with solving the crystal structure and 

allow determination if the bond is ionised or a simple hydrogen bond. The bond 

length between the C-0 (Ol) and C=0 (02) were 1.25 and 1.27 respectively in the 

QBENZ molecule and were 1.26 and 1.26 respectively in the QSAL molecule 

indicating that there was no difference in the bond length in the molecule. An 

interaction was also observed between the 03 and C7 in the QSAL molecule which 

had a longer bond angle of approximately 1.35.
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Fi8ure 4.14a. Single crystal XRD images of the manufactured Quinine Benzoate 

salt showing interaction between -OH group of BA and N of the quinine

^uinuclidine moiety
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Figure 4.14b. Single crystal XRD images of the manufactured Quinine Salicylate 

salt showing interaction between -OH group of SA and N of the quinine 

quinuclidine moiety
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Raman spectroscopy was also performed on QB, the salt of the acid and the newly 

formed quinine salt and are shown in figure 4.15 and 4.16.

QB

QBENZ

Na Benzoate
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Figure 4.15a. Characteristic Raman spectra of quinine base, quinine benzoate 

and sodium benzoate
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Figure 4.15b. Characteristic Raman spectra of quinine base, quinine salicylate 

and sodium salicylate
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Raman spectroscopy also confirmed that the final salt formed was a combination of 

both raw materials used during manufacture. The absorption band at approximately 

1600 cm"1 in the sodium benzoate spectra has been previously reported to be due to 

the asymmetrical stretching mode of the COO" anion which shifted to a lower 

wavenumber in the QBENZ salt confirming an interaction at this carboxylate anion 

(Peica et al., 2007) which was in good agreement with single crystal XRD imaging 

data. The peak observed at approximately 1000cm'1 in the sodium benzoate raw 

material spectra, which did not appear in the quinine raw material was observed in the 

newly manufactured salt and was shifted to a lower wavenumber and this has also 

been reported to be due to C-H deformation in the benzene ring caused by salt 

formation with quinine. The peak observed at approximately 1365cm'1 in the pure 

quinine peak was also present in the final salt and showed a shift in wavenumber. 

This peak is known to shift following protonation of the quinuclidine nitrogen 

(Weselucha-Birczynska, 2007), which also corresponded with single crystal XRD 

imaging that a salt was formed. Similarly with the quinine salicylate salt, the 1365cm"

' in peak observed in the pure quinine peak was also present in the final salt and 

showing a shift in wavenumber indicating protonation of the quinuclidine nitrogen. 

The peak in the pure sodium salicylate at approximately 1040cm 1 which was absent 

in pure quinine, was observed in the spectra of the final salt and also corresponded to 

C-H deformation in the benzene ring indicating that this was a combinate of the two 

starting materials.

4.3.12. Physiochemical characterisation of QBENZ and QSAL

TGA analysis of QBENZ and QSAL was carried out and shown in figure 4.16 and 

4.17. QBENZ showed good thermal stability up to 180°C beyond which rapid weight 

loss occurred indicating significant degradation of the compound. A small loss in 

mass of 2.9% up to 115°C which was observed which was confirmed to be due to loss 

residual moisture using Karl Fischer analysis. QSAL showed good thermal stability 

beyond 200°C. A mass loss of approximately 4.7% was observed. Single crystal XRD 

confirmed the salicylate to be a monohydrate and this corresponded to loss of the 

water of crystallisation of the compound. The molecular weight of water is 18g/mol 

and this represents approximately 4% of the overall weight of the molecule.
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Figure 4.16. TGA analysis of QBENZ sodium benzoate and QHC1
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Figure 4.17. TGA analysis of QSAL, sodium salicylate and QHC1
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The thermal properties of QBENZ and QSAL were determined using DSC and 

solubility in the polymer matrix determined. Aqueous solubility of each of the quinine 

salts was determined and a summary of the corresponding melting point, enthalpy of 

fusion and aqueous solubility for each of the salt forms is shown in table 4.3.

Table 4.3. Summary of thermal properties, solubility in the Eudragit® RL PO 

polymer matrix and aqueous solubility

QBENZ QSAL QHCI QB qso4
Melting

point (°C)
171.6 ± 1.2 199.2 ± 1.2 149.0 ±2.0 177.1 ± 1.3 231 ± 1.4

Solubility
in RL PO
matrix
(% w/w)

3.9 ±2.9 14.4 + 2.7 7.9 ±2.21 28.4 ±3.4 19.2 ±2.34

Aqueous Ig in 1 g in Ig in Ig in Ig in

Solubility 350ml 500ml 40ml 1900ml 833ml

Molecular
weight
(g/mol)

446.54 462.55 378.90 324.42 782.95

The results showed that manipulation of the salt counter ion can not only significantly 

affect the physiochemical properties of the resultant salt compound but exerts a 

significant influence on the solubility of drug within the molten polymer matrix. This 

in turn also directly affected the solid state properties of the hot melt extrudates 

produced since solubility determines whether the drug will be in amorphous or 

crystalline dispersion. The solubility of QBENZ in the polymer matrix was 

approximately 3.9 ± 2.1 % w/w and thus was comparable to QHC1 (7.96 % w/w ± 

2.2) while QSAL was 14.4 ± 2.7 % w/w followed by QS04 (19.27 % w/w ± 2.24) and 

then QB with the highest solubility in the matrix at 28.4% ± 3.4. There was no 

correlation between molecular weight and solubility of salt in the molten matrix, nor 

was there a correlation between melting point and solubility in the polymer matrix. 

Interestingly however there was a correlation between aqueous solubility and 

solubility of drug in the molten matrix. The order of salt aqueous solubility from
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lowest to highest was QB<QSO4<QSAL<QBENZ<QHCL In this case the order of 

solubility in the matrix from highest to lowest values also followed this order where: 

QB>QS04>QSAL>QBENZ s? QHC1 and there was no difference in solubility 

between QBENZ and QHC1.
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4.4. DISCUSSION
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This work has shown that molecular and crystalline dispersions of a poorly water 

soluble entity such as quinine can be easily manufactred using Eudragit' RL PO as a 

carrier matrix processed by HME. It was highlighted during these investigations and 

in chapter 3 that prior knowledge of the solubility and miscibility of a given drug 

within a polymer matrix can enable an accurate prediction of the resulting 

characteristics and solid state properties of the solid dispersions produced, which in 

turn can influence the dissolution properties of the dosage forms. The use of HME 

technology is currently limited within the pharmaceutical industry and this in part is 

due to lack of comprehensive understanding of the association mechanisms which 

occur between drug and polymer during extrusion and how these interactions affect 

performance and stability of the drug product. Investigating such properties allows a 

greater depth of understanding of hot melt systems and thus manipulation of the 

characteristics of the dosage form can be carried out in a non empirical manor 

imparting a wider commercial potential for hot melt systems. This work provided an 
insight into the effect of salt formation of a basic drug prior to hot melt extrusion on 

the physiochemical properties of hot melt extrudates. Within the pharmaceutical 

industry, salt forming agents are often chosen empirically and the form to be 

commercialized is usually selected based on practical considerations such as cost of 

raw materials, ease of crystallization, percentage yield, stability, hygroscopicity and 

flowability (Berge et ai, 1977). Developing an understanding of how pharmaceutical 

salt form affects the properties of dosage forms produced by hot melt extrusion can 

therefore reduce or even eliminate empirical selection of drug salt type when 

manufacturing drug loaded dosage forms by hot melt extrusion.

Prior to hot melt processing, the thermal properties of each of the quinine 

forms were characterized using TGA and DSC. TGA showed that all forms exhibited 

good thermal stability within the temperature ranges required to process RL PO and 

when held isothermally for lOminutes at 150°C. Both QHC1 and QSO4 had a higher 

degradation temperature than the free base as indicated by a 35°C rise in volatilization 

temperature of the salts compared with the free base. This is attributed to the presence 

of ionic intermolecular forces of attraction within the molten salt, which are absent 

within the molten free base (Kumar et ai, 2008). From the manufacturers certificate 

of analysis, it is known that QHC1 and QSO4 are hydrates containing one and two 

molecules of water respectively per mole of compound. DSC has been shown have
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the ability to detect the presence of pharmaceutical hydrates and quantify water 

content within crystalline drug samples (Khankari et al., 1992). When exposed to 

elevated temperatures such as those experienced during DSC analysis or HME, QHC1 

and QSO4 exhibited a loss of water of crystallisation resulting and a mass loss in TGA 

coupled with an evaporation endotherm in DSC. QHC1 and QSO4 are 

psedopolymorphs as they are defined as crystalline solid adducts containing solvent 

molecules within the crystal structure (Ghugare etai, 2010). It is known that hydrates 

and solvates crystallize more easily because two molecules often pack together more 

easily than single molecules due to symmetry considerations and the ability to form 

hydrogen bonds through the solvent molecules (Vippagunta et al., 2001). The 

incorporation of water molecules into the solid form influences the intermolecular 

interactions and the crystalline disorder (Khankari and Grant, 1995) therefore removal 

of water can alter the crystalline structure and hence influence the physiochemical 

characteristics of the crystalline material such as melting point, and solubility. This 

also may provide an explanation for the fact that both salt forms had lower enthalpy 

of fusion than the free base. Ledwidge et al. (1996) studied two crystalline forms of 

diclofenac (N)-(2-hydroxyethyl)- pyrrolidine, an anhydrate and a dihydrate. It was 

shown that the dihydrate exhibited a different crystal structure, lower melting point, 

lower thermodynamic activity, and consequently lower solubility at 25 °C than the 

anhydrate and water was shown to alter the basic crystal structure by affecting 

intramolecular hydrogen bonding in a predominantly space filling role. Conversion of 

anhydrate to the hydrate in an aqueous environment also was reported for this drug. 

Beyond the point where a material has lost its water of crystallization, it is known as a 

desolvated solvate. These studies have therefore shown that at RL PO processing 

temperatures, the quinine salts will loose their water of crystallization and convert to 

the desolvated solvate forms. This in itself can prove advantageous as the applied rule 

for solubility behavior of solid solvates is that they are always less soluble in the 

solvent forming the solvate than the original solid (Grant and Higuchi, 1990). Thus, 

hydrates like QHC1 and QSO4 are less soluble in water than the corresponding 

anhydrous form providing a further unrecognized advantage of formulating hydrated 

drug products by hot melt processing. A model example of this behaviour is exhibited 

by caffeine hydrate where the hydrate is less soluble in water than anhydrous form 

(Huang and Tong, 2004).
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The crystallisation water of hydrates may either be removed or retained in the melt 

depending on the level of interaction between drug and water molecules. Fini et al. 

(1998) showed that loss of water of crystallization of the dihydrate form of 

diclofenac/N-(2-hydroxyethyl) pyrrolidine salt occurred between 45 and 110°C and 

was attributed to weak forces of interaction. Similarly, the water of crystallization for 

QHC1 and QS04 was removed from the structure at approximately 84°C for QHC1 and 

95°C for QS04 indicating that water was loosely bound within both structures and 

may easily be removed during processing of RL PO at 150°C. It is notable therefore 

that when processing these salts with polymeric carriers which require lower 

processing temperatures below the water loss temperatures that water will still remain 

within the sample and since water is known to act as a plasticizer (Hancock and 

Zografi, 1994) this can affect product performance and stability.

Initial observations during the manufacture of quinine loaded extrudates 

suggested that there were profound differences in the solubility of each of the drug 

forms within the carrier matrix. Chapter 3 showed that visual observation of hot melt 

extrudates generally correlates well with XRPD and DSC analysis regarding the 

detection of crystalline or glassy solid dispersions based on translucency or opacity of 

hot melt extrudates. Samples containing QB were translucent approaching 30% w/w 

while QHC1 extrudates were translucent up to 10% w/w. QSO4 extrudates appeared 

translucent at concentrations up to 15% w/w. For all quinine forms, when the 

concentration exceeded these values, extrudates had an opaque appearance indicating 

that a solid crystalline dispersion was likely.

As the absorption rates of many poorly water soluble compounds such as 

quinine depend upon the rate of drug dissolution, controlling the dissolution can 

control oral drug absorption. Understanding the solid state properties therefore of hot 

melt extrudates is important as it allows prediction of the dissolution behavior of the 

dosage form which can be extrapolated to oral bioavailability. An understanding of 

the solid state properties of extrudates also enables determination of the limiting 

concentration of the polymer required to achieve the amorphous drug form. Solubility 

of drug in RL PO was determined using DSC. Salinification of quinine prior to hot 

melt extrusion was shown to significantly influence the solubility of drug in the 

polymer matrix with the free base exhibiting the highest solubility at approximately
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28.5% w/w. QHC1 exhibited the lowest solubility at just under 8% w/vv while QSO4 

had a solubility just below 20% w/w. Samples containing drug at concentrations 

below the calculated solubility did not show a melting endotherm indicating that the 

drug was in the amorphous form in the presence of RL PO which suggested the 

formation of a molecular dispersion of the free base in the carrier matrix. Elevated 

temperatures and high pressures during processing followed by cooling can 

significantly impact polymeric free volume (Follonier et ai, 1995). When the 

temperature increases, the polymer chain motion and hence free volume increases 

allowing drug molecules to enter the voids. Upon cooling therefore, it is likely that 

the quinine molecules remained dispersed in these domains and therefore became 

solubilised within the polymer. Lack of a melting endotherm due to the conversion of 

crystalline drug to the amorphous form has been observed by a number of authors. 

Zahedi and Lee (2007) reported when loaded into poly(2-hydroxyethyl methacrylate) 

(PHEMA) hydrogels, a complete disappearance of the crystalline melting peak of 
diclofenac sodium in DSC was observed. Similarly Gryczkeb et al. (2011) showed 

that incorporation of ibuprofen into a eudragit EPO matrix prepared via by hot melt 

resulted in the production of a glassy solution of the drug shown by a subsequent loss 

in crystalline peak when analysed by DSC.

A number of authors have suggested that interactions such as hydrogen 

bonding between the drug and polymer are responsible for the formation of an 
amorphous drug within a polymeric matrix (Taylor and Zografi 1997) (Khougaz and 

Clas 2000) (Matsumoto and Zografi 1999). It is therefore apparent that because 

significant differences in the solubility of each of the quinine forms was observed, 

there were differences in the types and/or strength of interactions between QB, QHC1 

and QSO4 with RL PO. The addition of quinine to the RL PO carrier matrix was 

shown shown have a significant influence on the polymer glass transition temperature 

and all three forms plasticized the polymer below the saturation solubility. Above 

this, there was no further reduction in plasticizing ability of the drug. These findings 

therefore highlighted differences in the level of interaction each of the drug forms and 

the polymer during HME. Holgado et al. (1995) have suggested that changes in the 

glass transition of a polymer may be influenced by the degree of interaction between 

the drug and the polymer. These authors specify that addition of drug to the hot melt 

formulation may result in one of three out comes: the glass transition temperature may
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increase, decrease or stay the same. If the interaction is extremely strong, an increase 

in glass transition can be observed. Weaker interactions can cause a reduction in glass 

transition due to an interaction between drug and polymer between the chains, which 

increases molecular mobility of the polymer. In such a case, the drug acts as an 

additive and induces a rise in the polymer chain mobility. No change in the glass 

transition of the polymer may also result due to a balance between anti-plasticizing 

and plasticizing actions.

It is well documented that drugs can act as solid state plasticizers for 

polymeric materials which can influence the thermomechanical properties of the 

material (Siepman et ai, 2006) (Wu and McGinity, 2003) (Schilling et ai, 2003). 

Plasticizers are known to impart flexibility and affect the glass transition temperature 

due to the presence of the plasticizer molecules between polymer chains, which 

causes disruption of the forces holding the chains together resulting in a subsequent 

reduction in the number of chain entanglements (Swallowe, 1999). This effect can be 

advantageous as it allows lower processing temperature of the polymer during HME. 

Multiple authors have shown that acrylate polymers in particular may be plasticized 

by the inclusion of drug. Jenquin et al. (1990) showed that chlorpheniramine maleate 

caused a reduction in glass transition of Eudragif1 RL PO and RS PO films. Siepman 

et al. (2006) also reported that metoprolol tartrate, chlorpheniramine maleate and 

ibuprofen were efficient plasticizers for Eudragif' RS PO in solvent cast films and it 

was shown that both the thermal and mechanical properties of the polymeric films 

were affected with increasing concentrations of drug. In a study conducted by Shan- 

Yang Lin et al. (1995) piroxicam was shown to cause solid state plasticization of 

Eudragit E100 with a subsequent reduction in mechanical strength with increasing 

drug loading in the films. The authors attributed this effect to hydrogen bonding 

between the piroxicam molecules and El00 molecules. Aitken-Nichol et al. (1996) 

used hot-melt extrusion to produce E100 films containing lidocaine hydrochloride and 

compared with cast films of the same formulation. Marked differences were observed 

between both formulations and differences in dissolution rate and mechanical 

properties were reported and were directly attributed to the dissolution of the drug in 

polymer which occurred during hot melt extrusion. This was likely to be caused by 

differences in the type of molecular interactions between drug and polymer as 

stronger interactions have been reported to significantly influence drug release
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through the polymeric film (Jenquin et al. 1990) (Jenqiuin et al. 1994).

DSC studies provided evidence for a crystalline to amorphous transition 

following the application of thermal energy given by the disappearance of the 

crystalline peaks in a number of formulations. Different solid state forms of a drug 

(i.e. crystalline or amorphous) have variable physical and chemical properties, which 

can affect the processability and stability properties of the material. Altering the solid 

state form of a drug therefore offers a mechanism to improve dissolution in addition 

to the widely used salinification method to improve the bioavailability of poorly water 

soluble entities such as quinine. It is necessary therefore to have a full understanding 

of the physical state of the drug in the extruded formulations, as this may profoundly 

affect both the stability and the dissolution behaviour of the product. It is well known 

from the solid dispersion field that the drug can exist in more than one physical state 

within the polymer. XRPD studies were therefore carried out to assess the solid state 

properties of each of the quinine loaded hot melt extrudates. A unique diffraction 

pattern for QB, QHC1 and QSO4 was observed indicating that each form had a 

characteristic pattern of molecular packing. In the crystalline state the constituent 

molecules are arranged into a fixed repeating array built of unit cells (Aaltonen et al., 

2009) and the arrangement of these unit cells can differ depending on the salt counter 

ion type resulting in a characteristic diffraction pattern for each form. XRPD patterns 

of milled extrudates correlated well with results from DSC studies. Below the 

calculated saturation solubility of each of the quinine forms, the hot melt extrudates 

exhibited an amorphous diffraction pattern indicated by the absence of crystalline 

peaks corresponding to the pure drug. Above the saturated solubility of QB, QHC1 

and QSO4, XRPD showed that a crystalline dispersion was produced. In the hot melt 

extudates that were shown to be amorphous, quinine may be present in the glassy 

state dispersed as a separate phase to the polymer, dissolved at a molecular level 

within the polymer or a combination of both. Drug-polymer mixing homogeneity is 

generally accepted as one of the critical attributes that affect the stability of the solid 

dispersion since an inhomogeneous solid dispersion drug rich regions can lead to 

unexpected destabilization of the solid solution (Qian et al., 2010). It is essential to 

understand the nature of distribution of the drug in the carrier matrix to enable 

rationalization of formulation of the dosage and understand the factors which may 

influence drug release. It has been reported that DSC has the ability to determine if a
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glassy phase of drug exists within a polymer matrix by detection of a glass transition 

temperature for each phase. Six et al. (2003) used DSC to show that phase separation 

of itraconazole in a eudragit El00 hot melt matrix occurred in excess of the saturated 

solubility of the drug. Below the saturated solubility, the authors detected one glass 

transition but above the saturation point, two glass transitions were apparent one 

which corresponded to the drug polymer molecular dispersion and one corresponding 

to the separate glassy phase of amorphous itraconazole. Several other studies reported 

in the literature have implied that the detection two glass transition temperatures in 

the solid dispersion sample may indicate amorphous phase separation 

(Wiranidchapong et al. 2008) (Gashi et al. 2009) (Rumondor et al. 2009). During 

these investigations, at concentrations above the saturation solubility of all of the 

quinine forms, only one glass transition was observed in DSC analysis indicating that 

a one phase molecular dispersion was formed below the saturation solubility of 

quinine. For an amorphous drug polymer solid dispersion, a distinctive single glass 

transition intermediate of the two glass transition values of the two components has 

been considered as an indication of the mixing uniformity and this is critical for the 

stability of the amorphous drug (Qian et al., 2010). Above the saturation solubility for 

all forms, a melting endotherm was detected and a crystalline dispersion confirmed 

using XRPD analysis indicating that there was the formation of a molecular 

dispersion below the saturation solubility which co-existed with a crystalline phase 

when the solubility in the polymer matrix was exceeded. The processing temperature 

was below the melting temperature of all of the quinine forms but during hot melt 

extrusion, conditions such as elevated temperatures and shear may present favorable 

conditions for a change in crystal form (Zhang et al., 2004). DSC results therefore 

provided strong evidence that the mechanism of crystalline to amorphous transition of 

each of the quinine forms was due to drug dissolution in the molten polymer matrix 

rather than conversion due to mechanical heat and shear exerted on the material 

during the extrusion process itself. To test this hypothesis, solvent cast films were 

prepared to determine if the drug could dissolve in the polymer matrix in the absence 

of heat and mechanical shear. Drug loadings below the saturation solubility within the 

polymer were prepared and solid state properties confirmed using XRPD. All films 

were found to be amorphous in nature indicating that dissolution of drug occurred 

within the polymer matrix. To rule out the possibility that the casting solvent caused 

the crystalline to amorphous transition, a sample of the pure drugs were dissolved in
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the casting solution and complete evaporation of the solvent allowed to proceed and 

the drug allowed to recrystallise. The recrystallised drug samples were then assessed 

using XRPD and showed an identical diffraction pattern to that of the original 

material. These studies provided evidence there was an interaction between RL PO 

and quinine which resulted in inhibition of crystallisation of the pure drug in both cast 

films and hot melt extrudates and this was true for QB, QHC1 and QSO4. In a study 

conducted by Kotiyan and Vavia (2001) RL PO was found to be an effective 

crystallization inhibitor of 17p-estradiol when added to solvent cast transdermal 

matrix systems at concentrations as low as 0.25 to 2mg/cm . These authors attributed 

prevention of crystallization to the weak association of the proton of the quaternary 

amine of RL PO with the hydroxyl group of the drug. This could either bring about 

solubilisation of the drug or prevent collision of drug molecules and subsequent 

formation of nuclei. It was also suggested that the polymer could be adsorbed on the 

drug molecule, thus forming a protective coat on the surface resulting in stabilization. 

In another study by Cilurzo et al. (2005) RL PO was shown to cause inhibition of 

crystallization of ibubrofen due to hydrogen bonding between drug and polymer with 

a strong association and a high miscibility between drug and polymer resulting in the 

inhibition of crystallization.

Despite the large number of published studies on solid dispersions 

(approximately 600-700), the nature of the drug amorphous state has been less well 

investigated and it is still unclear how the drug is dispersed within the matrix in the 

many cases (Craig, 2002). Amorphous molecular level solid dispersions are ideally 

homogeneous single phase systems. In order to form a one phase system, the two 

components have to be thermodynamically miscible during processing. (Marsac et al., 

2009). Raman spectroscopy was used as a tool to further support deductions that 

below the saturation solubility, all quinine forms existed as a one phase molecular 

dispersion. While DSC is useful for the determination of a one or two phase 

amorphous system by the detection of one or two glass transition temperatures 

depending on the dispersion, results are not absolute and should be interpreted with 

caution. One recognized limitation is that the phase separation region has to be larger 

than approximately 30 nm, when DSC is used to measure the glass transition in order 

to detect a second phase (Krause and Iskander, 1977). Therefore smaller phases may
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not be detected by this method. Qian et al. (2010) showed that although only one 

glass transition temperature was detected with solid dispersions of a poorly water 

soluble drug and PVP, Raman mapping had the ability to detect two phases where 

there was a broad distribution of drug in polymer. During these investigations, 2D 

micro-Raman spectroscopic mapping was performed at random locations on hot melt 

extrudates with samples having either 5 or 30% w/w quinine. Two characteristic 

peaks were chosen which were specific to the drug and polymer. To avoid the effect 

of superficial extrudate roughness that causes point to point variations in the spectrum 

intensity, mapping results were normalized and presented in terms of peak intensity 

ratios. The technique has the capability to detect areas containing a high concentration 

of drug based on chosen and polymer and drug peak relative ratios. The polymer peak 

at 1726 and quinine peak at 1370 were selected and the ratio was selected as

being the intensity ratio of two characteristic peaks. At concentrations of 5%w/w drug 

DSC and XRPD showed that all quinine forms were present in the amorphous state. 

The 2D imaging for each of the salts showed that the mixing of the two components 

was uniform indicated by an a consistent black image and this showed that there were 

no areas which contained high concentrations of drug which indicated a molecular 

dispersion. Drug rich spots on the surface of hot melt extrudates corresponding to a 

higher Imb-hno ratio were observed above the saturation point of the drug showing 

that a solid crystalline dispersion was produced. The spots of drug rich areas represent 

particles of quinine that have not achieved molecular level dispersion in the polymer. 

The crystals however were well dispersed throughout the matrix indicating a 

crystalline dispersion of all of the quinine forms were present above the drug 

saturation solubility as calculated by DSC and supported by XRPD. This data 

suggests therefore that below its saturation solubility the drug was dispersed at the 

molecular level within the RL PO matrix and at concentrations above the calculated 

solubility point, a crystalline dispersion of drug in polymer resulted throughout. These 

studies have also shown that when Raman mapping is combined with XRPD it 

represents a powerful tool which can be used to characterise solid dispersions. 

Furuyama et al. (2008) used Raman mapping to characterise solid dispersions of 

troglitazone in PVP to showing the co-existence of the crystal and amorphous forms 

of the drug within the dispersion. The authors also used the sensitivity of the 

technique to allow differentiation of the diastereomer pairs of the drug which have 

differing physiochemical properties and which also co-exist post heat treatment of the
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sample. Karavas et al. (2007) also used Raman mapping to distinguish if the solid 

dispersion of felodipine in a PVP matrix carrier was an amorphous nanodispersion or 

a molecular dispersion. Improved in vitro and in vivo performance of drugs delivered 

in the amorphous form have been reported in a number of studies. For example a solid 

dispersion formulation of a dual 5-lipoxygenase/cyclooxygenase inhibitor ER-34122, 

prepared by solvent evaporation exhibited improved in vitro dissolution compared to 

the crystalline drug substance (Kushida et al. 2002). Similarly, the antiretroviral drug 

ritonovir, a compound with low solubility and permeability, showed a 10- fold 

increase in intrinsic dissolution rate when compared to its crystalline counterpart 

(Law et al., 2004). In a study by Tashtoush et al. (2004), the AUC and Cmax of a 

solid dispersion containing glibenclamide delivered with PEG6000, was shown to be 

greater than those measured for the commercially available tablets when given to 6 

healthy male volunteers.

SEM images were in good agreement with DSC and XRPD results. At 5% 

w/w QHC1, QB and QSO4 films appeared smooth and were devoid of visible 

crystalline material. At 15% w/w QB films were also smooth and lacked the presence 

of crystallites on the surface of the material. Films containing QHC1 showed the 

presence of crystallites at the surface of the extrudates due to the saturation solubility 

of QHC1 being exceeded hence not all of the loaded drug dissolved into the molten 

polymer matrix during hot melt extrusion. An explanation of crystal buoyancy which 

results in the appearance of superficial crystals on the surface of hot melt extrudates 

has been described in chapter 3.

Aqueous solubility has a significant impact on oral absorption and hence the 

consequent bioavailability. As expected, both QHC1 and QSO4 exhibited higher 

equilibrium solubility than the free base. The amorphous state is a high energy state 

compared to the crystalline state and therefore solubility and dissolution rates are 

higher for the amorphous form (Kogermann et al., 2009). It is reported that the 

solubility difference between various polymorphs is typically less than 10 times but 

the difference between amorphous and crystalline material can be up to several 

hundred times (Huang and Tong, 2004). A significant advantage of formulation of the 

amorphous form is that the amorphous substance does not require energy to break up 

the crystalline lattice (Taylor and Zografi, 1997) and hence the thermodynamic barrier

217



Chapter 4

to drug dissolution in reduced since the amorphous form is devoid of the three- 

dimensional long range order that is presented with the crystalline form of the drug 

(Andrews et al., 2009).

Two additional quinine salts were manufactured using sodium benzote and 

sodium salicylate by dissolving in aqueous medium and extraction into an organic 

solvent. Salts are formed when a compound that is ionized in solution forms a strong 

ionic interaction with an oppositely charged counterion, leading to crystallization of 

the salt form (Bhattachar et al., 2006). Under normal circumstances, the main 

objective of a salt selection study is to identify the salt form most suitable for 

development and the key parameters often considered as essential include aqueous 

solubility, high degree of crystallinity, low hygroscopicity (i.e., water absorption 

versus relative humidity), which gives consistent performance and good stability 

under accelerated conditions (Kumar et al., 2008). There are however, few 

rationalized considerations for appropriate salt selection principles for hot melt 

extrusion and few studies in the literature have studied the effects of drug salt on the 

physiochemical properties of solid dispersions within polymer matrices. Glaessl et al. 

(2010) prepared solvent cast films of Eudragit" RL containing tartaric acid, 

metoprolol free base and metoprolol tartrate showing differing levels of plasticization 

of the polymer matrix hence indicating differences in the level of interaction between 

drug and polymer which had an influence on the dissolution properties from the 

matrix. Kim (2005) investigated drug release from triple layer compressed tablets 

containing HPMC and a range of drugs noting that at low drug concentrations, all 

drugs, regardless of their type or solubility yielded similar release profiles. At higher 

loadings, the hydrochloride salt forms had slower release rates than the neutral drugs 

while sodium salts of weak acid drugs had higher release rates than the neutral drugs. 

In a study by Paker-Leggs and Neau (2008) the physical and drug release 

characteristics of extruded-spheronized beads containing carbopol were shown to be 

affected by the chemical nature of the drugs. The salt counter ion (including free base, 

maleate and hydrochloride forms) on the polymeric bead characteristics were 

evaluated by these authors and salt form was found to result in different bead 

diameters, roundness, smoothness, and release rates with the slowest release rate was 

observed with the formulation that included propranolol free base. Sonje et al. (2011) 

prepared amorphous forms of various salt forms of atorvastatin using spray drying
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and varied the salt counter ion (sodium calcium and magnesium) showing changes in 

the physical properties of the amorphous forms such as glass transition and 

recrystallisation.

To confirm that the proposed salt forms were manufactured, single crystal 

XRD was performed to solve the crystalline structure. Crystal structure determination 

using single crystal diffraction is the most reliable technique to provide accurate 

information about the crystalline structure and interactions. Basavoju et al. (2006) 

investigated various forms of Norfloxacin and crystal structures solved using single 

crystal XRD. The molecule was cocrystallized with isonicotinamide andsalts were 

prepared using a range of acids including succinic acid, malonic acid, and maleic 

acid. For both QBENZ and QSAL, single crystal XRD showed an interaction between 

the N atom of the quinuclidine moiety and the carboxcylic acid group -OH of the acid 

molecule thereby forming a quinine anion and benzoic and salayclic cations. Benzoic 

and salicylic acids have also been used in the formation of cocrystals (Kojima et al., 

2010) (Vishweshwar et al., 2006) (Elbagerma et al. 2010). When a drug however has 

an adequately basic centre such as the N in the quinuclidine moiety of QB, 

protonation of the drug occurs and a salt is formed rather than a co-crystal (Bhatt et 

al., 2004). Pharmaceutical cocrystallization is an alternative and potentially reliable 

method to amend physical properties of a drug such as solubility, dissolution, 

moisture sorption, compressibility of drug molecules (Basavoju et al. 2006). For 

nonionizable compounds cocrystals can enhance drug properties by modification 

altering the physiochemical characteristics including chemical stability, moisture 

uptake, mechanical behaviour, solubility, dissolution rate and bioavailability (Nair et 

al., 2007). Co-crystals are based on hydrogen bonding interactions without the 

transfer of hydrogen ions to form salts (Yadav et al., 2009). In the case of quinine 

interaction with benzoic acid and salicylic acid, the formation of a salt was confirmed 

by measuring bond lengths. Within the carboxcyclic acid functionality of the benzoic 

acid the C-0 and C=0 bond distances respectively were 1.25 and 1.27 A in the 

QBENZ molecule and 1.26 and 1.26 A respectively in the QSAL molecule thus there 

was no difference in the bond lengths in the molecule in these groups. This provided 

confirmation that these molecules were salts (see figure 4. 18).
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Figure 4.18. Benzoic acid molecule showing bond C7-01 (a) and C7-02 (b) and 

delocalisation of charge in the ionised molecule

A double bond length b is shorter that a single bond a due to differences in electron 

density (Emri et ai, 2003). When the molecule becomes ionised however there is 

delocalisation of charge due to the influence of the benzene ring structure and the 

bond lengths will be the same. If the OH bond remained fully intact the bond length is 

longer. An interaction was observed between the 03 and C7 in the QSAL molecule 

which had a longer bond angle of approximately 1.35 A. This indicated that this was 

due to a hydrogen bond. This is considered a weak hydrogen bond as bonds involving 

-C-H—O and C-H—0=C are weaker (Nair et ai, 2007).

Raman spectra confirmed that the final salt forms were a combination of the 

two starting materials since characteristics peaks from both starting materials (i.e. the 

acid and free base) spectra were observed in the final salt form. In the QBENZ salt 

form, a peak at approximately 1370cm 1 was observed in the pure quinine peak was 

also present in the final salt also showing a shift in wavenumber. This peak is known 

to correspond to the nitrogen in the quinuclidine moiety and has been reported to shift 

during protonation (Wesehicha-Birczynska, 2007). The absorption band at 

approximately 1600 cm 1 corresponding to the asymmetrical stretching mode of the 

COO' anion also shifted to a lower wavenumber in the QBENZ salt confirming an 

interaction at this carboxylate anion. With the salicylate, the 1370cm'1 in peak 

observed in the pure quinine peak was also present in the final salt and showing a 

shift in wavenumber indicating protonation of the quinuclidine nitrogen. The peak in 

the pure sodium salicylate at approximately 1040cm'1 which was absent in pure 

quinine, was observed in the spectra of the final salt and also corresponded to C-H
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deformation in the benzene ring indicating that this was a combinate of the two 

starting materials.

TGA analysis indicated that both salts were suitable for hot melt extrusion and 

showed good thermal stability at temperatures required to process Eudragit RL PO. 

TGA also confirmed that QSAL was a hydrate losing approximately 4.7% of its 

weight by 130°C. It has also been shown in chapter 3 and through this work that drug 

solubility in the polymer matrix is a key determinant of the solid state properties of 

the hot melt extrudates. Beyond the saturation solubility, a two phase crystalline 

dispersion will be formed while a one phase amorphous dispersion is formed when 

the drug is present at concentrations below. The drug solubility of QBENZ and QSAL 

in the Eudragit RL PO polymer matrix was thus determined and solubility and 

physical properties compared between salts including melting point and solubility 

compared. A relationship between aqueous solubility and melting point for some drug 

salts have been suggested (Anderson and Conradi, 1985) (Agharkar et ai, 1976). 

However, this was not shown to be the case for the solubility of drug in the molten 

matrix. Similarly there was no correlation between molecular weight and solubility in 

the polymer matrix. There was however a correlation between aqueous solubility and 

solubility in the molten matrix with the compounds with lower aqueous solubility 

having the highest matrix solubility and vice versa. Solubility is an indication of the 

degree of interaction between two compounds (Jenquin et ai., 1999). The higher the 

aqueous solubility of the salt, the higher the polarity of the molecule and therefore the 

poorer the miscibility with the polymer as it is a long chain largely non polar entity. 

For solvation to occur, the solvent must overcome the intermolecular forces of 

attraction between the solute molecules and this is best accomplished when the 

attractions between the solute and solvent are similar in strength. QB had the highest 

solubility in the matrix and thus provided an indication that this drug had the highest 

level of interaction. QBENZ and QHC1 had the highest polarity (as demonstrated by 

their higher aqueous solubility) and this these compounds expressed the lowest 

solubility and hence interaction with the polymer. It is therefore clear that by altering 

the polarity of the molecule, this impacts upon the saturation solubility of drug within 

the polymer matrix and therefore has a direct influence on the physiochemical 

properties of hot melt extrudates.
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4.5. CONCLUSION
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The key aim of this work was to prepare solid dispersions containing QB, QHC1 and 

QS04 salts using hot melt extrusion to determine if formulation using the salt form of 

the basic drug affected the physiochemical properties of solid dispersions prepared by 

hot melt extrusion. The thermal properties of QB, QHC1 and QSO4 were characterized 

using TGA and DSC showing that all forms exhibited good thermal stability within 

the temperature ranges required to process Eudragit RL PO. The hydrochloride and 

sulphate salt forms were confirmed to be hydrates using TGA, containing water of 

crystallization within their crystalline structure. DSC provided evidence that loss of 

water of crystallisation caused a reduction in the crystalline enthalpy of fusion when 

compared to the free base form indicating that destabilization of the crystalline 

structure occurred at temperatures required to process the Eudragit RL PO as a result 

of water loss. Significant differences in the solubility of the three forms in the 

polymer matrix were also observed. The free base exhibited the highest saturation 

solubility in the matrix while the hydrochloride exhibited the lowest. Solubility of 

drug in the polymer followed the order QB>QS04>QHC1. Saturation solubility of the 

free base was estimated to be approximately 28.48 ± 3.4 % w/w while the sulphate 

was 19.27 ± 2.34 % w/w and the hydrochloride 7.96 ± 2.2 % w/w. XRPD and DSC 

studies showed that each of the three quinine forms had a unique order of molecular 

packing given by a characteristic diffraction pattern and differences in the solid state 

properties of the hot melt extrudates produced were observed. A crystalline to 

amorphous transition of all three quinine forms occurred during hot melt extrusion 
with Eudragif" RL PO. XRPD also showed that formulation of all forms of quinine 

above the saturated solubility resulted in the production of a crystalline dispersion. 

Samples containing drug at concentrations below the calculated solubility did not 

show a melting endotherm during DSC analysis indicating that the drug was in the 

amorphous form suggesting the formation of a molecular dispersion.

Addition of drug to the hot melt formulation exerted a significant impact on 

the glass transition temperature of the polymer. All three forms caused a reduction in 

the glass transition temperature below their saturation solubility and hence acted as 

solid state plasticizers. Only one glass transition was observed during DSC analysis 

which provided evidence that a one phase molecular dispersion was formed below the 

saturation solubility of the quinine form rather than a two phase amorphous
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dispersion. At higher drug loadings (above 5% w/w) the quinine form exerted a 

significant impact on the plasticization efficiency of the drug and this was a direct 

result of the solubility in the matrix. Increasing QB concentration resulted in a 

reduction in Eudragif' RL PO glass transition temperature from 66.2 ± 0.43 °C to 

39.9 ± 1.86 °C between 5 and 30% w/w with no further decrease at 50% w/w. Above 

5% w/w a further reduction in glass transition temperature was not observed for QHC1 

loaded extrudates. QS04 depressed polymer glass transition progressively between 5 

and 15% w/w and the glass transition decreased from 66.2 ± 0.43 °C to 41.78 ± 1.83 

°C for 15% w/w loaded extrudates and beyond this concentration there was no further 

reduction.

Solvent cast films were prepared and showed that the drug dissolved in the 

polymer matrix in the absence of heat and mechanical shear. Pure drugs dissolved in 

the casting solution recrystallised giving a crystalline diffraction pattern in XRPD 

providing evidence that during hot melt extrusion, and interaction between Eudragif" 

RL PO and quinine proceeded which resulted in inhibition of crystallisation of drug in 

both cast films and hot melt extrudates for all forms. 2D Raman mapping provided 

further evidence that dissolution of drug occurred within the polymer matrix during 

hot melt extrusion resulting in a molecular dispersion as opposed to the formation of a 

two phase amorphous dispersion showing that in combination with XRPD and DSC, 

Raman mapping is a powerful technology for the characterisation of solid dispersions.

Two additional quinine salts were manufactured using sodium benzote and 

sodium salicylate (QBENZ and QSAL). To confirm that the proposed salt forms were 

manufactured, single crystal XRD was performed and the crystalline structure solved. 

An interaction between the N atom of the quinine quinuclidine moiety and the 

carboxcylic acid group -OH of the acid molecules was confirmed and this interaction 

was proven to result in the formation of a salt which was confirmed by examining 

differences in bond lengths. Further evidence for this was also provided by Raman 

spectroscopy showing a shift in the quinine 1370cm 1 peak for both salt forms which 

corresponds to the nitrogen in the quinuclidine moiety and is known to shift during 

protonation (Weselucha-Birczynska, 2007). The solubility of QBENZ and QSAL in 

the Eudragit' RL PO polymer matrix was found to be 3.9% w/w and 14.4% w/w
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respectively and it was therefore shown by investigating these additional salt forms 

that both the formation of a salt and the salt counter ion type had a significant 

influence on the solubility of drug in the molten polymer matrix which in turn 

significantly affected the resulting physiochemical properties of the hot melt 

extrudates. No correlation between the melting point and molecular weight of the salts 

and their solubility within the polymer matrix was found. However, a correlation 

between the aqueous solubility and solubility in the polymer matrix was found. Since 

aqueous solubility is a measure of the molecular polarity, the more polar the salt form, 

the lower the solubility in the matrix and vice versa. This also provided evidence that 

polymer drug interactions were the key determinant of drug solubility in the molten 

matrix during hot melt extrusion rather than the physical properties of the salt.
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5.1. INTRODCTION
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In chapter 4 it was shown that drug inclusion caused solid state plasticization of the 

polymer reducing the glass transition temperature. During HME a polymer is fed from 

the hopper into the feed zone where it is transported as a solid plug to the transition 

zone. It is then melted, mixed and compressed and moves along the barrel with the aid 

of rotating screws where it flows through a die, cools and solidifies. There is therefore 

a clear rationale for evaluating the rheological properties of a molten polymer to be 

processed by HME as this provides insight into how parameters during manufacture 

may impact upon on polymer flow properties (Radi et ai, 2010). The flow properties 

of a polymer melt have a large influence on the extrusion process. They determine the 

swell of the extrudate after it passes through the die, the probability of melt fracture 

and the pressure build up at the die and inside of the extruder which may lead to 

damage to equipment (Bialleck and Rein, 2011). Processing parameters such as motor 

torque, screw pumping efficiency, energy dissipation and die pressure are directly 

affected by polymer rheology and vice versa. The rheological properties may also 

influence the appearance and performance of the product and sub-optimal flow 

conditions during processing can lead to a poor surface finish, expansion or shrinkage 

of the extrudates which can subsequently result in out-of-specification product 

dimensions (Fridman et ah 1981) (Kazmer et al, 1997) (Ohshima and Tanigaki, 

2000).

The rheological characteristics of hot-melt extruded drug polymer systems are 

affected by both the chemistry of the polymer and additives included in the 

formulation either as functional excipients or processing aids. The mechanism 

through which a polymer and additives interact together affect flow properties of the 

resultant system and therefore influence product quality and performance during 

HME. Not only must a commercial product encompass excellent therapeutic 

properties and consistent content uniformity, the manufacturing process must also be 

repeatable and robust to ensure consistent product quality. Recently there has been a 

paradigm shift in the pharmaceutical industry from a trial and error based approach to 

formulation development to a more science based process design (Radi et ai, 2010) 

with regulatory bodies such as the FDA increasingly demanding enhanced process 

and product understanding, in line with the Quality by Design (QbD) concept. To 

meet this approach, QBD requires not only knowledge of how to successfully 

manufacture the drug product but a comprehensive understanding of the process
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through which it is manufactured (Wu et al., 2011). Implementation of QBD 

provides rational connection of process parameters and product quality attributes and 

therefore allows a better understanding of the manufacturing process and the 

attributes which can influence it. Understanding how the rheological characteristics of 

the formulation are affected by extrusion processing conditions provides a 

comprehensive understanding of the parameters affecting the properties of the drug 

product and therefore follows the well recognized and recommended QBD approach 

set out by ICH guidelines. A wide range of variables are known to affect polymer 

viscosity of which a schematic representation is shown in figure 5.1.

Typical HME shear 
rates

Shear Rate

Effect of 
molecular 
weight 
distribution

broad

Shear Rate

Molecular Weight

Additive

Shear Rate

Figure 5.1. Schematic representation of parameters that can affect polymer 

viscosity (Giles et al., 2005)

Extruder operations are typically between low and high shear rate processing with 

shear rates ranging from 50sec 1 to several hundred sec"1. Drugs and processing aids 

are widely reported to cause plasticization of polymers resulting in a reduction in 

polymer viscosity (Wu and McGinity, 2003) (Schilling et al., 2008) (Jenquin et al.

229



Chapter 5

1990) (Shan-Yang Lin et al. 1995) but spite of this, the number of studies which 

address the effects of drug inclusion on the rheological properties are considerably 

fewer with by far the mainstream trend in reporting giving consideration to solid state 

and physiochemical properties of hot melt extrudates. In a study by Chokshi et al. 

(2005), torque rheometry was used to assess the rheological properties of a range of 

polymers including Eudragit EPO polyvinylpyrrolidone/vinyl acetate copolymer 

polyvinylpyrrolidone K30 and poloxamer 188 loaded with indomethacin and this was 

extrapolated to the HME process to determine the effect of shear rate and temperature 

on the polymer viscosity. Similarly Wu and McGinity (2003) used torque rheometry 

as an unconventional means to show that methylparaben caused a reduction in the 

melt viscosity of Eudragit® RS PO with increasing concentration hence acting as a 

solid state plasticizer. In addition to direct measurement of polymer rheology, some 

authors have utilized in-process testing to evaluate the melt viscosity of hot melt 

formulations during HME. Verreck et al. (2005) and Lyons et al. (2007) used extruder 

torque and die head pressure measurements to provide insight into the melt viscosity 

of the drug loaded polymeric systems and to identify variables which affect polymer 

rheology such as the addition of supercritical carbon dioxide. Yang et al. (2011) used 

rheological analysis of molten drug loaded polymer melts to construct a concentration 

vs viscosity phase diagram to determine the solubility of acetaminophen (APAP) in a 

pharmaceutical grade polymer poly(ethylene oxide) at proposed HME processing 

temperatures of 140°C.

The rheological properties of material as a function of shear rate and 

temperature are key considerations in establishing the HME process (Chokshi et al., 

2005). Polymer processing industries have traditionally used Melt Flow Index (MFI), 

also referred to as Melt Flow Rate (MFR) or Melt Index (MI) as a measure of a 

polymers ability to flow. The method is widely used and occasionally is the 

standalone rheological information used in industry (Barrera et al., 2006). It is defined 

as the mass of polymer in grams flowing per 10 minutes through a capillary of 

specific diameter and length by a pressure applied via a range of standard weights at 

specified temperature. While it is most often used as a simple, quick way to grade the 

relative differences between polymers and plastics in a quality control environment, 

there are a number of limitations including poor sensitivity to differences in molecular
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architecture and it provides limited useful information to simulate how a polymer or 

plastic will behave during processing (Shah, 2004). A high MFI correlates to lower 

melt viscosity and hence a lower molecular weight while the opposite is true for a 

high MFI. A major drawback of the technique is that it uses a single gravimetric 

force, which generates one single shear rate at which melt flow properties of the 

material is assessed. It has been shown that materials may differ in viscosity and 

extensional properties at different shear rates and temperatures so measurement of the 

properties by MFI only represents part of the complex picture of material behaviour at 

one shear rate and does not give a comprehensive overview of behaviour at a range of 

shear stresses (Shenoy and Saini, 1986). MFI can be used to measure intrinsic 

viscosity but it does not give an indication of the polymer viscosity at the shear rates 

used in polymer processing. Various manufacturing processes have differing levels of 

shear which directly can affect the viscosity. For example low shear rate processes 

include compression moulding, intermediate extrusion and high shear rate processes 

include injection moulding. The vast majority of polymeric liquids exhibit shear

thinning and such an effect may be increased by increasing polymer chain length. 

Rotational shear rheology has also been useful in characterising pharmaceutical 

polymers and how addition of drug to these systems impacts upon the properties of 

the material. This technique however is largely limited to flows in the linear 

viscoelastic region, which is characterised by small strain and low rate of material 

deformation whereas polymer flow experienced during HME is rapid and largely 

nonlinear viscoelastic in nature (Paradkar et al., 2009).

High Shear rate versus viscosity data can be generated using a capillary 

rheometer. Capillary rheometry simulates the extrusion of plastics and rubber 

compounds and allows for determination of the viscosity and extrudate swell (Mu et 

al., 2007). This can have applications in extrusion and injection moulding. The 

technique allows the determination of polymer viscosity at a range of shear rates, 

including extensional and shear viscosities which are important flow properties which 

dictate processability of polymeric materials (Liang, 2002). It is a well established 

technique within the engineering sector and has been extensively used to characterise 

polymer melts for industrial hot melt extrusion applications for a range of polymers 

including polypropylene (Dangtungee et al., 2005); polystyrene (Dazhu et al., 2005) 

and various grades of polyethylene (Perez et al., 2001) (Dangtungee et al., 2006). To
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date however, it has attracted limited interest within the pharmaceutical field despite 

its unsurpassable potential to characterize drug-polymer systems. Reporting of the use 

of capillary rheology to characterize pharmaceutical materials is somewhat limited 

with only handful of examples. In a study by Luukkonen et al. (2001) a ram extruder 

was used as a capillary rheometer to construct shear rate/ shear stress profiles for wet 

powder masses of microcrystalline cellulose to determine the effect of grade and 

rheology of the formulations. Similarly Paradkar et al. (2009) used the technique to 

characterize the rheological properties of hydroxypropyl cellulose to examine the 

relationship between shear and extensional flows with temperature, processing rate 

and molecular weight of the polymer. Most recently, Suwardie et al. (2011) used 

capillary rheology to characterise the rheological properties of polyethylene oxide and 

acetominophen molten systems.

The test sequence is to place a polymer in a barrel, allow it to come to 

equilibrium temperature and force it through a die. The force required to push the 

molten polymer through the offrice at increasing rates is measured. A viscosity versus 

shear rate data curve is then constructed. The most important type of polymer flow in 

an extruder and die is shear flow where one molten polymer layers flow next to 

another applying a shearing force. Capillary Rheometry gives a more comprehensive 

overview of polymer properties since it enables measurement of the viscosity and 

flow behaviour at a range of shear rates which can be manipulated to simulate a range 

of processing conditions. Shear rates between 5s"1 to 3000s"1 can be studied using the 

technique. Other rheological characteristics that can be measured using a capillary 

rheometer include elongational viscosity, melt fracture, die swell and wall slip. A 

capillary rheometer can be likened to a ram extruder. It is designed as a vertically 

mounted heated barrel in which molten polymer is driven down by a piston, forcing 

the material through a die or capillary of known and accurately measured L/D ratio. 

The sample is placed in the barrel and the piston mechanically moved into it. The 

pressure builds up until an equilibrium condition is reached. The pressure is then 

recorded and the speed changed. This is repeated at a number of speeds. Viscosity can 

be then calculated for each speed based the data derived experimentally.
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The flow of a molten polymer inside the capillary rheometer can be thought of as 

being similar to pressure driven flow inside a tube (Poiseuille flow). The 

measurements taken by the equipment are the pressure drop along the capillary (P), 

die length (L), die radius (R), and volumetric flow rate (Q) (figure 5.2).

Capillary Dir

Extra dale 
Swell

Figure 5.2. Schematic representation of molten material through through 

capillary barrel and die

Based on these experimental measurements, the shear rate and shear viscosity of the 

material can then be calculated. In order to calclate shear rate and viscosity, a number 

of assumptions known as Poiseuille assumptions must be made. These state that the 

pressure equilibrium must be achieved at each shear stage, velocity at the wall must 

be zero, there is no wall slip and the molten polymer must be isothermal (Cogswell, 

1981). The apparent shear stress (tw) and apparent shear rate (yw) at the wall are then 

calculated as follows (Sombatsompop, 1998)

RP
2L

Equation 5.1.

(3k+ 1) 4Q
4/; ^3 Equation 5.2.
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Where L is the capillary length, R is the radius P the pressure and n is the power law 

index. One method to quantify this shear thinning quality is to use the power law. 

When n=l, the material is considered to be a newtonian fluid. The apparent viscosity 

of the polymer melt is then expressed as apparent shear stress divided by apparent 

shear rate:

Tf — Equation 5.3.
Yw

In newtonian fluids, shear rate is proportional to shear stress but polymeric 

materials do not have a proportionate increase in shear stress when the applied shear 

rate is increased since they exhibit shear thinning behaviour. Poiseulle dealt with 

Newtonian liquids however most polymeric melts exhibit shear thinning (so stress is 

not proportional to the viscosity) and some corections to the shear stress must be 

made. The apparent shear rate corresponds to fluids that have a constant viscosity 

(Newtonian behaviour). A correction is required however for shear thinning materials 

to obtain to correct the apparent shear rate in order to obtain true viscosity and this is 

known as the Weissenberg-Rabinowitsch correction which corrects the shear rate at 

the wall of the barrell. Without the application of this correction, viscosity can only be 

referred to as apparent viscosity and this can differ from true viscosity. Apparent 

viscosity values are still however used in industry to rank materials.

The true shear stress is also required to calculate the true viscosity and this is 

obtained using a second correction known as the Bagley correction. Unless a very 

long capillary is used (L/D>100), entrance pressure drop may considerably affect the 

accuracy of the measurements. The Bagley correction is used to account for pressure 

changes along the entrance, length and exit of the capillary die (Bagley, 1957). The 

overall pressure drop through a die consists of an entrance pressure, a pressure drop 

along the capillary length and a small exit pressure. The Bagley correction removes 

the entrance & exit pressure effects, the corrected pressure therefore relating to steady 

state pressure flow within the capillary only. The entrance and exit pressures can lead 

to significant errors in the calculated shear stress if not assessed (up to 20-30%). To 

apply the Bagley correction, the entrance pressure must be calculated and subtracted
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away from the total pressure. In a single core capillary rheometer, a series of 

measurements using range of dies with varying L/D ratios can be used to obtain the 

entry pressure by extrapolation to the Y axis which can prove problematic if the 

relationship is non linear. In a twin bore rheometer however, the 0 entry pressure is 

measured directly using a 0 length die.

5.1.1. Aims and objectives

The aim of this work is to use capillary rheometry to investigate the rheological 

properties of Eudragif' RL PO melts to develop an understanding of how application 

of shear and temperature can affect the viscosity of the formulation. In chapter 4, it 

was shown that addition of the hydrophobic drug QB to the hot melt formulation 

resulted in depression of the glass transition temperature and the formation strong 

drug polymer interactions during HME. It was therefore considered highly worthy of 

interest to investigate how the inclusion of such a drug, being a solid state plasticizer 

with a high level of interaction with the polymer, could impact upon on the flow 

properties of the material during HME. These investigations will allow a 

comprehensive understanding of how extrusion processing parameters impact upon 

the rheological properties of the molten virgin polymer and also in drug loaded 

formulations thus investigating and understanding the manufacturing process in line 

with the regulatory recommendations by following the QBD concept. The data will 

then be used to identify critical processing parameters which potentially influence the 

product quality attributes (such as appearance, product dimensions and dissolution 

properties) of the drug product.

The overall aims of this investigation are as follows:

o To demonstrate the usefulness of capillary rheometry as a standalone 

characterisation technique for molten pharmaceutical polymers 

o To characterise the rheological properties of Eudragit® RL PO using capillary 

rheometry to determine the effect of shear rate and temperature on the 

viscosity of RL PO

o To apply QbD and factorial design principles to demonstrate that capillary 

rheometry can be used to define acceptable processing limits for drug loaded 

systems containing QB by altering the key processing parameters: temperatre 

and shear rate to estabish a suitable processing range
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o To determine if the Power law is a suitable predictive model for Eudragit RL 

PO within the typical processing temperature ranges, 

o To identify specific shear rate and temperatures ranges where melt fracture of 

Eudragit RL PO may be problematic during processing 

o To determine if shear rate during hot melt processing has an impact on the 

glass transition temperatre of Eudragit RL PO so as to identify risk of 

changes in material properties (which in turn can affect stability of the final 

product) caused by processing

o To determine if shear rate during hot melt processing has an impact on the 

water uptake properties of Eudragit RL PO so as to identify risk of changes 

in material properties caused by processing 

o To investigate the effect of shear rate on the degree extrudate swell of 

Eudragit’ RL PO to identifying the risk of ‘out of specification’ product 

dimensions

o To calculate from experimental data the activation energy required to initiate 

polymer flow hence providing an indication of the temperatre sensitivity of the 

polymer

o To assess how the addition of a solid state plasticizing drug (QB) affects the 

flow properties of Eudragif" RL PO at a range of drug loadings (5 to 30% 

w/w) and a range of processing temperatures (115 to 150°C) and shear rates 

(5 to ISOOsec'1)

o To investigate if addition of QB to the formulation affects extrudate swell and 

melt fracture and if so does drug loading have an impact 

o To use the capillary rheometer as a ram extruder to produce drug loaded 

extrudates at a controlled shear rate to investigate if release of QB from hot 

melt extrudates is affected by shear rate

o To investigate the effect of an applied drawing force on the drug loaded 

extrudate on the drug release properties

o To calculate from experimental data the activation energy required to initiate 

polymer flow for drug loaded Eudragif" RL PO molten systems and compare 

with pure polymer to determine if drug inclusion and thus drug loading 

impacts upon the temperature sensitivity of the melt
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5.2. MATERIALS AND METHODS

237



Chapter 5

5.2. Methods and materials

5.2.1. Materials

Eudragit RL PO was a kind gift from Evonik, Darmstadt, Germany. Quinine base 

(QB) was also a gift from Glaxosmithkline, Harlow, UK. All other materials used in 

this study were purchased from Sigma-Aldrich Company Ltd., Gillingham, Dorset.

5.2.2. Methods

5.2.2.1. Capillary rheometry

Capillary rheometry was performed using a Rosand RH2200 (twin-bore) Advanced 

Rheometer System (Malvern Instruments, UK). Each bore was 15mm in diameter and 

250mm length. Experiments were run using flat entry dies of 180° which had a 1mm 

capillary diameter. Length of the dies used were 26mm in length and 0mm (‘zero- 

entry’) hence allowing the application of the Bagley correction in order to obtain 

extensional viscosity data. Capillary dies were fitted into the bottom of the barrels and 

pressure transducers located directly above the dies. The capillary dies were made 

from tungsten carbide-cobalt alloy in order to maintain tight geometrical integrity. A 

schematic representation of the instrument is shown in figure 5.3. A common 

crosshead is used to drive twin pistons at a range of speeds causing melt to flow at 

known flow rate through capillary dies. Pressure drop at the entrance of each capillary 

die was monitored by the control software. Flowmaster version 8.3.10 control 

software was used to construct shear rate/ shear viscosity profiles.

Short Die

Figure 5.3. Diagram of capillary rheometer adapted from Paradkar et al. (2009)
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Formulations containing virgin polymer and drug or excipient loaded extrudates were 

tested at a range of temperatures (between 115 and 160°C). The formulations were 

assessed at a range of shear rates between SOsec’1 and 1500sec 1 to examine the effect 

of shear rate on polymer viscosity. Data analysis was carried out using the Rosand 

Flowmaster control software, version 8.2.11. The Bagley correction (Bagley, 1957) 

was applied to all data to correct the excess pressure drop in the capillary die thus 

allowing determination of true viscosity. A Rabinowitsch correction (Rabinowitsch, 

1929) was also applied to the data to correct for shear rate differences at the wall of 

the barrels for pseudoplastic materials. Approximately lOOg of sample for testing was 

manually loaded into the capillary barrels, and forced down using the pistons to 

compress the material until flow was observed at the die exits upon application of a 

shearing force. A pre-heat stage of 2 minutes was incorporated into the testing 

sequence. During the testing sequence, piston forces and speeds were recorded and 

converted to shear stress and shear rate values by the operational software as per 

equation 5.1 and 5.2. Temperatures were controlled within ±0.5°C of the set values 

and monitored by platinum resistance thermometers fitted in the three top, middle and 

bottom zones of the barrel. Shear viscosity was calculated from the data using 

equation 5.3. Shear rate Vs shear viscosity profiles were then constructed using Excel.

5.2.2.2. Detection of flow instabilities during testing
During capillary rheometry analysis, a view of real time pressure values are shown on 

screen. With an increase in shear rate, the pressure readings increased and after a 

defined period of time, pressure values reached equilibrium. Equilibrium pressure 

value was selected when there was no further significant change in pressure at that 

defined shear rate. Prior to pressure equilibrium, oscillations in the die pressure were 

observed visually and recorded.

5.2.2.3. Surface morphology of capillary extruded strands
To correlate pressure instabilities with the onset of surface defects, extruded strands 

from capillary testing were collected at specified shear rates from the die exit and 

stored in polyethylene bags. Surface morphology of the strands was then investigated 

using SEM according to the method detailed in section 3.2.2.7.
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5.2.2.4. Thermal analysis of capillary extruded strands
Capillary extruded polymer strands at a range of shear rates were collected upon exit 

from the die and stored in polyethylene bags. The glass transition temperature of the 

polymer was then determined using MDSC according to the method described in 

section 2.2.2.5.

5.2.2.5. Water uptake properties of capillary extruded strands

Capillary extruded polymer strands at a range of shear rates were collected upon exit 

from the die and stored in polyethylene bags. The water uptake properties of the 

polymer was then determined according to the method described in section 2.2.2.9.

5.2.2.6. Calculation of extrudate swell ratio
Capillary extruded polymer strands at a range of shear rates were collected upon exit 

from the die. Extrudate swell ratio (also known as die swell ratio) was expressed as 

the ratio of the diameter of the extrudate to that of the capillary used. The extrudate 

emerging from the capillary was collected without deformation. The extrudates were 

collected when the emerging strand length was approximately IOcm. Strands were 

stored in polyethylene bags and the diameter measured after a 24h period using 
Draper 46610 Expert Dual Reading Digital Vernier Calipers. Each 10cm strand was 

measured every 1cm and the average of 10 readings taken as the diameter of the 

extrudate. For each shear rate and formulation this was repeated 5 times for accuracy 

and the average of the 5 strands used as the value. For each sample, the extrudate 

swell ratio was then calculated by dividing the value by 1 (as both capillary diameters 

were 1mm).

5.2.2.7. Compounding of drug loaded blends
Prior to capillary rheometry testing, drug loaded formulations were compounded 

using the hot melt extrusion process detailed in section 3.2.2. at 150°C to ensure a 

homogenous dispersion of drug in polymer and milled using an IKA All BASIC 

230V 50/60HZ A.C. grinding mill.

5.2.2.8. In-vitro drug release studies
The capillary rheometer was used as a ram extruder to produce hot melt extrudates at 

a range of shear rates between 100 and ISOOsec1. Samples were collected and stored
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in polyethylene bags. In-vitro drug release was performed to determine the effect of 

shear rate on the dissolution properties using a Caleva 8ST dissolution apparatus 

according to the USP basket method (n=5) as described in section 3.2.2.8. Samples 

were assayed for QB using a UV-VIS spectrophotometer at 330nm and a standard 

calibration curve that was linear over the concentration ranges. The effect of 

application of a drawing force on the drug release properties of the extrudates was 

also assessed. 5, 15 and 20g spheres were manufactured using paper putty (Blu-Tack) 

and applied to the end of the emerging extrudate to replicate a drawing down or haul 

off force. Samples were allowed to reach 30cm and the sample collected. A 2cm 

sample of the extrudate was then selected at approximately 15cm and tested as per 

method detailed in section 3.2.2.8. to determine the effect of application of a drawing 

force on the drug release properties of extrudates containing 30% w/w QB at 135°C 

and 200sec"'.

5.2.3. Statistical analysis
The rheological data was analysed for statistical differences using a one-way analysis 

of variance (ANOVA). In all cases p < 0.05 denoted significance. Individual 

differences between treatments were then analysed using Tukey’s (post hoc) test.
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5.3. RESULTS
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5.3.1. Piston speed and apparent shear rates used during testing

Formulations were fed into both bores of the barrel and manually compressed before 

testing. The polymer was subjected to pre-compression pressure of 0.5 MPa, and a 

total pre-heating time of 120seconds. The instrument was run in an 18 stage speed 

program and piston speed was automatically converted to shear rate by the software. 

A summary of piston speed and calculated shear rate used during capillary rheology 

testing are shown in table 5.1.

Table 5.1. Summary of testing parameters used during rheological 

characterisation of material

Test stage number Piston speed (mm/s) Apparent wall shear rate (sec1)
1 1.67 50.00
2 2.50 75.00
3 3.33 100.00
4 4.17 125.21
5 4.98 149.41
6 6.66 199.68
7 8.32 249.48
8 10.02 300.68
9 11.67 350.02
10 13.28 398.43
11 15.05 451.49
12 16.66 499.90
13 19.98 599.50
14 23.33 700.04
15 26.62 798.72
16 30.01 900.19
17 33.33 999.79
18 49.99 1499.69
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5.3.2. Rheological properties of Eudragit® RL PO

5.3.2.1. Effect of shear rate and temperature on shear viscosity of Eudragit 8 RL 

PO

Polymer samples were analysed using the twin bore capillary rheometer at 135, 150 

and 160°C to determine the effect of shear rate and temperature on the rheological 

properties of RL PO. In chapter 2 it was shown that Eudragit RL PO did not undergo 

significant degradation below 180°C. These experiments served as a control to 

establish the rheology of the Eudragit8 RL PO so that the effect of drug inclusion 

could be studied. The shear rate Vs shear viscosity profiles showed that the Eudragit'1 

RL PO exhibited shear-thinning (pseudoplastic) behaviour and viscosity was 

significantly affected by processing temperature (figure 5.4).
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Figure 5.4. The effect of shear rate on the shear viscosity of Eudragit8 RL PO at 

(♦) 135°C, (♦) 150°C and (♦) 160°C. Mean values shown. Standard deviations 

are included, but are extremely small (n=5).
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At a shear rate of lOOsec"1 the viscosity of Eudragit ' RL PO was found to be 3345 ± 2 

Pa.S at 1350C. This was significantly reduced to 1907 Pa.S at 150°C and then further 

to 714 ± 1.2 Pa.S at 160°C clearly illustrating the effect that temperature caused a 

significant reduction in the viscosity of Eudragit RL PO. Beyond 250 sec" , samples 

run at 135°C could not be processed as a protective mechanism which caused to test 

to stop was automatically activated by the equipment in order to prevent motor drive 

overload and damage to the pressure transducers. This was also true of samples 

processed at 150°C and shear rates beyond 600 sec"1. These early studies therefore 

demonstrate that capillary rheology is useful technique which can identify 

combinations of processing parameters such as temperature and shear rate which may 

prove problematic during real time processing and which may inflict damage on 

extrusion equipment by causing motor drive overload.

5.3.2.2. The use of Capillary Rheometry and the Design of Experiments (DOE) 

concept to define appropriate processing ranges for temperature and shear rate 

for Eudragit® RL PO

To determine if the viscosity of Eudragit" RL PO was more shear sensitive than 

temperature sensitive, viscosity was determined at a constant rate of shear (lOOsec1) 

at 135, 150 and 160°C and the percentage reduction in viscosity calculated (table

5.2. ). Temperature was then kept constant (135°C) and shear rate varied by the same 

ratio that the temperature was varied (i.e. 135, 150 and 160°C was an increase in 

temperature of 11.1 and 18.5% respectively). The percentage reduction in viscosity 

was then calculated.
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Table 5.2. The effect of altering temperature and shear rate by the same ratio on

the percentage reduction in viscosity. Mean values shown (n=5).

Shear
rate

(Sec1)

Temperature
(°C)

Change in 
processing 

parameter (%)
Viscosity

(Pa.S)
Viscosity 

reduction (%)

100.0 135.0 N/A 3345.0 N/A
100.0 150.0 11.1 1907.0 42.9
100.0 160.0 18.5 714.0 78.7
100.0 135.0 N/A 3345.0 N/A
111.1 135.0 11.1 3128.0 6.5
118.5 135.0 18.5 3123.0 6.6

It can be clearly seen that Eudragit' RL PO is a more temperature sensitive polymer 

than shear sensitive. It is therefore possible to set a wider processing window on the 

for shear rate than temperature for processing of the polymer. A 6.5 and 6.6% 

reduction in viscosity was observed with an 11.1 and 18.5% increase in shear rate. 

However, a 42.9 and 78.7% reduction was observed with the same proportionate 

increase in temperature. Based on these observations, processing parameters can be 

defined which will result in minimal impact on shear viscosity and this rationale can 

not only be applied to Eudragit' RL PO but to any thermoplastic polymer and there 

are no reports in the literature which use of this technique and such a rational to 

predict suitable processing parameters for a pharmaceutical HME process.

In order to determine the processing variables which exerted a significant 

impact on the polymer viscosity a Design Of Experiments (DOE) approach was used. 

The DOE run sequence was set up using the Minitab" statistical software package. 

DOE encompasses a range of experimental techniques where an important outcome 

(i.e. viscosity) is selected and the process proceeds in a controlled manor so that 

observations can be made which affect the key outcome (in this case viscosity). The 

results observed were than analysed using this software, with the main aim to identify 

the variables which exert a significant impact on this key outcome.

The following parameters were defined:

1. Nominal processing conditions for temperature (135°C) and shear rate (100 

sec'1)

2. Upper and lower processing limits for temperature (134-136°C) and shear (95- 

105sec"')
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3. The maximum acceptable percentage variation in viscosity between nominal 

and upper and lower extremes of processing parameters (less than 10%- for 

this example this was chosen arbitrarily but this would need to be defined 

based on how viscosity influences important attributes such as product 

appearance, die swell properties etc)

A two level full factorial design was created. Factorial studies means that the input 

factors (temperature and shear rate) are changed simultaneously during the 

experiment while 2-level means that every input factor is set at two different levels 

during the experiment (high and low being the proposed upper and lower limits). A 

full factorial is where every possible combination of the input factors at the two levels 

is used during the experiment. Table 5.3 provides a summary of all the factors and the 

viscosity observed during testing at these levels.

Table 5.3. Measured viscosity of Eudragit® RL PO at the upper and lower and 

upper temperature and shear ranges. Mean values shown ± S.D. (n=5).

Run
No

Temperature
(°C)

Shear rate 
(Sec1)

Viscosity
(Pa.S)

% change in 
viscosity

1 135.0 (nominal) 100.0 (nominal) 3345.0 ± 13.0 N/A1
2 134.0 (low) 95.0 (low) 3498.0 ±31.0 +4.57
3 136.0 (high) 105.0 (high) 3241.0 ± 18.0 -3.10
4 136.0 (high) 95.0 (low) 3277.0+ 12 -2.03
5 134.0 (low) 105.0 (high) 3261.0 ± 16 +2.5

'This is the reference viscosity to which all others are compared

These experiments showed that within the processing ranges chosen, the viscosity of 

the polymer did not differ significantly greater than the target amount (less than 10%) 

providing evidence that using a combined approach with DOE and capillary 

rheometry, definition of suitable processing parameter ranges is a possibility. Of 

course, in order to determine how a target of less than 10% variation in viscosity 

influences the product attributes further studies would need to be conducted to 

validate that 10% is in fact the maximum that viscosity can fluctuate without 

detrimentally affecting the product.
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(R) •53.23 Calculation of the activation energy (Ea) of Eudragit RL PO using the 

Arrhenius equation
In order to understand the temperature dependence viscosity of RL PO, the flow 

activation energy using Arrhenius equation was calculated. The temperature 

dependence of polymer viscosity can be expressed in the Arrhenius equation:

r|o = A exp(Ea/RT) (Equation 5.4)

where r|0 is the zero shear viscosity, R is the gas constant (8.314 JK 'mof1), A is a 

constant related to the melt viscosity, Ea is called the flow activation energy and T is 

temperature in Kelvin. Ea measures the energy required to overcome resistance to 

flow (Tunick, 2010). The higher the Ea, the more temperature sensitive the melt (Gu 

et al., 2008). The In viscosity Vs reciprocal of temperature plot used to calculate 

activation energy of RL PO at a range of shear rates is shown in figure 5.5.
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Figure 5.5. In viscosity Vs 1/T plot used to determine the temperature sensitivity 

of Eudragit® RL PO. Symbols refer to (♦) 50sec'1 (■) lOOsec'1 (±) ISOsec'1 ( )

200sec'' and (*) ZSOsec1
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• (R)

Activation energy (Ea) for Eudragit RL PO at each shear rate was calculated using 

linear regression. The gradient was calculated and multiplied by R. A summary of the 

calculated activation energies are presented in table 5.4.

Table 5.4. Activation energy (Ea) of Eudragit8 RL PO derived using linear 

regression from In viscosity Vs reciprocal of temperature plots at 135, 150 and 

160°C. Mean values shown ± S.D. (n=5).

Shear rate (Sec1) Ea (KJ/mol) R2 Value

50 104.79 ±2.32 0.99

100 87.05 ± 1.43 0.99

150 81.97 ± 1.12 0.98

200 78.013 ±0.98 0.99

250 75.083 ±0.99 0.98

Activation energy of RL PO was found to progressively decrease with increasing the 

shear rate indicating that the energy required to overcome resistance to flow was 

reduced as was temperature sensitivity with increasing shear rate. These results have
(R)useful practical application which can be considered during processing of Eudragit 

RL PO. Since temperature sensitivity of the melt reduces with increasing shear rate, 

opting for processing conditions at higher shear rates offers an advantage in that the 

melt will respond less to small changes in temperature or fluctuations in temperature 

at higher shear rates. When temperature sensitivity is increased, the propensity for the 

viscosity to change with small changes in temperature is also increased and this may 

be problematic as the effect of non uniform melt temperature on flow rate becomes 

more pronounced and control of the extrudates shape through a die becomes more 

difficult with higher temperature sensitivity (Chung, 2000).
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S.3.2.4. Application of the power law model

In order to determine if the power law model was a suitable model for Eudragit RL 

PO at the temperatures and shear rates investigated, a plot of In shear stress Vs In 

shear rate was plotted (Figure 5.7.). If a linear relationship is found between the two 

parameters, then the power law is said to be a good predictive flow model and is a 

useful as it allows the flow to be characterized by two constants: the power law index 

(n) which describes the shear thinning nature of the melt and is calculated from the 

gradient of line and the consistency index (K) which is calculated from the intercept 

of the same plot.

i
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Figure 5.7. Log Shear stress Vs log shear rate of EudragitRJ RL PO at (♦) 135°C, 

(♦) 150°C and (♦) 160°C.

A linear relationship, given by correlation coefficients of 0.99 for 135 and 150°C and 

0.98 for 160°C, was observed allowing the flow behavior of the material to be 

characterized by the power law index (n) and consistency index (K). The power law 

index (n) increased from 0.53 at 135°C to 0.60 at 150°C and to 0.72 at 160°C. The
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consistency index (k) was also found to decrease from 1.47 to 1.07 Pa Sn between 135 

and 150°C and to 0.48 at 160°C.

5.3.2.S. Effect of shear rate and temperature on die pressures and identification 

of flow instabilities
When the molten material flows through the die, there is a sudden contraction of fluid 

at the die entrance which exerts a pressure. This pressure is sometimes termed the die 

entry pressure or offrice die entrance pressure drop. The effect of increasing shear rate 

on the die pressure is shown in figure 5.8.

10

9

7

6

5

4

3

2

1

0
200 400 600 800 1000

Shear rate (sec')

1200 1400 1600

Figure 5.8. The effect of shear rate and temperature on the zero-entry die 

pressure (P0) for RL PO at (♦) 135°C, (♦) 150°C and (♦) 160°C. Mean values 

shown. Standard deviations also shown but are extremely small.

During capillary testing, steady pressure must be established prior to the calculation 

of shear stress and viscosity. Fluctuations in die pressure during capillary rheometry 

testing have been reported to be indicative of melt fracture during processing 

(Rodnguez-Gonzalez et ai, 2009). If oscillation of this pressure is experienced, melt 

fracture is suspected. This oscillation often correlates with extrudate distortions and 

can be correlated with visual observations during processing. In such a case where 

melt fracture is observed, a range of different throughputs and temperatures can then 

be optimized to prevent the onset of melt fracture and remain below the critical stress.
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During processing, at each shear rate stage, a pressure equilibrium is reached in both 

capillary dies which is then recorded. When the shear rate was incrementally 

increased, pressure values also slowly increased until a plateau was reach. This value 

was then recorded as the equilibrium pressure value. During testing, real time 

pressure increases at each stage within each die can be monitored visually prior to the 

recording of the equilibrium pressure reading. Fluctuation the pressure prior to 

achieving equilibrium were visually recorded and a summary presented in table 5.5. 

Samples were collected at a range of shear rates and SEM performed to identify if 

changes in the extrudate surfaces was apparent during testing and hence if pressure 

fluctuations did in fact correspond to melt fracture (figure 5.9). During testing, 

samples which had not been dried prior to testing were also investigated during SEM 

studies.
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Table 5.5. Summary of processing variables recorded during capillary
rheometry testing of RL PO and pressure observations prior to equilibrium

Processing
temperature
(°C)

Shear
rate
(Sec1)

Processing
time
(Sec)

Equilibrium P0
pressure
(MPa)

Equilibrium 
Pleft pressure 
(Mpa)

Fluctuations in 
die pressure
observed1

135
50 328.00 1.65 14.63 No
75 413.55 2.06 19.06 No
100 475.97 2.76 23.72 No
125 518.92 3.72 27.80 No
150 552.45 4.41 31.37 No
200 573.95 5.5 35.29 No
250 596.00 6.66 39.84 Yes
300 620.53 8.09 45.24 Yes
50 364 0.8 8.82 No

150 75 429.49 1.22 11.77 No
100 537.93 1.63 13.84 No
125 645.45 1.99 15.98 No
150 729.45 2.41 17.88 No
200 759.53 3.07 21.11 No
250 778.47 3.92 25.22 No
300 793.49 4.64 27.92 No
350 824.51 5.44 31.13 No
400 840.49 6.21 34.2 No
450 855.94 6.99 37.56 No
500 870.47 7.86 41.28 No
50 282 0.24 2.67 No

160 75 334.55 0.46 4 No
100 372.94 0.63 5.2 No
125 405.58 0.81 6.3 No
150 431.55 0.97 7.32 No
200 460.52 1.27 9.42 No
250 481.55 1.58 1 1.23 No
300 499.05 1.88 12.96 No
350 519.02 2.12 14.68 No
400 534.02 2.36 16.17 No
450 546.9 2.6 17.59 No
500 560.53 2.88 18.88 No
600 573.42 3.26 21.23 No
700 585.94 3.74 23.46 No
800 596.49 4.16 25.23 No
900 605.94 4.59 26.42 No
1000 613.5 4.85 27.38 No
1500 625.02 6.55 32.95 No

Ructuations in pressure prior to pressure equilibrium were visually observed and recorded during 
testing
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Figure 5.9. Surface morphology of Eudragit® RL PO extrudates produced 

during capillary rheology at 135°C testing at (A) SOsec1 (B) lOOsec'1 (C) ISOsec'1 

(D) 200sec'1 (E) SOOsec'1 (F) ISOsec'1 not dried prior to testing.
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The onset of pressure fluctuations in the long die occurred at approximately 200sec'' 

at 135°C for samples dried prior to analysis. SEM showed that samples processed at 

50 and lOOsec 1 were smooth, straight extrudates and there was no evidence of melt 

fracture. Visual observations from SEM studies therefore were in good agreement 

with pressure data since fluctuations in die pressure prior to equilibrium at these shear 

rates was not observed. At ISOsec'1, a small lines or inconsistencies which were 

barely visible could be seen on the surface of the extrudates examined marking the 

onset of melt fracture. Surface properties of extrudates produced at 200 and SOOsec'1 

were clearly different to those produced at lower shear rates and were not smooth and 

edges had a ‘wavy’ appearance indicated by curvature of the extrudates sides. These 

observations also correlated well with die pressure fluctuations prior to achievement 

of equilibrium. To determine if moisture content affected die pressure, samples which 

had not been dried prior to testing were also processed at 135°C and onset of pressure 

fluctuations were shown to commence at 150sec"'. SEM of these samples collected 

after exit from the die showed that air bubbles or occlusions were present which 

provided evidence that evaporation of residual moisture affected pressure readings 

during testing and also affected the surface morphology of extrudates produced due to 

evaporative loss of water.
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S.3.2.6. Effect of shear rate on the glass transition temperature of RL PO
The capillary rheometer was used as a ram extruder and samples processed at shear 

rates ranging from 50 to 500sec 1 at 150°C. Extrudates were analysed using MDSC to 

the effect of shear rate on the thermal properties RL PO (table 5.6). No significant 

difference in the glass transition temperature was observed for any of the samples 

processed within the range of shear rates tested.

Table 5.6. The effect of shear rate on the glass transition temperature of RL PO 

at 150HC. Mean values shown ± S.D. (n=5).

Shear rate (Sec1) Glass transition temperature (°C)

50 66.20 ±0.43

150 66.31 ±0.79

250 65.69 ± 1.14

350 64.87 ±0.78

500 66.92 ±0.59

S.3.2.7. Effect of shear rate on the water uptake properties of RL PO

Water uptake properties of samples processed at a range of shear rates were also 

investigated (figure 5.10). The samples processed at 500sec_l appeared to have a 

faster water uptake profile, however this was not statistically significant. At all other 

shear rates, there was no difference in the water uptake properties of the hot melt 

extrudates.
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Figure 5.10. Water uptake properties of Eudragit " RL PO hot melt extrudates 

produced using the capillary rheometer as a ram extruder at 150°C (♦) SOsec'1 

(O) ISOsec'1 (A) ZSOsec'1 (•) SSOsec'1 and (*) SOOsec'1. Mean values shown ± 

S.D. (n=5).

S.3.2.8. Effect of shear rate on polymer die swell ratio

The die swell properties of hot melt extrudates produced by capillary rheometry at 

150°C at a range of shear rates were also investigated (figure 5.11). The extent of the 

swelling is quantified by the ratio of the diameter of the extrudate to the diameter of 

the circular die (Liang, 1996). The diameter of both capillary dies was 1mm. Die 

swell ratio in the zero length die was significantly higher at all shear rates than the 

swell ratio of samples extruded through the long die. Increasing the shear rate resulted 

in an increase in the die swell ratio in both dies.
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Figure 5.11. The effect of shear rate on the extrudate swell ratio of Eudragit " RL 

PO at 150°C. Symbols refer to (♦) Zero length (right) die (A) Long (left) die. 

Mean values shown ± S.D. (n=5).

5.3.3. Rheological properties of drug loaded Eudragit® RL PO melts

The rheological properties of quinine loaded RL PO melts were also characterised. In 

chapter 4, the poorly water soluble entity QB, was shown to have a high miscibility 

and solubility with RL PO acting as a solid state plasticizer for RL PO by reducing 

the glass transition temperature in concentrations as high as 30% w/w. The effect of 

QB on the rheological properties of RL PO at a range of concentrations and 

temperatures were evaluated.

5.3.3.1. Effect of shear rate, temperature and drug loading of QB on shear 

viscosity of RL PO

Drug loaded formulations were investigated at between 115 and 160°C. Samples 

processed 160°C had an extremely low melt viscosity and fell from the vertically 

located die even in the absence of shear. This made accurate pressure determinations 

difficult during processing and will be discussed in more detail when the effect of 

temperature and shear on die pressure data is presented. Drug loadings of 5, 15 and
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30% w/w QB were tested. At all processing temperatures tested, increasing the 

concentration of QB in the melt was shown to result in a reduction in the shear
(G)

viscosity of RL PO at all shear rates. An example of how loading affected Eudragit 

RL PO viscosity at 135°C is shown in figure 5.12.

10000

♦
♦

♦
♦

1000

t

100

10
10 100 1000

shear rate (Sec1)

Figure 5.12. The effect of QB loading on the shear viscosity of Eudragit® RL PO 

at 135°C. symbols refer to (♦) RL PO (♦) 5% QB (♦) 15% QB (♦) 30% QB. 
Mean values shown- standard deviations are extremely small (n=5).

Significant reductions in viscosity were observed at similar shear rates when the drug 

loading was increased. For example, at lOOsec"1, the shear viscosity of the virgin 

polymer was 3345 Pa.S. With the inclusion of QB, this fell to 1308 Pa.S with 5% w/w 

QB, 720 Pa.S with 10% w/w QB and 125 Pa.S with 30% w/w QB. The effect of 

higher shear rates at 135°C could be studied for QB loaded formulations than virgin 

polymer blends as the automatic protective mechanism was not triggered at any stage 

during testing. Increasing the temperature of the melt also had a similar effect at all 

drug loadings. An example of how temperature affected the shear viscosity of QB 

loaded formulations is shown in figure 5.13.
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• •.

• •
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Figure 5.13. The effect of temperature on shear viscosity of 5% w/w QB loaded 

Eudragit® RL PO formulations. Symbols refer to (♦) 115°C (♦) 1350C and (♦) 

150°C. Mean values shown- standard deviations are extremely small (n=5).

S.3.3.2. Effect of QB loading on the activation energy (Ea) of RL PO using the 

Arrhenius equation
Activation energy (Ea) was calculated using linear regression from a plot of 1/T Vs Ln 

viscosity for samples containing 5, 15 and 30% QB at 115, 135 and 140°C at 200sec"'. 

A summary of the calculated activation energies are presented in table 5.7.
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Table 5.7. Calculated activation energy (Ea) of Eudragit® RL PO containing 0, 5 

and 30% w/w QB. Mean values shown ± S.D. (n=5).

QB loading (% w/w) Shear rate (Sec'1) Ea (KJ/mol) R2 Value

0 50 104.79 ±2.32 0.99

100 87.05 ± 1.43 0.99

150 81.97+ 1.12 0.98

200 78.013 + 0.98 0.99

5 50 85.16 ±0.56 0.99

100 82.77 ±0.65 0.98

150 81.43 ± 0.23 0.99

200 71.26 ±0.64 0.98

30 50 78.12 ±0.78 0.99

100 75.12 ±0.99 0.98

150 71.43 ±0.81 0.99

200 67.44 ±0.91 0.99

The Ea values calculated for 5% w/w QB formulations were lower than those 

calculated for the pure polymer at the same shear rates indicating that addition of QB 

caused a reduction in the energy required to initiate flow of the polymer. These results 

are in good agreement with those generated in chapter 4 where it was shown the QB 

acted as a solid state plasticizer at 5% w/w loadings. Increasing the shear rate from 50 

to 200 sec 1 also progressively cased a reduction in the calculated Ea value and the 

same trend was also observed for pure polymer samples. With the addition of 30% 

w/w QB, the calculated Ea values were lowered further at each shear rate indicating 

that increasing the concentration of QB caused a progressive reduction in the 

temperature sensitivity of the melt.

5.3.3.3. Application of the power law model

To determine suitability of the power law model for shear rate shear viscosity data for 

drug loaded formulations, shear rate Vs shear viscosity profile at each temperature
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and concentration were plotted on a log scale. All plots showed good linearity 

indicating that for these formulations, the power law model was a good fitting model. 

A summary of the power law parameters calculated using linear regression along with 

the corresponding R~ values for each plot are shown in table 5.8. For virgin RL PO 

linear regression analysis used to calculate the power law parameters was only 

considered up to SOOsec"1. However, with the QB formulations, linearity of the log 

shear rate log viscosity plots extended to shear rates of 1 SOOsec"1.

Table 5.8. Summary of calculated Power law parameters of melts processed by 

capillary rheometry containing QB

Temperature

(°C)

% w/w

QB

Power law

index (n)

R2 Value Consistency index, K

(Pa S")

115 5 0.42 0.98 4.44

30 0.28 0.91 3.79

135 5 0.40 0.99 3.92

30 0.21 0.93 2.75

150 Is- 0.34 0.99 3.37

30 0.29 0.97 2.28

S.3.3.4. Effect of shear rate and temperature on capillary die pressures and 

identification of flow instabilities of QB loaded extrudates
During processing of Eudragit RL PO, pressure fluctuations in the long die were 

observed prior to pressure equilibrium during processing at 135°C at approximately 

250sec'' but not observed at 150 and 160°C. However, when quinine loaded 

formulations were tested, no fluctuations in die pressure were observed at any of the 

shear rates providing evidence that melt fracture of the quinine loaded formulations 

did not occur. All QB containing extrudates appeared regular and smooth post 

processing. PO die pressure for 5% w/w and 30% QB loaded quinine formulations at 

high and low temperatures (115 and 150°C) and 160°C (to illustrate difficulty in 

determining accurate viscosity readings) are shown in figure 5.14. Increasing the 

concentration of QB in the melt caused a reduction in the PO die pressures at all shear 

rates tested. Temperature also exerted a similar impact causing a reduction in PO 

pressures with increasing temperature. The PO pressures for formulations containing
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30% w/w QB processed at 160°C are also shown to illustrate that at such low 

viscosities it was difficult to obtain an accurate pressure reading. These samples 

expressed poor repeatability and interestingly PO pressures during the first four shear 

rates increased as expected but this was followed by a constant pressure of 

approximately O.OSMPa with increasing shear rate.

12

10

• ♦ 

♦

. iii ill t t s : * *
0 200 400 600 800 1000 1200

Shear rate(sec )

♦

1400 1600

Figure 5.14. The effect of shear rate and temperature on the zero-entry (PO) die 

pressure of Eudragit® RL PO. Symbols refer to (♦) 5% QB at 115°C (♦) 30% 

QB at 115°C (♦) 5% QB at 150°C (♦) 30% QB at 135°C ( ) 30% QB 160°C
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To attempt to explain the constant die pressure phenomena observed for the 30% w/w 

samples processed at 160°C, P0 pressures were correlated with shear viscosity values 

(figure 5.15).
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• • •,
...............................• • • •

♦
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1
10 100 1000 10000

Shear rate (Sec1)

Figure 5.15. The effect of shear rate on shear viscosity of QB loaded 

formulations. Symbols refer to (♦) 5% QB 115°C (♦) 30% QB 115°C (♦) 5% 

QB 135°C (♦) 5% QB 150°C (♦) 30% QB 150°C ( ) 30% QB 160°C.

The P0 die pressure data correlates well with viscosity data. The 30% w/w samples 

processed at 160°C showed a reduction in viscosity at the first three shear stages but 

as observed for P0 die pressures, viscosity remained constant with increasing shear 

rate. By comparison with the same formulation processed at the lower temperatures, 

this was not observed and more reproducible P0 and viscosity data was achieved for 

these formulations. This observed phenomena could be explained by the fact that 

since quinine acted as a solid state plasticizer, the melt viscosity at 30% w/w loading 

was significantly reduced. A processing temperature of 160°C further lowered the 

melt viscosity. At the first three shear stages, accurate pressure and hence viscosity 

readings could be obtained. However due to the shear thinning nature of the polymer,
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increasing the shear rate resulted in a further reduction in viscosity. The capillary 

rheometer equipment is vertically orientated and it is likely that material fell from the 

zero entry die under gravity a such low viscosities resulting in an insufficient pressure 

value required to obtain an accurate viscosity reading.

S.3.3.5. Effect of shear rate on the drug release properties of QB loaded 

extrudates

The capillary rheometer was used as a ram extruder and formulations extruded at 

150°C. The drug release properties of the extrudates produced were then investigated 

at 30% w/w QB loadings (figure 5.16). Extrudates were produced at a range of shear 

rates between 50 and ISOOsec'1. Shear rate was found not to have a significant impact 

upon the drug release characteristics of formulations containing 30% w/w QB.

120

100

80

200 400

!

600 800 1000 1200 1400 1600
Time (mins)

Figure 5.16. The effect of shear rate release of QB from Eudragit RL PO at a 

range of shear rates produced at 150°C. Symbols refer to (♦) lOOsec’1 (♦) 

200sec ‘ (♦) SOOsec’1 (♦) ISOOsec1
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S.3.3.6. Effect of shear rate, temperature and drug loading on extrudate swell 

properties of Eudragif" RL PO

The effect of QB concentration on the extrudate swell ratio from the long and short 

capillary dies at 150°C at 100 and 400sec‘' is shown in table 5.9.

Table 5.9. Effect of QB concentration on the extrudate swell ratio in the zero 

length short die of Eudragit® RL PO at 150°C at lOOsec'1. Mean values shown ± 

S.D. (n=10).

% w/w QB in formulation Extrudate Swell ratio (Short die)

0 2.31 ±0.07

5 2.11 ±0.08

15 1.98 ±0.05

30 1.82 ±0.10

All formulations were shown to exhibit swell behaviour post processing. Addition of 

QB to the melt was found to result in a decrease in the extrudate swell ratio when 

compared with pure polymer. It was also shown that increasing the concentration of 

drug caused a further reduction in the phenomenon. For all formulations therefore, 

there may be a risk of out of product specifications if dimensions are not closely 

monitored. Under normal circumstances, where die swell is observed, application of a 

drawing force is often required to control extrudate dimensions. The effect of 

application of a drawing force on the release properties of the drug containing 

extrudates was also investigated to determine if the release properties were affected 

thus providing an evaluation of this corrective action.

S.3.3.7. Effect of application of a drawing force on the drug release properties of 

QB loaded hot melt extrudates

The capillary rheometer was also used as a ram extruder during these studies. 

Samples were extruded at 135°C at a shear rate of 200860 '. A small weight was 

applied to the end of the extrudate allowing the application of a draw down force on 

the resulting extrudates upon exit from the capillary die. The effect of the application 

of this draw down force on the drug release properties of extrudates loaded with 30% 

QB was examined (figure 5.17). Application of a draw down force did not have a
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significant impact on the drug release properties of QB from Eudragit® RL PO 

extrudates thus providing evidence that a haul off mechanism post processing to 

counteract extrudate swell is unlikely to impact upon drug release properties.

120

T

.00 j J

0 •
0 200 400 600 800 1000 1200 1400

Time (mins)

Figure 5.17. The effect of application of extrudate draw down force on release of 

QB from Eudragit" RL PO processed at 150°C and ZOOsec'1. Symbols refer to a 

drawing force of (•) Og (♦) 5g (♦) 15g (♦) 20g. Mean values shown ± S.D. 

(n=5).
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5.4. DISCUSSION
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The quality of any dosage form depends on both the formulation design and the 

manufacturing process (Zhang et al., 2004). The HME process is complex and 

requires close monitoring and understanding of a number of key parameters including 

viscosity, variation of viscosity with shear rate and temperature and viscoelastic 

properties of the raw materials (Breitenbach, 2002). These investigations gave 

consideration to the hot melt manufacturing process using capillary rheometry to 

define acceptable processing limits and identify potential risk factors which may lead 

to problems during manufacture of Eudragif' RE PO dosage forms. The primary aim 

of this study was to characterize the rheological properties of Eudragit' RE PO using 

capillary rheometry and thus attempt to understand how processing parameters such 

as temperature and shear rate impact upon such properties and how this may affect the 

finished product critical quality attributes such as extrudate dimensions, appearance 

and drug release (Dangtungee et al., 2006). Since capillary rheometry has received 

limited interest within the pharmaceutical field despite showing extensive use in the 

engineering sector, an additional aim of this study was to illustrate the application of 

the technique and how it can be easily employed within the pharmaceutical industry 

to characterize drug loaded polymeric systems. In the era of the increasing emergence 

of poorly soluble actives and the drive to employ innovative technologies such as 

HME, capillary rheometry provides an excellent opportunity to obtain critical 

information about a pharmaceutical formulation and factors which may affect the 

performance of a hot melt manufactured product. An appreciation of the rheological 

properties at the shear rate range experienced during hot melt extrusion and how these 

attributes are affected by both fluctuations in temperature and the incorporation of 

additives such as drugs is fundamental in predicting how a formulation will actually 

perform under real conditions (Zhang et al., 2004). During any GMP (good 

manufacturing practice) pharmaceutical campaign, the manufacturing process through 

which a drug product is made must possess adequate process control limits for each 

critical processing parameter and upper and lower limits should be well understood 

wherein the product must display guaranteed consistency to meet the required 

specifications. In this study, attempts were made to rationalize the selection of 

appropriate processing parameters based on assessment of the rheological properties 

of the polymer. Characterisation of the rheological properties of PEO for 

pharmaceutical hot melt applications have been reported (Suwardie et al., 2011) 

(Yang et al., 2011) but although a number of polymers have been used as hot melt
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matrix carriers, few reports exist which offer a comprehensive characterization of the 

flow properties of these molten systems. Reports which detail the rheological 

characterization of Eudragits for HME applications in particular remain extremely 

limited in the literature and by and large these polymers are seldom charcacterised in 

this way. The majority of studies detail the rheological characterization of semisolid 

systems rather than the pure molten materials. Lucero et al. (1995) characterized the 

rheological properties of semisolid preparations of Eudragit ® RS 30 D, RL 30 D and 

NE 30 D showing that all of the preparations exhibited non Newtonian behaviour. 

Bonacucina and Palmieri (2006) evaluated the thickening properties of Eudragit® L 

and RS, in tetraglycol cosolvent to obtain high viscosity systems for controlled release 

formulations containing paracetamol. Wu and McGinity (2003) investigated the effect 

of drug inclusion on the viscosity of RS PO using torque rheometry showing that 

methylparaben acted as a solid state plasticizer by reducing the melt viscosity of the 

polymer.

Polymers in industry are often purchased based on an MFI measurement. 

However, in the absence of a shear rate versus shear viscosity data, it is extremely 

difficult to make predictions on how the material will behave during processing at 

extrusion shear rates. Capillary rheometry therefore offers a more comprehensive 

alternative to MFI characterisation since a full shear rate Vs shear viscosity profile 

can be determined. Eudragit RL PO was tested at a range of temperatures (115 to 

160°C) and shear rates (50 to ISOOsec1). Across the shear rate range tested, Eudragitl! 

RL PO was found to exhibit non Newtonian (pseudoplastic) behaviour as the 

viscosity versus shear rate rheograms showed that the material was sensitive to shear 

thinning. Many polymer melts behave as pseudoplastic fluids under typical hot melt 

processing conditions (Dreiblatt, 2003). This is fortuitous for hot melt processing as it 

otherwise would more difficult to extrude. Few studies have exploited the use of 

capillary rheometry to characterise pharmaceutical materials. Pinto and Silverio 

(2001) assessed mixtures of polyglycolysed glycerides by capillary rheometry to 

determine their specific work of extrusion and suitability as carriers for poorly soluble 

drugs using capillary rheometry while Evrard et al (1999) used capillary rheometry to 

study the influence of various lipidic binders on the rheological properties of a melt 

granulation process. The authors showed that granule formation was dependent on the 

melting and rheological properties of the binders studied. Suwardie et al. (2011) used
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capillary rheology to characterise the rheological properties of polyethylene oxide and 

acetominophen molten systems showing that based on rheological measurements, the 

solubility of a plasticizing drug in the molten polymer matrix could be calculated. 

Paradkar et al. (2009) used the technique to characterize the rheological properties of 

hydroxypropyl cellulose to examine the relationship between shear and extensional 

flows with temperature, processing rate and molecular weight of the polymer.

Eudragit RL PO is an amorphous polymer, hence chains are orientated 

randomly and are intertwined at ambient conditions. Shear thinning arises from 

orientation or alignment of these chains with the flow direction, reducing the local 

drag during the application of a shearing force (Hyun et al., 2002) (Hou et al., 2008). 

Entanglements not only increase elasticity, but also increase viscosity because it 

becomes more difficult for flow to occur by relative motion of the molecules when 

they are entangled (Dekker, 1977). With the application of a shearing force, chains 

become disentangled aligning themselves in the direction of flow allowing greater 

freedom of motion along the flow direction than is possible in a randomly oriented 

sample (Kim et al., 2008). At high shear rates the newly formed entanglements cannot 

compensate for those being disentangled and resulting in a decrease in the shear 

viscosity. At sufficiently high shear rates, the randomly coiled polymer molecules can 

distort and orient along the axis of flow changing the shape from a spherical coil to an 

elongated configuration which occupies a smaller hydrodynamic volume and thus this 

contributes to less viscosity (Totten, 1999). Eventually maximum polymer distortion 

and loss of viscosity are reached at a lower Newtonian plateau. A lower Newtonian 

plateau was not observed for Eudragit" RL PO at shear rate ranges studied. The 

degree of shear thinning of a polymer (and hence the slope of the viscosity Vs shear 

rate rheogram) depends on the intrinsic molecular characteristics including 

conformation, molecular weight and distribution, and chain branching. Eudragit" RL 

PO has an average molecular weight of 150,000. High molecular weight polymers are 

often highly viscous and difficult to extrude. For most polymers, the critical 

molecular weight is between about 10,000 and 40,000 (Nielsen, 1977) which suggests 

that melt processing of Eudragit® RL PO is inherently difficult without the addition 

of viscosity lowering excipients due to the large molecular weight of the molecules. 

This would coincide with initial characterization experiments for Eudragit® RL PO in 

chapter 2 where processing of the material at temperatures below 120°C was difficult
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in spite of the glass transition temperature being approximately 66°C. With higher 

molecular weight polymers like Eudragif1 RL PO, chains are linked to neighbouring 

chains at multiple points along the length of the macromolecule. The entanglements 

act like nodes of a covalently bonded network junctions which restricts the motion of 

the polymers and therefore of the solution. The three-dimensional network links can 

therefore withstand high stresses without failure because the loads are statistically 

distributed uniformly over a large number of links (Yanovsky, 1993).

Eudragit® RL PO was also processed at a range of temperatures (135 to 

160°C) to determine the effect of temperature on the shear viscosity. It is important to 

understand the role that both temperature and shear play on polymer viscosity so as to 

understand the processing window for both parameters. Temperature dependence of 

viscosity of a polymer melt is one of the most important parameters in polymer flow. 

Generally, as temperature rises, viscosity falls because there is less molecular friction 

and hydrodynamic forces decrease (Gu et al., 2008). Melt viscosity is inversely 

related to the free volume in the polymer melt. Free volume increases from a small 

value at the glass transition temperature linearly with increasing temperature (Lyons 

et al., 2008). In order for the polymer melt to flow, the chain segments must be able to 

move (possess free volume) and must have sufficient thermal energy to overcome 

barriers that impede motion. With an increase in temperature, there is an increase in 

molecular motion of the polymer chains and hence an increase in free volume 

allowing polymer chains to slip past each other more easily and therefore a reduction 

in viscosity is observed (Garfield, and Petrie, 1964). Temperature is an important 

factor that affects viscosity. Under a given stress, the rate of flow is determined by 

polymer chain entanglement/disentanglement and slippage when chains pass each 

other. In this case the increase in temperature imparts more kinetic energy to the 

polymer chains and they will move more. This then promotes disentanglement of the 

chains leading to a reduction in viscosity.

From the rheological data showed that Eudragit RL PO® is a more temperature 

sensitive polymer than shear sensitive polymer given by the larger reduction in 

viscosity when temperature was altered by a certain factor compared to variations in 

shear by the same factor. Such information is useful since it can be used to look at 

how to improve the extrusion output by altering the conditions appropriately to suit
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• (K)the polymer properties. For example, to achieve a reduction in viscosity for Eudragit 

RL PO, through these investigations, it is now known that it is more efficient to 

increase the temperature by a certain factor than to increase the shear by the same 

factor. Similarly, care should also be taken when setting processing limits such as 

temperature as minor changes in temperature can result in large changes in polymer 

viscosity. Polycarbonate is known to exhibit a similar relationship showing large 

differences with increase in temperature and only small differences with shear rate 

changes (Giles et al., 2005). Conversely, the same authors detail other resins such as 

polypropylene, can exhibit a higher shear sensitivity than temperature sensitivity 

therefore increasing the shear rate is more effective at reducing the melt viscosity. 

Increasing the temperature during the hot melt extrusion process can result in a 

number of drawbacks. Firstly, it is not economical and difficult to titrate the extrusion 

temperature with ease during HME continuous processing. Secondly, there are 

implications which result from increasing the temperature on the thermal stability of 
both the drug and polymer and the risk of degradation is increased.

Within the last few years, there has been a paradigm shift in the 

pharmaceutical industry from empirical process development to process 

understanding using various tools for process monitoring (Koster and Thommes, 

2010). Using a Design Of Experiments (DOE) approach, it was shown that capillary 

rheometry can aid in the determination of suitability of temperature and shear rate 

processing limits for Eudragit0' RL PO processing and also wider pharmaceutical 

HME processing operations. DOE is an effective statistical method that applies a 

systematic approach to experimentation and is a fundamental part of the Quality by 

Design concept (QbD). QbD revolves around the concept of a design space, which 

can be defined as the multidimensional combination and interaction of input variables 

(e.g., material attributes) and process parameters that have demonstrated to provide 

assurance of quality. QbD uses process understanding as a tool in quality 

management. In the QbD framework, understanding the impact of raw material 

attributes and processing parameters (such as temperature and screw speed) on the 

critical quality attributes as well as identification and control of sources of variability 

are essential (Wu et al, 2011). Working within the design space limits is not 

considered a regulatory change while movement out of the design space is a post 

approval changes would need to be evaluated. Instead of testing in the traditional ‘one
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factor at a time' manner this approach can show how factors respond over a wide 

range of values without testing every possible combination of factors. In the case of 

Eudragit' RL PO, the DOE was extremely simple and was used to illustrate how a 

combination of DOE principles to generate the run sequence and use of capillary 

rheometry compliment each other well during process optimization during HME. The 

range which temperature and shear rate were examined were small during these 

particular experiments (less than 20%) but by adapting this approach, it was possible 

to matrix all potential run sequences that were needed to provide the required 

information to conclude that the proposed processing ranges for Eudragit" RL PO 

were indeed acceptable if the changes in parameters were to result in changes in 

viscosity lower that 10%. In a similar study, Verreck et al. (2003) used the DOE 

approach to study the effect of 3 processing variables: temperature (between 150 and 

220°C), feed rate (between 1 and 2 kg/h) and screw speed (between 200 and 400) 

during HME on the physical characteristics of hot melt extrudates containing 

itraconazole and HPMC. The authors concluded that at all combinations and levels of 

these parameters, an amorphous dispersion was produced hence showing that the 

extrusion process was robust and consistently produced a similar product. Similarly 

Khaldoun et al. (2004) implemented the DOE concept for optimizing an extrusion 

blow molding process. A range of processing parameters were investigated including 

screw speed, melting temperature, cooling time, pressure and mold temperature, on 

the outcome of the process is investigated. The significant factors affecting the 

volume and mass of the blow molded product were identified to be, melting 

temperature, pressure, and ambient temperature.

In order to develop a more comprehensive understanding of the temperature 

dependence of viscosity of Eudragit" RL PO, the flow activation energy (Ea) was 

calculated using the Arrhenius equation. According to this equation, the 'viscosity 

values obtained at a constant shear rate can be correlated with temperature. 

Knowledge of the Ea is important in deducing the sensitivity of a process towards 

temperature (Turhan and Gunasekaran, 2002). The higher the Ea, the more sensitive 

the process is to temperature. In chemical reaction terms, the activation energy is also 

useful for signifying the minimum amount of energy required for the reactants to start 

a reaction (Fogler 1999). The lower the Ea, the faster the reaction will proceed. The Ea 

for Eudragit® RL PO was calculated by finding the gradient of a plot of In viscosity
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of the polymer at three temperatures plotted against the inverse of temperature. 

Calculation of Ea has been applied to a number of polymeric materials since it 

measures the energy required to over come resistance to flow. For example Tunick 

(2010) used this approach to calculate the Ea value the processing of molten cheese 

food products. Yang et ai, 2009 calculated Ea for polypropylene and polypropylene 

composites containing the flame retardants magnesium hydroxide and aluminum 

trihydrate across a 170-195°C temperature range sing the same method showing that 

the blends containing the fire retardants had increased calculated Ea vaules than the 

pure polymer. On this basis, it was concluded that the sensitivity of the viscosity to 

temperature was increased with the addition of such additives. This was explained 

firstly by the enhanced molecular activity of the molecules at a higher temperature 

resulting in the matrix becoming more fluid and thus the friction between PP and 

flame retardant reduced. Secondly, an increase in temperature intensified the rate of 

destruction of the network junctions formed between polymer and flame retardant. Gu 

et al. (2008) used a similar method to calculate Ea to determine the effect of addition 

of poly(butylene adipate-co-terephthalate) (PBAT) as a toughening agent to the 

biodegradable polymer Polylactide (PEA) during hot melt extrusion at three different 

processing temperatures. These authors showed that addition of PBAT to the PEA 
melt caused a gradual increase in viscosity of the melt with a reduction in the power 

law index with increasing concentration. A reduction in Ea with increasing PBAT 

concentration showed firstly that the melt became less temperature sensitive with 

increasing concentration and that introduction of the flexible PBAT molecular chains 

allowed easier flow. On this basis the authors concluded that PBAT loaded PEA 

blends had a broader processing temperature window due lower Ea values. Similarly 

Wang et al. (2008) used an identical method to determine the effect of addition of 

carbon nanotubes as fillers on the flow properties of Nylon 6 polymer matrices, which 

increased with increasing loading of filler. The authors from this concluded that 

addition of the filler leads to more rigid and stiffer polymer chains in the composite 

systems and results in higher activation energy for the flow process. If the shear rate 

is fixed and In viscosity increases with an increase of the reciprocal of absolute 

temperature, in a linear relationship, this illustrates that the dependence of the shear 

viscosity of on temperature obeys the Arrhenius equation. This relationship was 

observed for Eudragit RE PO . Ea is a measure of how sensitive the viscosity of the 

melt is to temperature (Paradkar et ai, 2009).
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For Eudragit RL PO the calculated Ea value was found to progressively decrease 

with increasing shear rate which showed that the energy required to overcome 

resistance to flow and thus temperature sensitivity was reduced with increasing shear 

rate. As temperature sensitivity of the melt reduces with increasing shear rate, opting 

for processing conditions at higher shear rates offers an advantage in that the melt will 

respond less to small changes in temperature or fluctuations in temperature at higher 

shear rates. When temperature sensitivity is increased, the propensity for the 

viscosity to change with small changes in temperature is also increased and this may 

be problematic as the effect of non uniform melt temperature on flow rate becomes 

more pronounced and control of the extrudates shape through a die becomes more 

difficult with higher temperature sensitivity (Chung, 2000). It would therefore seem 

that in setting up a process which involves Eudragit® RL PO, extrusion at higher shear 

rates and a higher temperature (as is feasible relating to polymer and drug thermal 
stability) would result in the optimal processing scenario.

It was shown that log log plots of shear stress Vs shear viscosity of Eudragit " 
RL PO followed a linear relationship allowing the power law model to be applied to 

describe flow behaviour. The Power law model is a good model for fitting data at 

high shear rates, such as those generated by capillary rheometry (Carley and Crossan, 

1981) (Sombatsompop et al, 1997). This useful model allows the flow properties of 

the melt to be characterized by two constants, n (power law index) and K (consistency 

index). The power law index describes the shear thinning nature of the melt and is 

calculated from the gradient of the shear viscosity versus shear rate plot while K is the 

consistency index and is calculated from the intercept. Consistency index is a measure 

of zero shear viscosity (Paradkar et al., 2009). Flow behaviour of polymers is more 

complex than this model suggests since viscosity is constant in the upper and lower 

Newtonian region at very low and high shear rates. However, it does provide useful 

information and is frequently used the polymer processing industry as a quick 

reference to determine the shear thinning nature of the polymer. A number of 

assumptions must be fulfilled for application of the power law model. These include 

(a) zero fluid velocity at the wall, (b) fluid streamlines are parallel to the wall, (c) 

uniform hydrostatic pressure across any radial section of the capillary and (d) flow is 

viscometric (Paradkar et al., 2009). If these conditions are not met, the relationship
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may prove not to be linear between shear stress and shear rate. When the value of n is 

greater than one, the type of flow is shear thickening and when n is less than one, the 

type of flow is shear thinning (Luukkonen et al., 2001). For a shear thinning fluid: 

0<n<l. The more shear-thinning the polymer, the closer n is to zero. The Power law 

index for Eudragit' RL PO was shown to increase with increasing temperature 

indicating that the degree of shear thinning behaviour was increased with a reduction 

in temperature. Starch, a polymer extensively characterized in the literature because 

of its diverse properties and uses has been shown to exhibit a similar trend where n 

increases and K decreases with increasing temperature (Vergnes and Villemaire, 

1987) (Singh and Smith, 1999) (Madeka and Kokini 1992). Paradkar et al. (2009) 

used this approach to characterize the flow properties of Hydroxypropyl Cellulose 

(HPC) using K and n. In this study also, n was found to increase with increasing melt 

temperature and this is related to the effect of temperature on the melt viscosity of the 

polymer. The fact that melt viscosity of Eudragit RL PO reduced with increasing 

shear rate is of great importance in the extrusion process and it is important to know 

the extent of change (represented by n). At very low shear rates the viscosity is 

independent of the shear rate and the same is true for very high shear rates. The power 

law indicates how rapidly viscosity reduces with shear rate and indicates degree of 

non-Newtonian behavior. If the power law ranges from 0.8 to 1.0 the fluid is almost 

Newtonian, and if less than 0.5 the fluid is strongly non-Newtonian (Rauwendaal, 

2001). The calculated power law index value for Eudragit' RL PO was found to range 

from 0.53 and 0.72 between 135 and 160°C. At higher rates of shear for RL PO, for 

each of the three temperatures studied, the lines of the flow response curve began to 

converge. This effect has also been observed by Suwardie et al. (2011) who noted that 

the temperature induced viscosity difference of formulations containing 

acetaminophen (APAP) and polyethylene oxide (PEO) became smaller at high shear 

rates given also by converging lines in the shear rate Vs shear viscosity profile. These 

authors used capillary rheometry to determine the solubility of APAP in PEO 

showing that the viscosity of the formulation reduced with increasing drug loading 

but beyond the saturation solubility of the drug, the viscosity was shown to increase 

hence the saturation point could easily be detected through the use of viscosity 

measurements. As seen with high shear rates and converging lines with different 

temperatures, a similar effect was observed with drug loadings where the flow 

response curves also converged at high shear rates making it difficult to note the
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effect of the presence of the drug on the viscosity of the polymer. On this basis the 

authors concluded that viscosity becomes less sensitive to drug loading at higher 

shear rates and hence low shear rates were used to allow determination of the drug 

solubility in the polymer. This effect seen in the aforementioned study and with 

Eudragif' RL PO is typical for many polymer melts and occurs as a result of lower 

values of shear thinning index (i.e. higher degree of shear thinning) at higher rates of 

shear (Paradkar et al., 2009).

The effect of shear rate and temperature on the die pressure readings during 

capillary rheometry testing were observed. The orifice die entrance pressure drop (PO) 

is created due to sudden contraction of the fluid at the die entry region and is 

sometimes called entry pressure. It was shown that increasing the shear rate caused an 

increase in the die pressure since material is forced through the narrow offrice. 

Increasing the temperature at each respective shear rate caused a reduction in the die 

pressure due to the increased fluidity and lower viscosity of the polymer. Die 

pressures in the zero-entry (PO) and the long die achieved equilibrium at each shear 

rate confirming that the Poiseuille equations of flow could be satisfied (Suh et ah 

2006) (Castillo-Tejas et al, 2005). It has been reported in the literature that if pressure 

oscillations are observed during the equilibration phase is indicative of melt flow 

instabilities during processing (Goutille and Guillet, 2002) (Palza et al., 2010) 

(Rodnguez-Gonzalez et al., 2009). Die pressures were observed during the 

equilibrium phase at 135°C , 150°C and 160 °C at a range of shear rates. SEM images 

of hot melt extrudates produced at each shear rate were then correlated with die 

pressure observations to determine if melt flow instabilities were apparent. During 

extrusion and indeed during capillary rheometry the molten polymer experiences a 

flow with a high shear rate especially near a wall of die. In such situations, the 

material exhibits unstable flow behaviors as a result (Komuro et al., 2010). All 

polymer melts exhibit instabilities during extrusion when the stresses to which they 

are subjected become sufficiently high, with the first manifestation the appearance of 

distortions on the extrudate surface (Denn, 2001). It is well known that extrusion 

instabilities are factors that limit productivity in polymer processing operations 

(Rodnguez-Gonzalez et al., 2009). High throughput conditions are limited by melt 

flow instabilities which change the appearance and properties of the extrudate (Palaza 

et al., 2010). Generation of instabilities during melt extrusion of polymers has been
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reported for many polymers used in the plastic industry (Hatzikiriakos et al., 2005) 

(Agassant et al., 2006). There are three main instabilities depending on the shear rate 

and polymer properties: sharkskin, spurt or stick- slip and gross melt fracture (Palaza 

et al., 2010). Proposed mechanisms for melt fracture include entry flow vortex 

instability, stick-slip phenomena and other interactions between the die wall material 

and polymer which are the most commonly used explanations. At low flow rates, the 

first visually detectable defect appears in the form of cracks on the surface of the 

extrudate and thus is often termed surface melt fracture or sharkskin and may be 

observed for very high molecular weight materials (Goutille and Guillet, 2002). The 

onset of this phenomenon was observed to occur at 135°C at 150sec 1 for Eudragit' 

RL PO and evidence from die pressure and SEM were in good agreement. No die 

pressure oscillations were observed at 150 and 160°C processing conditions at any 

shear rate tested indicating that processing Eudragit" RL PO at 150 or 160°C resulted 

in a reduction in the risk of melt fracture. At these temperatures all extrudates were 

smooth and regular. Melt fracture is difficult to eradicate once established and it is 

easier to identify shear rates at which it occurs and avoid them by manipulating the 

processing window or by other potential measures such as reducing the viscosity by 

addition of a processing aid and die geometry changes. Capillary rheometry has been 

proven in this study to be beneficial in that it can identify the critical shear rates at a 

specified temperature at which problems in processing may be encountered and so 

thus intervention can proceed so as to avoid the onset of melt fracture. Shark skinning 

manifests itself as a ridged surface distortion but a less severe form can also be 

observed where the occurrence of matness of the surface and the glossy surface is 

irregular and cannot be maintained (Rauwendaal, 2001). Such an appearance was 

observed for Eudragit5' RL PO when processed at 135°C and shear rates above 

150Sec"'. It has been recognized that such sharkskin behaviors are highly related to a 

slip phenomenon that takes place near the wall of the die (Komuro et al., 2010) and is 

primarily related to temperature and linear extrusion speed (Rauwendell, 2001). The 

origins of this phenomena has been discussed by many authors but it seems that the 

mechanism may vary from material to material and the exact mechanisms are still 

poorly understood. The onset is affected by the die material, indicating that the 

instability is interfacial in origin. Mechanisms including wall slippage, fracture of 

melts and hydrodynamic instabilities associated with viscoelasticity have been 

proposed where above a critical shear stress, a spiraling flow at the entrance of die
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becomes prominent resulting in melt fracture (almost like water down a plughole). It 

is now generally accepted that the melt fracture is initiated at the entrance to the die 

from the barrel where the melt undergoes mainly a uniaxial extension due to the 

contraction flow (Komuro et ai, 2010). On a molecular level, it has been proposed to 

be due to one of a combination of three potential causes. Firstly stick slip is the result 

of an adhesive failure of the polymer chains at the solid surface. Secondly there may 

be a cohesive failure resulting from disentanglement of chains in the bulk from chains 

adsorbed at the wall, with the polymer slipping over an adsorbed ‘brush’. Thirdly 

there may be a lubricated layer at the wall, possibly as a result of a stress-induced 

transition to a low-viscosity mesophase (Denn, 2001). In a study conducted by 

(Gauthier et al. 2010) addition of polymer processing additives was assessed in order 

to alleviate melt extrusion defects of low density polyethylene. Such additives should 

ideally be immiscible and migrate from the polymer melt to the die wall during 

processing to form a stagnant layer acting as lubricant for the polymer, hence 

allowing it to slip on the die. These authors used a single bore capillary rheometer and 

assessed shear rates between 50 and 1000s '. Extrudates may consist of alternating 

smooth with sharkskin like sections. This leads to pressure oscillations or sudden 

fluctuations in the flow rate. Processing aids can increase the extruder performance 

and reduce energy cost (Goutiile and Guillet, 2002) therefore if processing Eudragit' 

RL PO at lower temperatures (below 150°C) it would be useful to include a 

processing aid to prevent the onset of extrusion instabilities if high throughputs were 

required at this temperature, for example if processing could not proceed above 135°C 

due to thermal instability of a particular drug.

Samples which were not dried prior to capillary rheometry testing were also 

analysed by SEM and the presence of large air bubbles throughout the extrudates 

were apparent which was a direct result of moisture volitization. Samples which had 

not been dried prior to capillary analysis showed poor repeatability and instability in 

the pressure profile. This indicated that in order to ensure consistent product 

performance and appearance, Eudragit RL PO should be dried prior to HME. 

Moisture is however removed more easily during a HME process since the material 

experiences high shear conditions immediately on feeding, and the vertical path 

length for moisture to be vaporised is shorter than that of the capillary rheometer 

barrel (Nelson, 2003). During HME the molten polymer experiences greatest shear in

280



Chapter 5

the die region, promoting vaporisation of moisture from the barrel (Ramamurthy, 

1986) (Binding et al, 1998). The vaporisation of moisture from the sample then 

resulted in pressure instability causing poor repeatability.

Effect of shear rate on the glass transition and water uptake properties of 

Eudragit® RL PO were investigated. Both the glass transition and water uptake 

properties of a polymer have been shown in chapter 3 and 4 to be important physical 

characteristics which can influence both the dissolution and stability characteristics of 

a solid dosage form therefore it is extremely important to determine if processing 

parameters such as shear rate had a significant influence of key properties such as 

glass transition and water uptake. Shear rate can affect polymer chain orientation and 

this can play a key role in final product characteristics such as mechanical and 

thermal properties (Asians et a/., 1996). As the degree of alignment increases, 

resistance to shear flow may be reduced (Fleming, 2004). Therefore, the alignment of 

polymer chains, and hence pseudoplastic flow behaviour and thermal properties, may 

be influenced by intrinsic polymer properties including polymer molecular weight, 

polymer side-chain branching (Nunes et al, 1982; Kim et al, 1998) as well as 

processing parameters such as shear rate. It was shown that altering the shear rate 

during processing between 50 and SOOsec'1 did not exert a significant influence on the 

polymer microstructre and both the glass transition temperature and water uptake 

properties of the polymer remained unchanged. This showed that any polymer chain 

orientation which occurred during flow through the die was negated due to elastic 

recoil and re-entanglement of the polymer chains upon exit from the die. The elastic 

recoil properties of the polymer chains then resulted in a die swell phenomenon, 

which although shown not to affect the thermal or water uptake properties, can affect 

the dimensions of the final product due to expansive behaviour.

During hot melt extrusion of the pure polymer in chapter 2, the diameter of the 

extrudates was observed to be larger than the diameter of the die offrice and this 

appeared to change with an increase in screw speed. The extrudate swell (also known 

as die swell) ratio of the extrudates at a range of shear rates in both the long and short 

dies was calculated. Extrudate swell is a flow phenomenon which commonly occurs 

when a polymer melt emerges from a confined boundary (Liang, 1996). The change 

in boundary condition at extrusion die exits causes extrudate to swell and
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understanding this phenomenon is essential for controlling dimensions of the final 

product (Doelder and Koopmans, 2008). Thermoplastic polymer molecules consist of 

long chains which occur in roughly coiled spherical configurations which minimize 

entropy and such materials flow and are forced through a die, the molecules become 

straightened or oriented. When the molten polymer then leaves the die the molecules 

are oriented in a parallel direction to the axis exit (Liang et al., 2010). Due to elastic 

properties of the polymer, restoring forces are established in the direction of 

deformation, which act to return the melt to its original state and polymer chains will 

eventually recoil back to the original configuration. All polymers exhibit some degree 

of die swell (Giles et al., 2005). Die swell is widely known to be an important factor 

which determines the quality and dimensions of the polymer product and can be 

explained by the recoverable elastic deformation developed during flow (Kar and 

Otaigbe, 2001) (Huang and Leong, 2002) (Guillet and Serial, 1991). Die swell during 

production of a pharmaceutical product in a highly regulated environment can prove 

problematic. If there are specifications for a product dimension then the extrudate will 

have to be hauled off at a greater rate than it is extruded to reduce the cross sectional 

area (Laarhoven et al. 2004). Extreme forms of die swell produce melt fracture, which 

may lead to changes in the drug release rate. Die swell may also not distributed 

uniformly over the extrudate and some areas of the may swell more than others 

resulting in a distortion that cannot be compensated by increased haul off rate. Not 

only is die swell problematic for extrudate dimensions, it has also been shown to 

influence the spherical shape of pellets produced during down stream processing 

which can have implications for oral drug delivery if the pellets will be used in 

tableting or directly filled into capsules. The fill weight would therefore be affected 

with an elongated pellet shape due to poor flow properties of the extruded material. 

Bialleck and Rein (2011) investigated die the shape attributed to the swell properties 

of hot melt extrudated pellets containing starch and a range of active ingredients. 

These authors showed that the resulting shape and size of the produced particles was 

determined by the die swell of the melt. It was noted that the pellets became spherical 

because of the viscoelastic properties of the melt. If the die swell is not strongly 

pronounced, a more cylindrical shape is obtained. The authors also noted that the 

surface of the produced pellets were generally smooth but exhibited irregularities on 

the surface which was caused by high pressure and shear force in the die hence an
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indication of melt fracture. There for die swell properties can also have a positive 

effect as rounder pellets will flow more easily than elongated cylindrical pellets.

Die swell in a range of polymers has been studied by a number of authors, but 

no reports in the literature have been found where this phenomenon has been 

characterized for common pharmaceutical polymers. Garcia-Rejon and Alvarez 

(1987) showed that die swell generally increased with increasing screw speed of 

polyethylene blends as did Sombatsompop et al. (2007) for a number of industrial 

polymers including polystyrene PS, low density polyethylene and polyvinyl chloride. 

It is generally known that increasing the temperature reduces die swell and increasing 

the shear rate increases die swell (Sombatsompop et al., 2001) (Huneault et al., 

1989). Huneault et al. (1990) found that the extent of swelling of poly(vinyl chloride) 

was strongly dependent on the residence of time of the melt in the die and the die 

configurations. Liang et al. (2008) investigated the effect of shear rate and 

temperature on the die swell properties of polypropylene composites filled with 

diatomite to improve the mechanical properties of the polymer. The effect of particle 

size on die swell properties was also investigated showing that reducing the particle 

size of the filler (while keeping concentration constant) resulted in an increase in the 

die swell ratio of the polymer. In the study, die swell ratio of the composites increased 

nonlinearly with increase of shear stress and shear rate. Interestingly, die swell ratio 

decreased linearly with a rise in temperature. This was due to increased activity of 

polymer chains which enhanced relaxation in the die reducing elastic recoil and 

reducing the recovery of deformation generated in flow reduces. With a larger die 

offrice, there is a greater volume flow rate of the polymer melt. This causes a 

reduction in the residence time of the melt within the die. During convergence into the 

die entry, the melt contracts and undergoes constriction and an increase in shear 

stress. By reducing the residence time, the melt has less time for relaxation and hence 

the elastic recovery upon exit leading to increasing the degree of extrudate swell.

Eudragit' RL PO extrudates which had been processed through the long die 

exhibited lower die swell ratios than those processed through the zero length die. The 

die swell ratio also increased with increasing shear rate and these observations were 

coherent with actual behaviour of the polymer during hot melt extrusion. Thus, it is 

now known that the longer the die, the lower the swell ratio of Eudragit " RL PO. As
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disentanglement of the polymer chains is a kinetic process, a longer die results in a 

longer residence time and thus a greater amount of time allowed for disentanglement. 

The greater this relaxation time at any particular rate of flow, the lower the die swell. 

The use of longer dies are known to aid in the suppression of extrudate swelling for 

some polymers (Dangtungee et ai, 2006) and this may also be applied to hot melt 

extruded products manufactured from Eudragit" RL PO if a reduction in die swelling 

is required. Die swell has been generally shown to increase with increasing screw 

speed (Garcia-Rejon and Alvarez, 1989) and a similar observation was made during 

extrusion Eudragit' RL PO and increased shear rate flow analysis. This was due to 

the increase in the rate of flow of the molten polymer through the die hence lowering 

residence time of the material and increasing the swelling properties. During capillary 

processing of Eudragit" RL PO at typical extrusion shear rates (between 100 and 

400sec'') the actual die swell ratio was approximately 2.3-2.6 in the zero entry die and 

1.5-1.66 in the 16mm length die. Die swell ratios can vary from to polymer and often 

around 1.20-1.40 for Polyvinyl chlorides to 1.50-2.00 Polyethylenes which are often 

processed using HME therefore this phenomenon should prove to be particularly 
problematic during processing of this polymer.

There are limited reports in the literature which consider drug addition on 

processing outcome variables such as die swell. Schilling et. al. 2010 simply used the 

extrudate diameter as an indicator for die swell noting that as the concentration of 

theophylline, a crystalline dispersion at all concentrations in a Eudragit SI00 matrix 

was increased from 20 to 40%, the swelling behavior of the extrudate was reduced, 

and lower processing yields were correlated with an increase in drug concentration. 

The extrudate diameter a number of grades of HPMC were compared with 

polymethacrylates (including Eudragit L100-55, Eudragit L100, Eudragit S100) and 

were shown be lower and the authors explain that this is due to their lower molecular 

weights (approximate MW around 18,000 compared to the methacrylic polymers 

135,000 to 250,000 and 250,000 with their lower glass transition temperature 

resulting in lower melt viscosities and reduced elastic recovery during extrusion 

indicating that molecular weight, glass transition and melt viscosity affect die swell of 

a material.
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(K)The effect of inclusion of QB on the rheological properties of Eudragit RL PO was 

also investigated using capillary rheometry. In spite of the growing interest in the 

pharmaceutical field, the rheological properties of drug loaded molten polymeric 

systems are seldom characterized. Dangtungee et al. (2006) note that even in the 

engineering sector, although studies relating to the rheological behavior pure 

polymeric melts have been well documented, studies on molten polymer blends which 

contain polymer and additives such as fillers are limited, thus it would seem that also 

in the engineering sector, loaded polymer systems are much less characterized than 

the pure materials. In a study by Yang et al. (2011) the solubility of a model drug 

acetaminophen in PEO at the extrusion processing temperature was measured using 

rheological analysis in combination with hot-stage microscopy and differential 

scanning calorimetry (DSC). Results showed that the viscosity of the polymer 

decreased with increasing concentration of the drug indicating that dissolution of the 

drug in the matrix occurred. However, beyond a certain drug concentration, 

increasing drug loading resulted in an increase in viscosity. It was reported that this 

decrease in viscosity of PEO was caused by disruption of the polymer structure by the 

presence of drug showing that the dissolved drug acted as a plasticizer. The rise of the 

viscosity at higher drug concentrations however was due to the drug loading 

exceeding saturation solubility in the matrix resulting in the undissolved solid drug 

particles acting as suspended fillers.

Chokshi et al. (2005) characterized the thermal and rheological properties of 

indomethacin loaded binary systems containing one of a number of pharmaceutical 

polymers, namely Eudragit EPO (EPO), polyvinylpyrrolidone/vinyl acetate 

copolymer (PVP-VA), polyvinylpyrrolidone K30 (PVPK30), and poloxamer 188 

(PI88). Systems were evaluated as a function of drug concentration to provide an 

insight into miscibility and processibility of these systems for hot melt extrusion. 

Using torque rheometry, zero rate viscosity and activation energy were determined at 

varying shear rates and temperatures. These authors found that that the zero-shear 

viscosity of the polymer was strongly influenced by the drug content in the 

formulation. Also as mentioned previously, Suwardie et al. (2011) used capillary 

rheometry in addition to oscillatory rheometry to determine the solubility of 

Acetaminophen in molten PEO. Viscosity vs. drug loading curves were plotted and 

found to have a V shape with the minimal point denoting the APIs solubility in PEO.
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During these investigations, QB was found to exert a significant influence on the 

rheological properties of Eugragit RL PO. QB containing formulations were 

investigated at three temperatures (115, 135 and 150°C) and three concentrations (5, 

15 and 30% w/w). Formulations were also processed at 160°C but this proved 

difficult and the formulations containing 30% w/w QB were too fluid and fell from 

the vertically located die even in the absence of shear making made accurate pressure 

determinations difficult. This was confirmed by observing PO die pressure data for 

these formulations- rather than increasing with increasing shear rate, the die pressure 

values remained constant and low at 0.06MPa. In the longer capillary die, a rise in 

pressure was observed for the same formulation. This was atypical since a rise in die 

pressure in both barrels is expected with increasing shear rate. Therefore, the constant 

low pressure of the zero-entry (PO) die attributed to the low viscosity of the 

formulation arose from the low melt viscosity at 160°C and significant plasticization 

of the polymer by QB and the pronounced effect of temperature on polymer viscosity. 

The inability to achieve a meaningful pressure reading at the zero-entry (PO) die in 

response to an increase in shear rate meant that Bagley correction values were likely 

to be inaccurate at this temperature.

Increasing the concentration of QB in the blends caused a reduction in viscosity 

of the polymer. Melt viscosity of a formulation is directly related to its thermal 

processability. A high melt viscosity requires a greater force to process the material 

and can result in damage to extrusion equipment and poor quality of the final product 

(Gonzalez et al., 2006) therefore addition of QB to the formulation improved the 

thermal processability of the material. In chapter 4 it was shown that QB had a high 

solubility and miscibility with the polymer affecting the polymeric intrinsic properties 

including glass transition and water uptake. QB was shown to act as a solid state 

plasticizer due to the high solubility within the polymer matrix. QB was proposed to 

have strong interactions with the polymeric functional groups on the polymer chain 

hence occupying intramolecular sites of attraction which is known as internal 

plasticization (Repka et al, 1999) (Rahman and Brazel, 2004). Plasticizers such as QB 

enhance the motions of the polymer chain segments and increase backbone flexibility 

and they can lower the glass transition temperature of the polymer and increase the 

free volume between polymer chains (Aharoni, 1998). This results in a reduction in
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both chain stiffness and viscosity, leading to an enhancement of non-Newtonian 

behavior and consequently a further reduction in melt viscosity under high shear 

conditions (Wu and McGinity).

The activation energies (Ea) were calculated for blends containing high (30% 

w/w) and low (5% w/w) loadings of QB. As in pure Eudragit' RL PO, Ea was found 

to decrease with increasing shear rate. Increasing the concentration of QB was also 

found to reduce Ea and is attributed again to the fact that QB acted as a solid state 

plasticizer reducing the energy required to initiate flow of the polymer. Chokshi et al. 

(2005) used an identical method to calculate the Ea of a number of drug loaded 

polymeric blends of a number of different polymers using torque rheometry. The solid 

state properties of the blends were also determined and correlated with the rheological 

properties. Model drugs which were miscible with the polymer were found result in a 

reduction in Eu while it increased for immiscible dugs.

A plot of log shear rate Vs log shear viscosity at all of the QB concentrations 

and at 115, 135 and !50°C yielded a straight line graph with R~ values ranging from 

0.98 to 0.99 indicating that the power model could be used to describe flow behaviour 

of the drug loaded molten systems allowing application of the power law index (n) 

and consistency index (K) to describe material behaviour. The closer n is to unity, the 

closer the material exhibits Newtonian behavior (Dulcos et al., 1999). K also equals 1 

in a Newtonian fluid (Bonacucina et al., 2004). With the increase in QB the power 

law index decreased indicating that the material deviated further from Newtonian 

behaviour with an increase in QB concentration from 5 to 30% w/w. Just as Ea is a 

measure of how temperature sensitive the melt is, the power law index (n) is a 

measure of how shear sensitive the material is and the lower the n value, the more 

shear sensitive the polymer becomes (Giles et al., 2005). This indicated therefore that 

with the addition of drug, the polymer became less temperature sensitive (denoted by 

a reduction in Ea) but more shear sensitive and this effect increased with increasing 

QB concentrations between 5 and 30% w/w. Similar conclusions were drawn with Gu 

et al. (2008) when PBAT loaded PEA blends had lower Ea values than the pure 

polymer. These findings are practically useful for the definition of an appropriate 

processing limits for temperature and shear rate during the hot melt extrusion process. 

Through addition of increasing levels QB, the processing window is widened for
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temperature as the melt is less temperature sensitive therefore wider in-process 

controls may be placed on the material. The window for shear rate however is smaller 

and in process control limits therefore must be tightened since the polymer is more 

sensitive to shear with increasing drug loading.

For the drug loaded formulations, the consistency index (K) was also found to 

reduce with increasing drug concentration. Consistency index is an indicator of the 

viscosity at zero shear (Nakason et al., 2004) (Paradkar et al., 2009). A similar 

finding was also reported by Chokshi et al. (2005) who showed that increasing the 

concentration of a plasticizing drug in the polymer matrix resulted in a reduction of 

the zero shear viscosity which indicated disruption of the polymer structure and thus 

the intermolecular forces of attraction between polymer chains. This was also 

proposed for QB and RL PO. Addition of QB to the hot melt formulation was also 

shown to stabilize hot melt processing of the polymer since die pressure oscillations 

were not observed at any temperature or concentration of QB studied. The polymer 

could also be processed at temperatures as low as 115°C with no melt fracture 

observed in the surface of the extrudates. This was as a result of the increased fluidity 

(as a result of a reduced viscosity) of the molten polymer, hence the stick slip 
behaviour of the material within the die which was observed for the virgin polymer at 

135°C was counteracted. Since stick slip behaviour arises from the disentanglement of 

polymer chains in the bulk from chains adsorbed at the die wall (Gauthier et al. 2010), 

thus reducing viscosity and improving fluidity of the material allowed the polymer 

chains to flow past adjacent molecules more easily without the build up of pressure 

and the propensity to stick and slip at the die wall.

All formulations containing QB were shown to result in significant swell 

behaviour which could be problematic since it may result in a product with out of 

specification dimensions. Increasing the concentration of QB did however result in a 

reduction in extrudate swell ratio thus lowering the risk of potential problems caused 

by this phenomenon. Nair et al. (2002) found that the addition of polystyrene to 

Nylon 6 caused a reduction in the die swell properties of the material concluding that 

this was an indicator of a reduction in melt elasticity of the blend. As extrudate swell 

is an elastic recovery process, a reduction in the elasticity causes a reduction in 

extrudate swell (Doelder and Koopmans, 2008). As QB is a plasticizer, this resulted
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in a reduction in the elasticity of the polymer and these findings were in good 

agreement with those from chapter 4 where it was found that increasing the 

concentration of QB in hot melt extrudates caused a reduction in the elastic modulus 

(or Young’s modulus) of Eudragir RL PO. Generally, the addition of a plasticizer to 

a polymer increases the flexibility, ductility and elongation of a film, but is 

accompanied by a reduction in tensile strength and modulus of elasticity (Gutierrez- 

Rocca and McGinity, 1994) (Aulton et ai, 1981) (Repka and McGinity, 2000) 

therefore explaining the lower reduction in observed extrudate swell of QB containing 

formulations post exit from the capillary die.

The effect of application of a drawing force to counteract the significant 

extrudate swell, on the drug release properties was evaluated. Prior to these 

investigations, extrudates were produced at shear rates ranging from 50-1500sec_l and 

it was shown that shear rate did not have a significant impact on the drug release 

properties. These results are in good agreement with glass transition and water uptake 

studies for pure polymer processed via capillary rheometry where it was shown that 

shear rate did not impart a significant influence on the polymer physiochemical 

properties and a proposed mechanism for this was the intense elastic recoil of the 
polymer post processing which counteracted the increase in orientation experienced at 

increased shear rates. The capillary rheometer was used as a ram extruder to also 

produce extrudates at 150°C and 200sec '. There are no reports in current literature 

where a capillary rheometer has been used as a ram extruder to produce extrudates at 

a defined shear rate for drug release purposes, nor do any reports exist whereby 

application of a drawing force upon exit from the equipment has been evaluated to 

investigate the effect of a drawing force on drug release. The In vitro dissolution 

properties of 30% w/w QB loaded extrudates were evaluated following application of 

a 5, 15 and 20g force. No significant difference in the dissolution profiles were 

observed at any of the applied forces and this provided evidence that application of a 

haul of force to counteract the extensive extrudate swell observed would not 

negatively impact on the dissolution properties of QB loaded Eudragit1 RL PO 

extrudates if this were to be employed as a measure to resolve the problem. It should 

however be noted that extensive polymer chain orientation such as that induced by 

intense haul off speeds, can lead to lead fracture and the formation of defects in such
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as cracking which can in consequence reduce the final mechanical properties of the 

extrudate (Rothen-Weinhold et ai, 1999).

Laarhoven et al. (2004) showed that polyethylene vinyl acetate (PEVA) coaxial fibers 

produced by hot melt extrusion exhibited significant extrudate swell resulting in the 

need for the application of a drawing force post extrusion to maintain product 

dimensions. The PEVA coaxial reservoir devices were manufactured for 

pharmaceutical application and were loaded with a contraceptive steroid 

(Etonogestrel). The authors found that by increasing the haul off drawing force (also 

widely referred to as the spinline stress) the in vitro release rate of the steroid from the 

coaxial fibers increased due to changes in the crystalline structure of the outer rate 

controlling polymeric membrane of the reservoir device. Unlike Eudragit® RL PO 

however, PEVA is a semi-crystalline polymer. The application of a drawing force to 

semi crystalline polymers has been reported to result in changes to the polymer 

crystallization process (Hou et al., 2008) (Spruiell and White, 1975) (Yu et al., 2008). 

When the temperature of the polymer is near the melting point of the material such as 

upon exit from the extrusion die, the molecular chains can become oriented along the 

direction of flow or drawing a crystallization phenomenon known as flow-induced 

crystallization (Liang, 2001). The alignment of polymer chains can result in the 

formation of a lamellar crystalline structure as opposed to a spherulitic type structure, 

which can ultimately affect release of drug. Since drug can only diffuse through 

amorphous regions, altering the internal crystalline structure of the material during 

processing exerts a significant impact on the movement of drug through the polymer 

matrix. Due to the amorphous nature of RL PO however, this phenomenon was not 

observed and thus application of a drawing force to maintain product dimensions is 

deemed suitable for Eudragit RL PO.
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5.5. CONCLUSION
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(K)The rheological properties of Eudragit RL PO molten systems were investigated 

using capillary rheometry. This technique has been used extensively in the plastics 

and engineering sector to characterize molten polymers for hot melt applications but 

has attracted limited interest within the pharmaceutical field for evaluating the 

properties of pharmaceutical polymers and drug loaded polymeric formulations in 

spite of the growing interest in HME for the production of solid dispersion dosage 

forms. Eudragit' RL PO was found to exhibit non Newtonian (pseudoplastic) 

behaviour, the viscosity of which was found to exhibit a higher temperature 

dependence than shear dependence. Using a Design Of Experiments (DOE) approach 

and a two level factorial design, both temperature and shear rate were confirmed to 

impart a significant influence on polymer viscosity and from the data, definition of 

processing limits are possible if an acceptable variation in viscosity is defined. The 

Arrhenius equation was used to calculate the activation energy of flow (Ea) of the 

polymer, a measure of the temperature sensitivity of the polymer melt. For Eudragit" 

RL PO the calculated Ea value was found to progressively decrease with increasing 

the shear rate showing that temperature sensitivity was reduced with increasing shear 

rate. It can therefore be concluded based on this that opting for processing conditions 

at higher shear rates may be advantageous since the melt will respond less to small 

fluctuations in temperature at higher shear rates improving the stability of the HME 

process. The power law model was proven to be a suitable predictive model for 

Eudragit" RL PO in the shear rate ranges investigated, allowing the melt to be 

characterised by two constants, n (power law index) and K (consistency index). The 

Power law index for Eudragit RL PO was increased with increasing temperature 

indicating that lower the processing temperature, the more shear thinning the melt. 

This would suggest that it is better to process Eudragit RL PO at as high a 

temperature as possible (without causing degradation) since small fluctuations in 

temperature impart a smaller impact on the polymer viscosity widening the processing 

window and stabilizing the extrusion process.

It is well known that extrusion instabilities limit hot melt extrusion 

productivity, therefore capillary rheometry was used to assess the effect of shear rate 

and temperature on the appearance of surface defects, which are a direct result of 

extrusion instabilities which are in turn related to the flow properties of the polymer. 

Oscillations in die pressure were observed at 135°C above shear rates of ISOsec'1
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highlighting a significant risk of processing instabilities during processing at these 

temperatures. SEM studies were conducted as an adjunct to die pressure observations 

and were found to correlate well showing a shark skinning type behavior. At higher 

processing temperatures (150°C and 160°C) the extrusion instabilities were not 

observed also indicating that increasing the working temperature would be an 

efficient solution to stabilize the HME process for Eudragit RL PO. It was shown 

that altering the shear rate during did not exert a significant influence on the 

Eudragit' RL PO microstructre post processing and thus the glass transition 

temperature and water uptake properties of the polymer remained unchanged. This 

was proposed to be directly attributed to the elastic properties of the polymer and any 

polymer chain orientation which occurred during flow through the die was negated 

due to elastic recoil and re-entanglement of the polymer chains upon exit from the die. 

This proposition was in agreement with die swell observations for the polymer. The 

elastic recoil properties of the polymer chains resulted in significant die swell of the 

pure polymer and increasing the length of the extrusion die increased the retention 

and relaxation time of the polymer and thus reduced die swell offering a possible 

mechanism to counteract these properties if proven to be problematic.

The effect of inclusion of QB on the rheological properties of Eudragit RL 

PO was also investigated using capillary rheometry. In chapter 4, QB was shown to 
have a high saturation solubility in the polymer matrix and caused solid state 

plasticization of the polymer. Addition of QB to the formulation improved the 

thermal processability of the material. Increasing the concentration of drug in the 

formulation from 5% w/w to 30% w/w caused a reduction in viscosity of the polymer 

and this was directly attributed to the high solubility of QB within the polymer matrix 

causing solid state plasticization of the polymer. Addition of QB was also found to 

reduce the temperature sensitivity of the molten polymer attributed to the plasticizing 

ability of QB given by the smaller Ea value as calculated using the Arrhenius 

equation. The power law was also found to be a suitable model for QB loaded 

formulations. An increase in QB concentration from 5 to 30% w/w caused a reduction 

in the power law index indicating that the material deviated further from Newtonian 

behaviour with an increase in QB. Just as Ea is a measure of the temperature 

sensitivity of the melt is, the power law index is a measure of shear sensitivity thus 

with the addition of QB, the polymer became less temperature sensitive (denoted by a
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reduction in Ea) but more shear sensitive and this effect increased with increasing QB 

concentrations between 5 and 30% w/w. Increasing the concentration of QB also 

resulted in a reduction in the consistency index, a measure of the zero shear viscosity 

of the polymer indicating interruption of the polymer molecular structure and possible 

polymer-polymer hydrogen bonding interactions.

All formulations containing QB exhibited significant swell behaviour. 

Increasing the concentration of QB did however result in a reduction in extrudate 

swell ratio as a result of a reduction in the elastic properties of the material caused by 

solid state plasticization. Increasing the concentration of QB therefore was shown to 

lowering the risk of problems cause by extrudate swell. The effect of application of a 

drawing force to counteract the significant extrudate swell observed for drug loaded 

extrudates, on the drug release properties was evaluated. No significant difference in 

the dissolution profiles were observed at any of the applied forces providing evidence 

that application of a haul of force to counteract the extensive extrudate swell observed 

would not negatively impact on the dissolution properties of QB loaded Eudragit RL 

PO extrudates if this were to be employed as a measure to resolve this problem.
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6.1. INTRODUCTION
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Modulation of solubility is the key driver for drug salt formation and this can have a 

profound impact on two of the most important properties that are essential to the 

successful development of drug candidates: solubility and stability (Huaing and Tong, 

2004). Since changing the salt form can vary the physical properties of a drug (in 

particular solubility) dissolution rate and hence bioavailability are affected (Kumar et 

al., 2008). In chapter 4 it was shown that altering the salt form of a model basic drug, 

quinine, had a significant impact on the solubility of drug within the polymer matrix, 

which in turn significantly affected the physiochemical properties of Eudragit" RL 

PO solid dispersions manufactured by hot melt extrusion. Many poorly soluble drugs 

have been formulated by hot melt extrusion, showing superior dissolution 

characteristics through the formation of solid molecular dispersions (Abu Diak et al., 

2011) (Andrews et al., 2010) (Thommes et al., 2011). A number of studies in the 

literature have also evaluated addition of release modifying excipients to the hot melt 

extrudates to modify drug release. Schilling et al. (2008) showed that addition of 

citric acid monohydrate to hot melt extruded Eudragit RS PO tablets containing 

diltiazem hydrochloride significantly increased the rate of drug release from the 

matrix as a result of enhanced pore formation. Conventional plasticizers have also 

been shown to modify drug release. Plasticizers can have a two-fold function both 

lowering the glass transition temperature of the polymer and in the case of water 

soluble plasticizers modifying the drug release by leaching into the dissolution media. 

The effect of plasticizer addition to the hot melt formulation has been studied by a 

number of authors showing that type and level can affect the release of drug from the 

matrix. Zhu et al., (2006) investigated the influence of the plasticizer triethyl citrate 

on drug dissolution properties from the matrix showing that release rates of diltiazem 

hydrochloride and chlorphenamine increased with an increase in concentration of 

triethyl citrate level in the formulations due to leaching of plasticizer from the 

formulation. Similarly Schilling et al. (2010) investigated the influence of three 

plasticizers (triethyl citrate, methylparaben and polyethylene glycol 8000) on the 

properties of hot-melt extruded Eudragit SI00 matrix pellets showing that drug 

release was also influenced by aqueous solubility of the plasticizer. Other authors 

have varied the properties of additives within hot melt extrudates to modify drug 

release. Verhoeven et al. (2009) studied the effect addition of polyethylene glycol or
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polyethylene oxide as water soluble additives to improve drug release from ethyl 

cellulose mini matrices. Changing the hydrophilic polymer concentration (from 0 to 

70% w/w) and molecular weight (from 6000 to 7,000,000) was shown to modify the 

in vitro drug release with increasing concentrations yielding faster drug release. 

Similarly Verhoeven et al. (2006) investigated the effect of addition of xanthan gum 

to ethylcellulose hot melt extrudates on in-vitro drug release showing that increasing 

the gum concentration resulted in a faster drug release due to a higher liquid uptake, 

swelling and erosion rate of the matrix.

In spite of the growing number studies which have evaluated the effect of 

excipient addition to the hot melt formulation to favourably modify drug release, the 

effect of altering the salt form as a mechanism to modify release has been poorly 

studied. For this work, quinine was again chosen as the model drug since extensive 

knowledge of the physiochemical properties of quinine loaded hot melt extrudates 

was gained in chapter 4. Quinine is a BCS class II compound having poor aqueous 

solubility and high permeability and thus is a good drug candidate for permeation 

across the mucosal membranes (Ong and Heard, 2009) with dissolution the rate 

limiting step to drug absorption. Quinine free base was found to have a high solubility 

in the Eudragit RL PO polymer matrix and formed a molecular dispersion during hot 

melt extrusion below the saturation solubility and therefore it was considered worthy 

of interest to investigate if formulation via hot melt extrusion provided dissolution 

enhancement for this poorly soluble drug.

Chapter 4 described that a knowledge gap exists in hot melt extrusion 

literature in terms of understanding the effect of drug salt form on the properties of 

hot melt extrdates since there have been limited reports which have made a 

comprehensive attempt to account for such differences. Since deviations in the 

solubility between the free base and the comercially available salt forms QHC1 and 

QSO4 in the molten polymer matrix were observed, this highlighted that marked 

differences in the dissolution performance could also be imminent. It is also apparent 

that differences in the interactions between the salt forms, free base and polymer must 

exist instigating the impetus to understand these differences. This work will firstly 

assess if quinine salt form exerted an impact on drug release properties from the 

Eudragit RL PO matrix and secondly gain a deeper understanding of the specific
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polymer drug interactions between Eudragit' RL PO and the quinine free base and 

salts using spectroscopic analysis which may account for the observed differences in 

solubility and dissolution properties, if any.

Chapter 4 showed that during hot melt extrusion with Eudragit RL PO, an 

amorphous dispersion for all quinine forms was formed below the saturation 

solubility due to dissolution of drug in the polymer matrix. PXRD confirmed that 

Eudragit' RL PO therefore acted as an efficient recrystallisation inhibitor for quinine 

during and following hot melt extrusion. Many polymers have been shown to act as 

efficient recrystallisation inhibitors in this way including Polyethylene oxide (PEO) 

(Schmidt et ai, 2004) for indomethacin, Polyethylene Vinyl Acetate (PEVA) for 

steroids (van Laarhoven et ai, 2002) and hypromellose for guaifenacin (Bruce et al, 

2010). Bruce et al. (2007) studied the influence of hydrophilic polymeric additives 

including PVP K25, polycarbophil, PEG 3350, poloxamer 188 or poly(ethylene 

oxide) as crystal growth inhibitors showing that the extent of crystal growth could be 

modified and was reduced with the addition of these excipients. It is proposed that 

drug polymer interactions such as hydrogen bonding are a key cause of crystallization 

inhibition of a drug from an amorphous dispersion (Andrews, 2007) (Weuts et al., 

2005). The glass transition of an amorphous drug is also known to affect 

recrystallisation behavior, the higher the glass transition the lower the risk of 

recrystallisation. Properties of amorphous salt forms, including the glass transition 

temperature are affected by the type of counter ion. Tong et al. (2002) evaluated the 

effect of salt counter ion on the glass transition of amorphous salts of indomethacin 

observing that glass transition depended on the ionic density of counter ion, with a 

smaller cation radius increasing the electrostatic interaction between the drug and 

counter ion resulting in a higher electron density, a reduction in molecular mobility 

and thus and higher glass transition. In 2011, Kumar et al. report that there have been 

no studies which address the effect of drug salt counter ion on recrystallization 

behavior of amorphous salts and thus these authors studied the effect of prazosin 

counter ion on glass transition and recrystallization behavior of amorphous salt forms. 

While preformulation, processing and the stability of drug release during storage of 

hot melt extruded dosage forms have been investigated, less attention has been paid to 

the physical stability of hot-melt extrudates (Bruce et ai, 2007).
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It is known in the solid dispersion field that a major concern with formulation of 

drugs in the amorphous form is the propensity for the amorphous form to undergo 

conversion to the crystalline form with storage. The formation of a clotrimazole solid 

solutions in PEO using HME was reported by Prodduturi et al. (2005) and extrudates 

were shown to be unstable with drug recrystallization occurring after three months 

storage at 25°C and 60% RH. Andrews et al. (2010) also showed that bicalutamide 

recrystallised from PVP hot melt matrices during storage at 20°C 65% RH for 12 

months. During this study, the stability of amorphous molecular dispersions of each 

of the Eudragif' RL PO hot melt extrudates containing QB, QHC1 and QSO4 will be 

evaluated and the effect on the dissolution properties over a 12 week period at 

accelerated storage conditions (40°C/ 75% RH) will be assessed to determine if 

differences exist in the stability profile of the extrudates containing the salts and free 

base forms.
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6.1.1. Aims and objectives
The key aim of this work is firstly to test the dissolution performance of the quinine 

loaded hot melt extrudates and determine if hot melt extrusion could successfully 

improve the dissolution performance of the free base. There will also be an attempt to 

connect the nature of the solid state, the drug form and the dissolution characteristics 

in order to understand the effect of drug type on the dissolution and hence 

bioavailability of the hot melt extrudates. The interactions between drug and polymer 

which occur during hot melt extrusion will be assessed and how drug form influences 

these interactions will also be investigated. Hot melt extrudates containing the 

commercially available forms QB, QHC1 and QS04 were studied during these 

investigations. The objectives of this investigation are as follows:

o To determine if solid dispersions prepared by hot melt extrusion using 

Eudragit RL PO as the carrier matrix can improve the dissolution 

performance of the poorly soluble quinine free base, 

o To investigate if formulation as the free base, hydrochloride or sulphate form 

has an influence on the dissolution performance of hot melt extrudates. 
o To study the effect of drug loading on the dissolution properties of hot melt 

extrudates containing QB, QHC1 and QSO4. 

o To study the water uptake properties of drug loaded hot melt Eudragit' RL PO 

matrices and evaluate the effect of drug form and loading on these properties, 

o To study the interactions which occur between drug and polymer during hot 

melt extrusion using Raman and FT-IR spectroscopy and investigate how the 

interactions may vary with QB, QHC1 and QSO4. 

o To calculate the solubility of each of the quinine forms in Eudragit RS PO 

using DSC and compare with the calculated solubility with Eudragit RL PO 

to gain deeper insight into the interactions which occur during hot melt 

extrusion

o To determine if there is a difference in the solid state stability of moleclar 

dispersions of extrudates containing the free base, hydrochloride and sulphate 

upon storage at acceleratd storage conditions (40°C/75%)

301



Chapter 6

6.2. METHODS AND MATERIALS
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6.2. Methods and materials
6.2.1. Materials
All materials used in this study were purchased from Sigma-Aldrich Company Ltd., 

Gillingham, Dorset. Eudragir RL PO was a kind gift from Evonik, Darmstadt, 

Germany.

6.2.2. Methods

6.2.2.1. In-Vitro dissolution properties of hot melt extrudates
In-vitro drug release was performed on hot melt extrudates using a Caleva 8ST 

dissolution apparatus according to the USP basket method (n=5) as described in 

section 3.2.2.8. Samples were submerged in 900ml of phosphate buffered saline at pH 

6.8 at a temperature of 37°C. Dissolution samples subsequently were passed through a 

0.45pm Millipore filter and were assayed for QB, QHC1 and QSO4 using a UV-VIS 

spectrophotometer at 330nm and a standard calibration curve that was linear over the 

concentration ranges for each of the quinine forms.

6.2.2.2. Preparation of hot melt extrudates and compressed tablets containing 

QB
Prior to hot melt extrusion, drug and polymer were weighed in the correct ratio and 

blended together using a pestle and mortar for 3 minutes. Salt concentrations were 

normalised and % w/w values stated are based on a ratio of pure quinine to polymer. 

Hot melt extrudates were prepared in an identical manor to those described in section

3.2.2.2. Samples were stored in polyethylene bags inside a desiccator at ambient 

temperature. In order to compare the dissolution profile of the poorly soluble free 

base formulated as a tablet to that formulated as a solid dispersion, compressed tablets 

were prepared. Powder blends containing 5% w/w QB and 95% w/w Eudragit RL 

PO were prepared using a mortar and pestle and mixed for 3 minutes. Samples were 

then loaded into a 10mm die punch and compressed under 2 tonnes of pressure for 60 

seconds.
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6.2.2.3. Drug release modelling
In vitro drug release data was fitted to the Korsmeyer-Peppas mathematical model 

(Korsmeyer et ai, 1983). The Korsmeyer-Peppas equation is shown in equation 6.1.

M /M = af (Equation 6.1.)
t oo

Where Mt/MM is the fraction of drug released at time t, a is a constant and n is the 

diffusional exponent and indicates the mechanism of drug release. This model is used 

to analyse the drug release properties of pharmaceutical dosage forms when the drug 

release mechanism is not well known or when more than one type of release 

phenomenon is involved. A plot of logio Vs Logio cumulative release is plotted with 

the initial 60% of the fractional release of drug used in the equation to determine the n 

exponent. Values for cylindrical systems were documented by Ritger and Peppas 

(1987) as n = 0.45 (Fickian diffusion), 0.45 < n < 0.89 (anomalous transport) and n = 

0.89 (case II transport or typical 0 order release).

6.2.2.4. Water uptake of drug loaded hot melt matrices
Water uptake studies of drug loaded matrices were carried out in an identical manor 

to the method described in section 2.2.2.9. with a correction applied for the mass of 

drug leached into the dissolution media, as detailed in section 3.3.9.

6.2.2.5. Raman spectroscopy
The Raman spectra of hot melt extrudates QB, QHC1 and QS04 were recorded with a 

LabRam HR 800 (Horiba Jovan Yvon) equipped with a 633-nm He-Ne laser. The 

laser excitation was focused using a 50 objective (OLYMPAS Corporation) and the 

scattered light was transmitted through the notch filter towards the confocal hole and 

entrance slit of the spectrograph.

6.2.2.6. Attenuated Total Reflectance Fourier-Transform infrared spectroscopy 

(ATR FT-IR)
ATR FT-IR analysis was performed on hot melt extrudates using a Fourier Transform 

Infrared Spectrophotometer model 4100 (FT/IR4100) equipped with a diamond stage 

which was then scanned between 500 and 3000cm‘'.
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6.2.2.7. Solubility of QB, QHC1 and QS04 in Eudragit® RS PO
The solubility of each of the quinine forms in RS PO was determined using an 

identical method to section 3.2.2.3. and hot stage microscopy observations described 

in 3.2.2.4. were used to support DSC findings.

6.2.2.8. Solid state stability of hot melt extrudates
Saturated salt solutions of sodium chloride were used to maintain a 75% relative 

humidity at 40°C. The salts used in this study were of analytical grade and distilled 

water was used as the solvent. Saturated sodium chloride salt solutions were prepared 

and equilibrated for 1 week in the sealed desiccators. Hot melt extrudates containing 

5% w/w of QB, QHC1 and QSO4 were freshly manufactured and stored for 12 weeks 

at accelerated storage conditions (40°C/ 75% RH). Samples were removed at 0, 3, 6 

and 12 weeks and dissolution testing as described in section 3.2.2.8. executed to 

determine if accelerated storage conditions affected solid state stability of the hot melt 

extrudates and if quinine form exerted an impact. Changes in the surface morphology 

of hot melt extrudates upon storage was also investigated using S.E.M. according to 

the method described in section 3.2.2.6.

6.2.2.9. Statistical analysis
The effects of various treatments on the drug release and water uptake properties of 

hot melt extrudates were statistically analysed using a one way ANOVA. In all cases 
p<0.05 denoted significance. Individual differences were determined using Tukey’s 

post hoc test.
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6.3.1. In-vitro drug release of QB, QHC1 and QSOj hot melt extrudates
The In-vitro dissolution properties of Eudragit' RL PO hot melt formulations were 

assessed at 5% w/w and 30% w/w loadings containing QB, QHC1 and QSO4. 

Cumulative drug release profiles for the 5%w/w and 30%vv/vv drug loaded films are 

presented in figure 6.1 and 6.2. The dissolution properties of compressed tablets 

containing 5% w/w QB and 95% Eudragit'' RL PO were also analysed to determine if

formulation of QB by HME could increase

120

100

rate of dissolution.

i 
f

■
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800 1000 1200 1400
Time (Mins)

Figure 6.1. In-vitro drug release from Eudragit® RL PO hot melt extrudates 
containing (^) 5% w/w QB (•) 5%w/w QHC1 (♦) 5% w/w QSO4 and (■) 
compressed tablets containing 5% QB in pH 6.8 phosphate buffered saline. 
Mean values ± S.D. shown (n=5).

Compressed tablets containing 5% QB exhibited a significantly slower rate of 

dissolution than hot melt extrudates with 71 ± 3.15 % released of over the 1440 

minute sampling interval. Formulation of the drug via HME therefore was shown to 

significantly improve the rate of dissolution of QB through the formation of a 

molecular dispersion. All forms of quinine were in the amorphous form at 5% w/w
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loading and were present as a molecular dispersion within the matrix. Across the 1440 

minute sampling period, there was no significant difference in rate of dissolution 

between the QB, QHC1 and QSO4 loaded extrudates containing 5% w/w loadings. 

Between 30 and 200 minutes however, the rate of dissolution of QB from the matrix 

was slower than QHC1 and QSO4. Within the first 60 minutes 27.5 ± 1.78 % of the 

free base compared with 41.9 ± 1.65% of the hydrochloride and 44.7 ± 1.63% of the 

sulphate was released. At 360 minutes, the percentage drug release was similar for 

each of the forms at 84.87 ± 2.5 % QB, 85.59 ± 1.96 % QHC1 and 86.49 ± 1.92% 

QSO4. The dissolution properties of drug loaded extrudates containing 30% w/w were 

also investigated (figure 6.2).

i
0 *

0 200 400 600 800 1000 1200 1400
Time (minutes)

Figure 6.2. In-vitro drug release from Eudragit® RL PO hot melt extrudates 

containing (*) 30% w/w QB (♦) 30% w/w QSO4 (•) 30%w/w QHC1 in pH 6.8 

phosphate buffered saline. Mean values ± S.D. shown (n=5).

30% w/w loaded QHC1 formulations displayed a rapid release profile with > 85% 

drug release within the first 60 minutes and 100% after 240minutes, showing that
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increasing the drug loading of QHC1 resulted in a faster dissolution profile. At these 

loadings, QB exhibited the second fastest rate of drug release with >50% drug 

released after 45 minutes and virtually 100% released after 360 minutes. QSO4 

showed the slowest release with approximately 40% drug released at 60 minutes and 

approximately 100% released after 720 minutes. When the effect of drug loading on 

the drug release characteristics was statistically analysed, there was a difference 

between 5 and 30% QHC1, QB and QSO4 extrudates. A summary of the dissolution 

characteristics for each of the six formulations are shown in figure 6.3 and table 6.1

120

a
1

600 800 1000 1200 1400
Time (mins)

Figure 6.3, Summary of In-vitro drug release from Eudragit® RL PO hot melt 

extrudates containing (^) 5% w/w QB (A) 30% w/w QB (♦) 5% w/w QSO4 

(O) 30% w/w QSO4 (•) 5%w/w QHC1 and (O) 30% w/w QHC1 in pH 6.8 

phosphate buffered saline. Mean values ± S.D. shown (n=5).
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Table 6.1. Summary of the in-vitro drug release characteristics of QB, QHC1 and 

QSO4 from Eudragit Rj RL PO matrices prepared by hot melt extrusion showing 

time taken to reach 25, 50 and 85% drug release (T25, T50 and T8s)

Quinine form % w/w t25 T50 t8S
QB 5 ~ 55 mins ~180 mins ~ 360 mins

QHC1 5 ~ 30 mins ~ 75 mins ~ 300 mins
QSO4 5 ~ 15 mins ~ 75 mins ~ 320 mins

QB 30 ~ 10 mins ~ 60 mins ~ 180 mins
QHC1 30 ~ 10 mins ~ 45 mins ~ 180 mins
QS04 30 ~ 15 mins ~ 90 mins ~ 300 mins

Increasing the drug loading of the hydrochloride from 5 to 30% w/w had a 

significant impact on the release profile reducing the T25 from 30 to 5 minutes, the T50 

from 75 to 15 minutes and the Tgs from 300 to 180 minutes. Increasing the drug 

loading of QB also resulted in a significant increase in drug release reducing 725 from 

65 to 10 minutes, T50 from 180 to 60 minutes and Tgs from 385 to 180 minutes. 

Extrudates containing 30% w/w QSO4 displayed a higher rate of dissolution at time 

points between 200 and 1440 minutes but overall there was no significant difference 

between 5 and 30% w/w.

In-Vitro drug release data was fitted to the Korsmeyer-Peppas model to 

understand the mechanism of drug release with results summarised in table 6.2.

Table 6.2. Korsmeyer-Peppas model fitting of Eudragit " RL PO drug loaded 

matrices prepared by HME

Quinine form % w/w r2 n Release mechanism

QB matrix tabs 5 0.997 0.66 Anomalous transport
QB Extrudates 5 0.997 0.84 Anomalous transport

QHC1 Exrudates 5 0.995 0.72 Anomalous transport
QSO4 Exrudates 5 0.992 0.58 Anomalous transport
QB Exrudates 30 0.987 0.45 Fickian diffusion

QHC1 Exrudates 30 0.993 0.55 Anomalous transport
QSO4 Exrudates 30 0.992 0.55 Anomalous transport
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A release exponent approximately equal to 0.45 for cylindrical systems indicates 

Fickian diffusion, n approximately equals 1 indicates zero-order release (case-II), 

whereas values in the range 0.5 < « < 1 are indicative of anomalous non-Fickian 

release. Korsmeyer-Peppas modelling showed a release exponent of n= 0.84, 0.72 and 

0.48 for extrudates containing QB, QHC1 and QSO4 at 5% loadings indicating the 

mechanism of drug release from the matrix was anomalous diffusion. Matrix tablets 

prepared containing 5% QB and 95% Eudragif'1 RL PO also showed a similar 

mechanism of drug release. Interestingly, the mechanism of release for extrudates 

containing 30% was QB Fickian diffusion, while for extrudates containing QPIC1 and 

QSO4 were also anomalous transport. The dissolution therefore showed that salt type 

and loading had a significant impact on the release profile of the drug loaded dosage 

forms produced by hot melt extrusion.
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6.3.2. Water uptake properties of drug loaded hot melt extrudates
Water uptake of 5% and 30% w/w drug loaded films were assessed. Addition of 

quinine to hot melt formulations was shown to have a significant impact on the water 

uptake properties of the extrudates at 5% w/w loadings at T= 1 hour (figure 6.4). This 

effect was observed for QB, QHC1 and QSO4 and there was no difference in the 

extent of this effect at T= I hour between the three forms. Beyond T=1 hour there was 

no observable difference in the water uptake properties of the pure polymer hot melt 

extrudates and drug loaded hot melt extrudates.

50

Time (h)

Figure 6.4. Water uptake properties of hot melt extrudates containing
(■) 100% RL PO, (♦) 5% w/w QB, (a) 5% w/w QHC1 and (*) 5% w/w QSO4.
Mean values ± S.D. shown (n=5).

The water uptake properties of 30% w/w loaded hot melt extrudates were also 

assessed (figure 6.5). As in those samples containing 5% w/w drug, at T=1 hour a 

significant increase in water uptake into the polymer matrix was observed when 

compared with the pure polymer. In this case however, the form of quinine was 

shown to exert a significant impact on the water uptake properties. QHC1 had the 

fastest water uptake profile with the maximal water uptake observed after 1 hour. 

Quinine base possessed the second highest water uptake value with maximal uptake
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values reached after 3 hours. Interestingly, the water uptake value was shown to 

decrease between 3 and 12 hours for QB. QSO4 also caused an increase in water 

uptake into the matrix but was slower than QHC1 and QB.

60

50

Time (h)

Figure 6.5. Water uptake properties of hot melt extrudates containing (■) 100% 

RL PO, (♦) 30% w/w QB, (a) 30% w/w QHC1 and (^K) 30% w/w QSO4. Mean 

values ± S.D. shown (n=5).
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6.3.3. Spectral analysis of hot melt extrudates containing QB, QHC1 and QSO4

FT-IR and Raman spectroscopy are the most common vibrational spectroscopies for 

assessing molecular motion and fingerprinting species. Attenuated Total Reflection- 

Fourier Transform Infrared spectroscopy (ATR-FTIR) and Raman spectroscopy were 

used to investigate the molecular interactions between RL PO and QB, QHC1 and 

QSO4. The representative Raman spectra for QB, QHC1 and QS04 are shown in 

figure 6.6.

. ’10" 4 2003 1803 IO30 1400 1200 1000 S00 600 ICO*ler
Raman shift Cm 1

Figure 6.6. Characteristic Raman spectrum of (A) QHC1 (B) QS04 (C) QB

The 1300-1800 cm'1 region was of particular interest as it is contained marker bands 

reflecting the state of quinuclidine (Nl) and quinoline (N13) nitrogens. The peak 

present in the free base form at 1365cm'1 corresponding to the C-N functionality 

shifted to 1363 and 1362cm'1 respectively for QSO4 and QHC1 indicating an 

interaction at this nitrogen atom during salt formation. The peaks present at 1635 and 

1590cm1 in the salt forms of quinine also changed and were split into four at 1573, 

1592, 1618 and 1643cm'1 indicating that the C=N group on the quinoline moiety was 

affected by the salinification process. Hot melt extrudates containing quinine were 

also analysed using Raman spectroscopy (Figure 6.7.).
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1550 1500 1450 1400 1350 1300 1250 1200 1150

Raman shift (cm'1)

Figure 6.7. Raman spectrum of hot melt extrudates containing (A) 30% QB (B) 
5% QB (C) 30% QHC1 (D) 30% QS04 (E) 5% QHC1 (F) 100% QB (G) 5% 

QSO4 (H) 100% RL PO. 100% QB spectra is included to illustrate peak shift.

The peak in the pure QB spectra at the 1365cm‘' position was characteristic of 

quinine and was not observed in the spectra of RL PO. Hot melt extrudates containing 

QB showed a shift in this peak to 1358cm 1 at 30% w/w QB loadings respectively and 

this indicated that a molecular interaction between quinine and the polymer occurred 

during hot melt extrusion at the quinuclidine C-N site. The peak corresponding to this 

functional group for QHC1 and QSO4 was observed in the pure spectra for these forms 

at 1363 and 1362 respectively and in the hot melt extrudates, no further shift was 

observed beyond this value indicating no interaction at this group.

ATR-FTIR spectroscopy was used to study the interaction between drug and 

polymer following hot melt extrusion. Spectra of pure RL PO and areas of observed 

interaction are highlighted and shown in figure 6.8.
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1500

Wavenumber cm

Figure 6.8. ATR-FTIR spectra of Eudragit RL highlighting spectral areas of 
interest observed during analysis of hot melt extrudates.

ATR-FTIR spectroscopy of pure RL PO showed characteristic peaks at 

1145cm'1 which has been reported to correspond to ester C-0 groups stretching 

vibration within RL PO (Yang et ai, 1999). A broadening and shift in this peak to a 

higher wave number was observed from 1145cm'1 to 1150cm’1 at 5% QB, 1156cm'1 

at 15% QB and 1160cm'1 at 30% QB indicating an interaction at this site. As the 

concentration of QB increased, the extent of the interaction at this site also increased 

due to a further shift to a higher wavenumber with increased concentration and peak 

broadening at 15 and 30% w/w QB. An intense peak at 1725cm'1 was observed in the 

pure RL PO sample which corresponded to the carbonyl functionality C=0 (Soumya 

and Saritha, 2011) (Yang et ai, 1999), which also shifted to a higher wavenmber to 

1732cm"1 1737cm'1 and 1739cm"1 respectively with the addition of 5, 15 and 30% QB 

concentrations. This provided evidence of an interaction or interruption of polymer- 

polymer hydrogen bonding at the polymeric carbonyl site in addition to the ester site. 

A peak corresponding to the C-N stretch in the functional group region of RL PO was 

observed at 1033cm'' which did not shift with addition of increasing concentrations of 

QB. However broadening of this peak occurred with increasing concentrations of QB 

with almost complete disappearance at 30% w/w indicating an interaction at this site 

and also corresponding to this group a peak was observed at 1240 cm1. The
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development of a shoulder peak which shifted to a lower wavenumber was evident to 

1234cm 1 at 5% w/w and to 1230cm’1 at 15% and w/w QB indicating that QB 

interacted with the polymer at the ammonio methacrylate functionality and the 

interaction increased with increase in drug concentration. In order to provide 

additional evidence to support an interaction at the C-N ammonio methacrylate 

functional groups occurred, solubility of drug in polymer studies were conducted in 

RS PO which contains approximately 50% less C-N functional groups. Summary 

tables of peak shifts for the same areas of interest in hot melt extrudates containing 

QB, QHC1 and QS04 is shown in table 6.3, 6.4 and 6.5.

Table 6.3. Peak shifts observed for during ATR-FTIR analysis of hot melt 

extrudates containing QB.

Drug
concentration

(%)

FT-IR absorption 
frequency of 

interest (Cm1)

Associated
functional

group

Peak shift or 
broadening 

observed (Cm *)

0
1033/ 1240 C-N N/A
1145 C-O-R N/A
1725 c=o N/A

5
1033 C-N No shift
1240 C-N 1234
1145 C-O-R 1150
1725 c=o 1732

15
1033 C-N Peak broadening
1240 C-N 1230
1145 C-O-R 1156
1725 c=o 1737

30 1033 C-N Peak broadening
1240 C-N 1228
1145 C-O-R 1160
1725 c=o 1739
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6.4. Peak shifts observed for during ATR-FTIR analysis of hot melt extrudates 

containing QHC1.

Drug
concentration

(%)
FT-IR absorption 

frequency of 
interest (Cm'1)

Associated
functional

group

Peak shift or 
broadening 

observed (Cm1)

0
1033/ 1240 C-N N/A
1145 C-O-R N/A
1725 C=0 N/A

5
1033 C-N No shift

1240 C-N 1233
1145 C-O-R No shift

1725 C=0 No shift

15
1033 C-N Peak broadening

1240 C-N 1232

1145 C-O-R No shift

1725 C=0 No shift

30 1033 C-N Peak broadening

1240 C-N 1234

1145 C-O-R No shift

1725 C=0 No shift

No peak shifts were observed at the polymeric C-O-R ester site was observed 

for hot melt extrudates containing QHC1. The peak at 1725cm'1 corresponding to 

C=0 also did not shift when in QHC1 hot melt extrudates. This indicated that QHC1 

showed less interaction with the polymer than with QB. Peak broadening occurred at 

the C-N polymer functional groups at 1238cm 1 for all extrudates QHC1 indicating 

that there was an interaction at this site.

318



Chapter 6

6.5. Peak shifts observed for during ATR-FTIR analysis of hot melt extrudates 

containing QSO4.

Drug
concentration

(%)
FT-IR absorption 

frequency of 
interest (Cm

Associated
functional

group

Peak shift or 
broadening 

observed (Cm1)

0
1033/ 1240 C-N N/A
1145 C-O-R N/A
1725 C=0 N/A

5
1033 C-N No shift

1240 C-N 1233
1145 C-O-R 1150

1725 C=0 1729

15
1033 C-N Peak broadening

1240 C-N 1228

1145 C-O-R 1732

1725 C=0 1151

30 1033 C-N Peak broadening

1240 C-N 1227

1145 C-O-R 1154

1725 C=0 1735

In extrudates containing QS04 the characteristic peak corresponding to the ester 

stretch at 1145cm"1 was observed to shift to a higher wave number at 1150cm 1 at 5 

and 15% w/w and further to 1154 at 30% w/w showing interaction at this site, but less 

than that observed with QB. Shifts were also observed at the carbonyl peak at 

1725cm 1 to a higher wavenumber at 1729cm'1, 1732cm'1 and 1735cm 1 at 5, 15 and 

30% w/w respectively. A shift in the 1240cm'1 peak to a lower wavenumber was also 

observed at 5%w/w and the development of a shoulder in the peak was observed 30% 

w/w indicating interaction at these functionalities.
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6.3.4. Solubility of QB, QHC1 and QSO4 in Eudragit® RS PO
Eudragit® RS PO contains approximately 5% of the ammoniomethacrylate functional 

groups while RL PO contains 10%. Determining the Solubility of the three quinine 

forms in RS PO was calculated to support theories that each of the quinine forms 

exhibited differing interactions at the polymer functional group sites and if reducing 

the percentage of these polymer sites would affect drug solubility. A summary of 

calculated parameters for RS PO quinine interactions is presented in table 6.6.

Table 6.6. Solubility of QB, QHC1 and QSO4 in RS PO

Quinine form Solubility in matrix (%) Difference in solubility between RL 
and RS (%)

QB 9.25 ±0.65 - 66.30
QHC1 1.38 ±0.22 - 82.66
QSO4 5.60 ±0.25 - 70.90

The solubility all three forms were found to be significantly lower in the molten RS 

PO providing evidence that all quinine forms exhibited some interacted with RL PO 

at the functional group sites.

6.3.5. Accelerated storage of quinine loaded hot melt extrudates
Investigations into the effect of storage of hot melt extrudates at accelerated 

conditions (40°C/ 75% RH) were carried out to determine if quinine form had an 

impact on the stability profile of the dosage forms. Extruded samples contained 5% 

w/w of QB, QHC1 or QSO4 as all forms were molecularly dispersed within the 

polymer matrix at this concentration. The extrudates were assessed at 3, 6 and 12 

weeks post storage. Dissolution properties of dosage forms containing QB were 

shown to be significantly affected by accelerated storage conditions. Storage for 3 

weeks resulted in an increase in the drug release from the carrier matrix with 100% 

QB released at the end of the sampling period (figure 6.9). After 6 weeks however, 

dissolution of QB was found to be reduced with maximal drug release equating to 

approximately 82 ± 1.2%. Increasing storage time to 12 weeks resulted in a further 

reduction in the release of QB from the matrix with less that 62 ± 2.8% of total drug 

content released at the end of the sampling period.
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Figure 6.9. In-vitro release of QB from RL PO hot melt extrudates post storage 

at accelerated conditions (40°C/ 75% RH) (♦) T= 0 weeks (♦) T = 3 weeks (♦) T = 

6 weeks ( ) T = 12 weeks. Mean values ± S.D. shown (n=5).

Extrudates which contained 5% w/w QHC1 after 3 and 6 weeks accelerated storage 

did not possess a significantly different dissolution profile from T=0 (figure 6.10). 

Unlike QB extrudates, storage at 3 weeks did not result in an increase in dissolution 

of QHC1. Following storage at 12 weeks however, incomplete drug release was 

observed with less than 80% released after the sampling period.

1600
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Figure 6.10. In-vitro release of QHC1 from RL PO hot melt extrudates post 

storage at accelerated conditions (40°C/ 75% RH) (♦) T= 0 weeks (♦) T = 3 

weeks (♦) T = 6 weeks ( ) T = 12 weeks. Mean values ± S.D. shown (n=5).

Hot melt extrudates containing QSO4 showed a similar trend to extrudates containing 

QHC1 (figure 6.11). There was no difference in the release profile of the extrudates 

following 3 and 6 weeks. However, after 12 weeks the dissolution profile was slower 

with less that 80% drug released at the end of the sampling period.
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Figure 6.11. In-vitro release of QSO4 from RL PO hot melt extrudates post 
storage at accelerated conditions (40°C/ 75% RH) (♦) T= 0 weeks (♦) T = 3 

weeks (♦) T = 6 weeks ( ) T = 12 weeks. Mean values ± S.D. shown (n=5).

The dissolution results therefore indicated that there were differences in the stability 

profiles between the salt forms and the free base form. During accelerated storage 

studies, SEM images were also captured at each time point to determine if surface 

crystallisation was imminent.

1600
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6.3.6. Surface morphology of hot melt extrudates post storage at accelerated 

conditions (40°C 115%)

SEM has previously been shown to have application in the detection of the presence 

of crystalline quinine on the surface of hot melt extrudates therefore it was used as a 

tool in these investigations to examine the surface properties of hot melt extrudates 

post storage at accelerated conditions. Freshly manufactured extrudates containing 

5% w/w QB, QHC1 and QS04 were observed to be smooth and no evidence of 

surface crystallisation was apparent on the surface of the dosage forms. After 12 

weeks accelerated storage however, SEM provided clear evidence that drug re

crystallisation from the amorphous to the crystallisation form occurred on the surface 

of hot melt extrudates for QB, QHC1 and QS04 as large crystals were observed on the 

surfaces of all samples (figure 6.12). Crystals were shown to be approximately 10 

times larger than those present in freshly prepared extrudates containing a crystalline 

dispersion which suggested that crystal growth occurred during accelerated storage 

conditions. It is also notable that samples containing 5% w/w QB stored for 3 weeks 

did not have visible drug crystals present on the surface of the extrudates while 

samples containing QHC1 and QS04 did have visible crystals present indicating the 
salt forms crystallised out of the amorphous dispersion more rapidly than the free base 

form. All extrudates exhibited the presence of crystalline drug on the surface of the 

extrudates following 6 weeks accelerated storage with an increased number of crystals 

observed after 12 weeks.
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9HHIA B

3.0kV X500 WD 23.5 mm 10/mi QUB SEI 3.0 kV XI.000 WD 235mm 10/mi

C D

30 kV XI.000 WD 235mm QUB SEI 3.0kV X500 WD 24.6mm 10#*n

Figure 6.12. Surface morphology of hot melt extrudates upon storage at 

accelerated conditions (40oC/75% RH) (A) QHC1 12 weeks (B) QSOj 12 weeks 

(C) QB 3 weeks (D) QB 12 weeks (E) QHC1 3 weeks (F) QS04 3 weeks
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6.4. DISCUSSION
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The key aims of this study were to determine if hot melt extrusion was a viable 

technique to improve the dissolution performance of a model poorly water soluble 

basic drug QB and to evaluate if formulation using the salt form of the drug could be 

used as a platform to modify the release from the matrix. In chapter 4, the 

physiochemical properties of hot melt extrudates containing a number of quinine salt 

forms and the free base were investigated showing significant differences in drug 

saturation solubility within the Eudragit RL PO polymer matrix. From this, the 

dissolution characteristics of drug loaded matrices containing QB, QHC1 and QS04 

were investigated. Dissolution showed that formulation of quinine containing polymer 

matrices via HME provided a clear advantage for improving the drug release rate of 

the free base. Compressed tablets which contained the same concentration of QB 

when compared to dosage forms prepared by hot melt extrusion were found to exhibit 

a significantly slower dissolution profile than hot melt extrudates over the sampling 

period at a 5% w/w QB loading. This was a due to the formation of a molecular 

dispersion of the drug within the hot melt extruded matrix where total surface area of 

QB was maximized. Molecular dispersions represent the last state of particle size 

reduction (Vasconcelos et al., 2007) and this coupled with the fact that the drug was 

in the amorphous state resulted in an increased solubility and faster rate of dissolution 

(Lloyd et al., 1999). Within a drug loaded matrix system, drug release is preceded by 

the penetration of the dissolution medium into the porous matrix to dissolve the drug, 

followed by diffusion of the dissolved molecules out of the matrix (Azarmit et al., 

2002). Overall, there was no difference in the dissolution properties of the extrudates 

loaded with 5% drug, however QB exhibited a slower dissolution profile than QHC1 

and QS04 forms between 30 and 200 minutes. Metformin studies in chapter 3 showed 

that investigating the water uptake properties of hot melt extrudates provided valuable 

insight into the manner in which the drug was released from the polymer matrix and 

number of studies in the literature have correlated drug release properties of solid oral 

dosage forms with water uptake properties (Emejea et al., 2010) (Sankalia et al., 

2008) (Verhoeven et al., 2006).

Water uptake properties of the 5% w/w quinine loaded extrudates were 

therefore evaluated to assess if quinine form had an impact on these properties. At 5% 

w/w loadings QB, QHC1 and QSO4 increased the rate of water uptake into the
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extrudates and quinine form did not significantly impact upon this effect. Chapter 4 

showed that at the 5% vv/w drug loading, QB, QHC1 and QS04 acted as solid state 

plasticizers and reduced the glass transition temperature of the polymer. At these 

loadings, there was no difference in the degree of depression of the glass transition of 

QB, QHC1 and QS04. These DSC results provided an explanation as to why a faster 

rate of water uptake into the 5% w/w drug loaded systems was observed. 

Plasticization by a drug has been reported to cause an increase in the water uptake 

properties of hot melt extrudates. For example, Ozgiiney et al. (2009) showed that the 

plasticizing effect of ibuprofen played an important role on the water uptake and drug 

release properties of drug from a polyvinyl acetate and polyvinylpyrrolidone matrix. 

In chapter 4 it was shown that addition of increasing concentrations of drug 

progressively decreased the glass transition temperature of the polymer and this 

correlated with an increase in the water uptake properties of the matrix due to 

increased mobility of macromolecules allowing more rapid ingress of water into the 

polymeric structure. Interactions between drug and polymer are known to affect 

release from the polymer matrix (Sawant et al., 2010) (Puttipipatkhachorn et al. 

(2001) (Jenquin and McGinity, 1994). As no difference in the water uptake properties 

of extrudates was shown at 5% w/w loading for QB, QHC1 and QS04, the difference 

in dissolution and retardation in release of QB between 30 and 200 minutes was likely 

due to differences in the interactions between drug and polymer as opposed to 

differences in the water uptake properties of the matrix. This theory is supported by 

evidence from the drug solubility and miscibility studies conducted in chapter 4 

which indicated that a greater level of interaction between QB and Eudragit ' RL PO 

was observed than for QHC1 or QSQ4 with Eudragit RL PO. Chapter 4 also showed 

that when drug concentration in the extrudates increased to 15% w/w, a larger 

reduction in glass transition temperature was observed for QB loaded extrudates 

which reduced further with the addition of 30% w/w drug. At 15% w/w QS04 a 

depression of the polymer glass transition was observed which was not significantly 

different to QB at the same loading. QHC1 at 15% w/w loading however did not cause 

solid state plasticization of the polymer. Unlike QB, QS04 extrudates did not show a 

further decrease in the glass transition when loading was increased from 15 to 30% 

w/w. This was explained by the loading exceeding the saturation solubility of at 30% 

w/w and hence the plasticization effect of the solubilised was balanced by the anti

plasticizing effect of the crystalline dispersion.
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DSC was unable to show that QB had stronger drug polymer interactions based solely 

on depression of glass transition data therefore a more discriminative method was 

required to differentiate between the interactions for each of the drug forms. 

Spectroscopy was therefore used investigate these interactions and will be described 

in more detail later. Analysis of the dissolution data for the 5% w/w loaded extrudates 

therefore provided further evidence that stronger drug polymer interactions between 

the QB and Eudragit" RL PO occurred during HME than with QHC1 and QSO4 and 

EudragitRL PO which resulted in a delay in drug release in the initial stages of the 

dissolution profile. The results of the dissolution studies for 5% w/w loaded films 

containing QB, QHCL and QSO4 showed that RL PO acted as a controlled release 

polymer since 85% of drug was released after approximately 6 hours. At 5% loading, 

QB, QHC1 and QSO4 were shown to be molecularly dispersed within the polymer and 

hence were in the amorphous forms. Since quinine is a poorly water solubility entity, 

these studies have therefore shown that hot melt extrusion can improve oral drug 

delivery by improving dissolution of the drug through the production of the 

amorphous form of the drug during manufacture.

Drug loading has been reported to affect drug release from polymer matrix 

systems (Frenning et at., 2011) (Kovoca et al. 1995) (Huang et al., 2006) (Chigwanda 

et al., 2004). Li et al. (2010) investigated the effect of drug loading of Praziquantel 

from polycaprolactone cylindrical injection molded implants showing that 50% w/w 

loadings exhibited a faster release profile than those implants containing 25% w/w. 

In this study, dissolution of Eudragit' RL PO hot melt extrudates containing 30% 

w/w drug loadings were investigated. A different trend in drug release from the 

matrix was observed from these crystalline extrudates than from the amorphous solid 

dispersions. QHC1 loaded extrudates displayed the most rapid drug release profile 

followed by QB and then QSO4. The rate of water uptake into the 30% w/w loaded 

extrudates was also examined and correlated well with the dissolution profiles in that 

the order of water uptake rate was QHC1>QB>QS04 while the order of rate of 

dissolution was QHC1>QB>QS04. These investigations indicated that at higher drug 

loadings, quinine form did have a significant influence on the dissolution properties of 

the hot melt extrudates and that this effect could be largely attributed to differences in 

water uptake properties of the hot melt extrudates. PXRD, DSC and SEM have shown 

that the hydrochloride had the lowest solubility in the molten matrix therefore the
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saturation solubility was much lower than QB and QSO4 form. By comparison 

therefore at 30% w/w loadings, a larger amount of QHC1 was present in the matrix in 

the crystalline form than the QB and QSO4. The theoretical analysis of the drug 

release from such matrices has been discussed by Higuchi (1963). Both the porosity 

and tortuosity of the matrix are important factors that influence the rate of the 

penetration of the dissolution media as well as the rate of the drug release, and can be 

governed by the type of the matrix materials (Azarmit et al., 2002). As shown in 

chapter 3, MHC1 is highly water soluble and poorly soluble in the matrix. During 

dissolution water penetrates into the permeable RL PO structure and drug crystallites 

rapidly dissolve resulting in the creation of fluid filled pores, which increases the 

permeability of the matrix and reduces the tortuous path that the drug must diffuse 

through (Leunenberger et al., 1995) with the final result being an increase in drug 

release from the matrix (Crowley et al., 2004). Water uptake studies showed that the 

addition of 30% w/w QHC1 to the matrix resulted a significantly faster rate of water 

uptake. This was in good agreement with the increased permeability theory due to the 

creation of an extensive network of fluid filled channels upon release of crystalline 

drug and also followed a similar trend to water uptake studies conducted for 30% w/w 

MHC1 extrudates in chapter 3. Like MHC1, QHC1 had the highest aqueous solubility 

and a lowest matrix solubility than the free base and sulphate, therefore the 

mechanism by which the resulting dissolution profile was fastest was directly 

attributed to the poor solubility of QHC1 within the matrix and the higher aqueous 

solubility allowing rapid leaching from the films.

With these considerations, it was therefore surprising that QB had the second 

fastest release profile at 30% w/w loadings. Results from MHC1 studies from chapter 

3 and QHC1 in this study would indicate that an increased crystalline component 

within the extrudates leads to an increased drug release (due to increased permeability 

within the matrix through the creation of fluid filled pores once the crystalline drug 

has been released). On this basis therefore QB should have had the slowest release 

profile when compared to the QHC1 and QSO4 due to a smaller or absent crystalline 

component at 30% w/w loading. Also if what has been theorized held true that QB 

and RL PO extrudates had stronger drug polymer interactions, there would be the 

prediction of a slow drug release profile for 30% QB loaded extrudates. This however 

was not the case and QB extrudates exhibited faster drug release than for those
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extrudates containing QS04 which had a larger crystalline component at 30% w/w 

and proposed weaker polymer drug interactions. This can be explained by the fact that 

addition of 30% w/w QB to the RL PO matrix resulted in significant solid state 

plasticization of RL PO. The glass transition temperature of these extrudates was 

39.05 °C ± 0.47 and hence close to the temperature of the dissolution media. At the 

glass transition, the polymer undergoes a transition from a glassy state to a rubbery 

state because of increased polymer chain mobility (Nair et ai, 2001). Extrudates 

containing the same quantity of QHC1 and QSO4 had much higher glass transition 

temperatures. At temperatures below the glass transition, a polymer is in the glassy 

state and is brittle due to restricted chain mobility (Wu and McGinity, 2003). In this 

state the intermolecular forces of attraction between the polymer chains do not allow 

movement other than vibrations (Giles et ai, 2005). As the glass transition of QB 

loaded films was close to the dissolution media temperature then the polymer chains 

had significantly higher mobility than those in QHC1 or QSO4 systems with the same 

loadings. The polymer therefore was in the rubbery state with freely moving polymer 

chains relative to eachother. A rubbery polymer has a short relaxation time in relation 

to a glassy polymer which causes a more rapid response to an external stress (i.e. 

temperature) (Young and Lovell, 1991). The overall effect exerted by the intense 
solid state plasticization of QB was resulted in an increase in the water uptake rate 

into hot melt extrudates. Water uptake investigations correlated well with this 

explanation and provided evidence that plasticization of the polymer by QB at 30% 

w/w increased the dissolution rate of drug from the matrix. The increased mobility 

and free volume within the system allowed a rapid ingress of water and rapid 

diffusion of drug relative to the QHC1 and QS04 films. When the polymer is 

hydrated, it becomes swollen and the entangled structure opens up causing the rapid 

inward movement of water (Strydom et ai, 2009) which in turn causes further 

plasticization of the polymer further enhancing drug release. Interestingly a reduction 

in water uptake of the 30% w/w QB loaded films was observed between T=180 and 

T=360 minutes. This was because the molecular mobility within the system was 

extremely high which in turn caused water to be forced from the matrix. Similar 

tendencies have been reported on Eudragit NE:Eudragit L blends upon exposure to 

phosphate buffer pH 7.4 (Lecomte et ai, 2005).

331



Chapter 6

The saturation solubility of QHC1 being lower than QSO4 had a larger crystalline 

content than QSO4 systems at 30% w/w loadings. The presence of this crystalline 

phase in a hot melt extrudate caused a reduction in polymer free volme and a result 

constraints were put on the movement of drug molecules through the matrix. Free 

volume exists between the polymer chains, in which molecules are free to move. The 

glass transition occurs when the free volume of the system falls below a critical value 

and molecular motion by diffusion ceases compared to the timescale of the 

experiment (Qiu et ai, 2009). This offers possible explanation as to why the water 

uptake into the hot melt extrudates containing QS04 was slower than QB. However, 

as QHC1 extrudates experienced rapid leaching of drug from the surface of the films 

(due to higher water solubility) the creation of large pores resulted and because the 

crystalline component was large the extrudates rapidly became porous and less 

tortuous than the QS04 loaded matrices. This is supported by the fact that at 30% 

w/w loading the glass transition temperatre was higher for both salt forms than the 

free base.

Knowledge of the mechanism of drug release from solid dispersions is 

essential for understanding the enhancement in the dissolution rate. There appears to 
be two sets of observations which describe the mechanism of drug release from solid 

dispersions: carrier controlled and drug controlled (Corrigan, 1985). Mathematical 

modelling of drug release plays an important role and much effort has been devoted to 

developing models for the drug release process (Frenning, 2010). There are three 

primary ways by which active agents can be released from a drug delivery system: 

diffusion, erosion, and swelling followed by diffusion. Any or all of these 

mechanisms may occur in a given release system and are the most important rate 

controlling mechanisms of commercially available controlled release products 

(Langer et ai, 2003). Diffusion can occur on a macroscopic scale through pores in the 

matrix or on a molecular level, by passing between polymer chains thus in the 5% 

w/w loaded extrudates, drug release mainly occrred via diffusion between polymer 

chains. In the crystalline dispersions however, drug from the crystalline phase must 

first undergo dissolution and subsequently diffuse occurs either through the polymer 

chains or fluid filled pores created when the crystallite dissolves. Mechanisms of 

release may be complex, resulting from either diffusion, erosion or a combination of 

both therefore as a result these mechanisms are not completely understood (Siepmann
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and Pepas, 2001). For some polymeric matrix systems follows the following series of 

events: at the beginning of dissolution there is a water concentration gradient at the 

polymer/ water interface resulting in water ingress into the matrix. Water can act as a 

plasticizer and reduces the glass transition temperature of RL PO. Once the glass 

transition temperature reaches the temperature of the dissolution media, the polymer 

chains undergo the transition from the glassy to the rubbery state. Due to rapid ingress 

of water the polymer swells and the diffusion co-efficient of the drug increases with 

increasing water content. In the case of poor water-solubility, dissolved and non- 

dissolved drug coexist within the polymer matrix. Non dissolved drug is not available 

for diffusion (Siepmann and Pepas, 2001). As may be observed with the 30% w/w 

loaded QHC1 extrudates, the structure of the matrix can change significantly during 

drug release and can become porous and permeable which facilitates diffusion upon 

drug depletion. In some systems, the polymer may also be soluble and the rate of 

dissolution of the polymer also contributes to the drug release release profile. RL PO 

is however insoluble and the dissolution profile will be affected by drug release only. 

Drug permeability through a polymer involves drug dissolution, migration and 

diffusion through the polymer matrix to reach the dissolution medium and this 

process is influenced by free volume of the polymer and chain mobility with 

temperature and plasticizers affecting the polymer microstructure and hence these 

dynamics (Young et ai, 2002) (Crowley et al., 2004). Analysis of the mechanism of 

drug release showed that anomalous transport was observed for systems containing 5 
and 30% w/w QHC1 and QS04 and 5% QB indicating that a combination of polymer 

swelling and diffusion controlled the rate of drug release from the matrix. Extrudates 

containing 30% QB however exhibited Fickian diffusion. This was due to intense 

plasticization of QB on the polymer at 30% w/w concentrations which increased the 

molecular mobility and free volume and reduced the glass transition temperature to 

39.9 ± 1.86 °C which was similar to that of the dissolution medium. The higher 

molecular mobility of the polymeric chains allowed unimpeded drug diffusion 

through the polymer matrix resulting in Fickian diffusion.

While multiple studies exist where drugs have been shown to act as solid state 

plasticizers causing a reduction in glass transition temperature of the polymeric carrier 

(Zhu et al., 2003) (Wu et ai, 2003) (Schilling et al., 2007), it is interesting that only a
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small proportion of these investigations evaluate drug-polymer interaction 

mechanisms using spectroscopic techniques and on numerous occasion, assumptions 

and speculations are based on the utilization of methodologies such as changes in 

viscoelastic behaviour and mechanical properties which can be less definitive than 

spectroscopy. While this approach does offer explanation based on scientific 

rationale, accompanying spectroscopic analysis is useful and enables a sound and 

accurate understanding of the interaction mechanisms. There are a smaller number of 

studies which incorporate spectroscopy and additional techniques are accompanied to 

understand the chemistry of the interaction but such examples remain in the minority 

in the literature. For example, Wu and McGinity (2003) used solid state NMR to 

show that a hydrogen bonding interaction mechanism occurred between the hydroxyl 

group of methylparaben and the ester group of the Eudragit RS PO. During this study, 

polymer drug interaction mechanisms were evaluated using ATR FT-IR and Raman 

spectroscopy. Two types of interactions can occur between drug and polymer during 

hot melt extrusion: physical adsorption and chemical adsorption. Physical adsorption 

is due to interactions which can be electrostatic, hydrogen bonding or van der Waals 

forces and these are usually reversible. Chemical adsorption is irreversible and can be 

via chemical bonds including ion exchange, protonation and complexation (Lin and 

Perng, 1992). Quinine consists of two moieties- the quinuclidine and quinolone ring 

structures which are liked by a hydroxymethylene bridge (Vardanyan and Hruby, 

2006). Each of these moieties contains a nitrogen atom, which are proton acceptors 

making quinine a basic drug. The molecule therefore in its free form has the ability to 

act as a proton acceptor at the two nitrogen containing sites which are involved in salt 

formation and also has potential sites for hydrogen bonding interactions due to the 

presence of the methoxy group (-OCH3) attached to the quinoline moiety and the -OH 

group present of the hydroxymethylene bridge both of which have an electron 

donating capacity. Analysis using Raman spectroscopy of pure QB, QHC1 and QSO4 

showed that the peak present in the free base form at 1365cm"1 which corresponded to 

the C-N bond in the quinuclidine moiety shifted to 1363 and 1362cm 1 for QSO4 and 

QHC1 respectively indicating that protonation of this nitrogen atom occurs during salt 

formation. In a study by Weselucha-Birczynska (2007) it was shown that protonation 

of the quinuclidine nitrogen precedes that of the quinoline group and provides further 

evidence that the C-N of the quinuclidine moiety occurs in preference to protonation 

of the C=N group within the quinoline moiety. Protonation of this nitrogen was
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shown to affect the C=N stretch and the peaks at 1635 and 1590cm"1 in QB were 

shifted with the emergence of four small peaks at 1573, 1592, 1618 and 1643cm'1 

indicating that the C=N group on the quinoline moiety was also affected during salt 

formation. It has been shown that when protonation or hydrogen bonding occurs at 

both nitrogen sites, the CH bond in the methoxy group becomes stronger resulting in 

weakening of neighbouring bonds and the result is the emergence of a new peak at 

2965 cm 1 in the Raman spectra. None of salt forms contained this additional peak 

therefore indicating that protonation of only one of the Nitrogen group occurred 

during salt formation. Raman spectra of hot melt extrudates containing QB showed a 

shift in the peak at 1365cm 1 indicating an interaction at the C-N functionality- the 

location of protonation within the salt forms. No shift in this peak occurred was 

observed however with QHC1 and QSO4 loaded hot melt extrudates providing 

evidence that there was a lower level of interaction with RL PO at this site in both salt 

forms than the free base form hence rendering the quinuclidine C-N site less 

accessible for interaction with the polymer.

FTIR has also found a strong place in the literature to study intermolecular 

interactions between compounds and can provide valuable information at the 

molecular level (Takka, 2003) (Dong et ai, 2008) (Qi et al., 2008) (Jijun et al., 2010). 

If the drug and polymer interact then the functional groups in the FTIR spectra will 

show the emergence of additional bands or alterations in wavenumber position or 

broadening compared to the spectra of the pure drug and polymer much in the same 

way as Raman spectroscopy (Jenquin and McGinity, 1994). Hot melt extrudates were 

analyzed using ATR-FTIR. A shift to a higher wavenumber in the peak which 

corresponded to the C-0 ester groups within the polymer was observed from 1145cm"

1 to 1150cm'1 at 5% QB, 1156cm"1 at 15% QB and 1160cm"1 at 30% QB showing that 

with an increase in the QB concentration, an increase in interaction at the polymeric 

ester site occurred. It has been shown that shifts to a lower wavenumber, also known 

as a red shift, is a useful marker for hydrogen bond formation particularly when 

characterising systems which consist of an amorphous drug embedded within a 

polymer matrix (Lu and zografi, 1998). A shift in the opposite direction to a higher 

wavenumber is indicative of disruption of hydrogen bonding. Andrews et al. (2009) 

reported that a shift to a higher wave number of multiple of characteristic drug peaks, 

namely the C=0, N-H and nitrile bands in the spectra of the amorphous form of the
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anti-inflammatory drug bicalutamide, suggested weakening of the hydrogen bonds 

and disruption of the highly ordered crystal lattice. Addition of QB to the polymer 

matrix caused disruption and hence weakening of the hydrogen bonding between the 

RL PO polymer chains at the C-0 ester site. The mechanism of disruption of the RL 

PO hydrogen bonding at this C-0 site could a result of the formation of hydrogen 

bond between QB and RL PO. Increasing the concentration of QB resulted in a 

progressive weakening of the polymeric intermolecular forces of attraction. A similar 

interaction was observed at the 1725cm"1 polymeric site which corresponded to the 

C=0 carbonyl group of RL PO and which also shifted to a higher wavenumber with 

an increase in QB concentration. The peak corresponding to the C-N stretch of the 

ammonio methacrylate groups on the polymer was observed at 1033cm‘' and 1240cm‘ 

'. No shift in wavenumber of the 1033cm 1 peak was observed with increasing QB 

concentrations however peak broadening was observed at high QB loadings showing 

an interaction between QB and C-N of the polymeric ionic functional groups. A shift 

to a lower wavenumber occurred at the 1240cm 1 peak to 1234cm‘l and 1230cm"1 at 5 

and 15% w/w QB addition and to 1228 cm 1 with the addition of 30% w/w indicating 

hydrogen bond formation at this site. It was therefore evident that QB interacted at a 

number of sites within the polymer including the C-0 ester, C=0 carbonyl where 

hydrogen bond disruption occurred and at the C-N ionic functional group region 

where hydrogen bond formation occurred. In all cases the magnitude of the 

interaction increased with QB concentration. A large number of studies in the 

literature have given consideration to the types of interactions which occur between 

polymer and drug in order to better understand polymeric solid dispersions. Wetus et 

al. (2005) investigated the drug polymer interactions which occurred within solid 

dispersions containing polyacrylic acid as the carrier and the basic drug loperamide. 

These authors showed that electrostatic forces of attraction existed between drug and 

polymer. It was shown that the formation of a salt occurred during the manufacture of 

the amorphous dispersions between the COOH groups of the polymer and the amino 

groups of the basic drug and such interactions resulted in stabilization of the 

amorphous form of the drug by the prevention of crystallization. It this study, it was 

reported that although a strong interaction between drug and polymer occurred, the 

glass transition temperature of the polymer actually increased. This was hypothesized 

to be due to the strong electrostatic interactions between drug and polymer resulting 

in an increase in density and a reduction in free volume within the polymer. In
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another study by Tong et al. (2002) a series of alkali metal salts were prepared with 

similar results showing that increasing the strength of interaction between drug and 

polymer led to an increase in glass transition temperature of the system. These authors 

showed that with increasing size of counter ion decreasing electrostatic forces of 

attraction were apparent between the cation and the COO- anion and this caused a 

reduction in glass transition of the drug and the authors correlated size of the 

electrostatic forces with the glass transition.

A simple way to confirm deductions from ATR-FTIR that QB interacted at the 

C-N ionic functional group sites of the polymer was through the use of Eudragit® RS 

PO. Eudragit' RS PO has a lower percentage functional group content (approximately 

50% less) than RL PO (Chang et al., 1989) and therefore in theory the solubility of 

QB in RS PO should be less than RL PO. Studies showed that the solubility of QB 

was reduced by almost 66% in the Eudragit RS PO polymer matrix providing further 

evidence that QB interacted strongly at the C-N of the ionic functional groups. 

Eudragit' RL PO and RS PO have been described in the literature to have the ability 

to form electrostatic interactions due to the presence of the ammonio methacrylate 

functional groups. These functional groups are cationic in nature and therefore are 
expected to interact with anionic species (Omari et al., 2004). In a recent study 

conducted by Glaessl et al. (2009), RL PO films were prepared using a solvent cast 

method containing the salt of a basic drug metoprolol tartrate. Films were also 

produced incorporating the free acid (tartaric acid) and metoprolol free base in 

concentrations between 5 and 30%w/w. The authors showed differences in the 

solubility of the salt form and free base in the RL PO matrix. It was shown that the 

free base exhibited the highest solubility (above 20% w/w) and this is directly 

comparable to the behaviour of quinine base during this investigation which had a 

solubility of approximately 30% w/w. In this particular study however, no 

spectrocscopic examination of samples was investigated and conclusions about the 

drug polymer interactions were based on the solubility of drug in RS PO and RL PO 

and an analysis of the viscoelastic properties of the drug loaded films. The authors 

used these findings to conclude that the free base did not partake in electrostatic 

interactions with RL PO since the drug solubility in RS PO (having approximately 

50% less ammonio methacrylate units) was similar. This was the opposite effect 

observed for the quinine free base which was shown to have a high level of
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interaction at these sites. The drug salt form in the Glassel study was completely 

dissolved in both polymers at all investigated concentrations and the authors reported 

that the salt had the ability to form a stable amorphous polymorph, making it more 

likely to form an amorphous mixture with the polymer while the free base did not 

easily exist in the amorphous form and was therefore more likely to recrystallise from 

the polymer films. This is possibly the key difference between the metoprolol studies 

and the quinine study. RL PO acted as an efficient recrystalisation inhibitor for QB 

therefore making it less likely to recrystallise from the extrudates. Also in the 

metoprolol study, significant differences in mechanical properties were observed 

when RL PO was substituted for RS PO for the salt but not the free acid or free base 

and therefore the authors concluded that the salt form had interactions with the 

polymer back bone as did the free acid and base but additional ionic interactions 

between the negatively charged salt ions and the positively charged quaternary 

ammonium groups also occurred. The authors detail that because the metoprolol free 

base and tartaric molecules are hydrophobic they will interact with the hydrophobic 

back bone. Similarly QB, being highly lipophillic (Viriyayudhakorn et al., 2000) 

could also partake in polymer backbone interactions. Omari et al. (2003) 

hypothesisized that the positively charged functional groups of (RL PO) polymer in 

aqueous medium are able to interact electrostatically with anionic species in the 

solution. The authors found a greater interaction with the lactic acid shown by a 

greater depression in glass transition temperature with RL PO than with Eudragit RS 

PO and deduced that some electrostatic interactions therefore occurred. It was 

suggested the lactic acid formed a 5 membered ring structure with the hydroxyl and 

carboxyl functional srouns with the ammoniomethacrvlate erouos (figure 6.12).

+
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Figure 6.12. Interaction between quaternary ammonio functional groups of RL 

PO and lactic acid from Omari et al. (2003).

Interestingly in this study, it was shown that the mechanical strength of these films 

increased and this was proposed to be due to strengthening of secondary forces of 

attraction between polymer chains rather than forces within polymeric backbones
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with the lactic acid increasing the strength of the secondary forces. Electrostatic 

interactions between drug and RL PO/ RS PO have also been suggested in another 

study by Jenquin and McGinity (1994). It was shown that the model drugs salicylic 

acid and chlorpheniramine maleate plasticized RL PO and RS PO and caused a 

reduction in the glass transition. The authors reported that RL PO interacted with 

salicylic acid in a manner similar to an ion exchange resin implicating the quaternary 

ammonium groups via ionic electrostatic interactions. No observed changes in the 

location or breadth of specific infrared absorption bands for the hot melt extrudates 

containing drug were however observed and it was suggested therefore that hydrogen 

bonding between the salicylic acid and the polymer was minimal with the main 

interactions attributed to electrostatic interactions. The authors also correlated the 

dissolution profiles with drug polymer interactions and showed that with a reduction 

in interaction between drug and polymer, there was a decrease drug sorption and this 

resulted in an increased drug release from the matrix films. This particular study can 

be compared to results obtained within this chapter. It was hypothesized that there 

were interactions between QB and RL PO which caused weakening of the 

intermolecular forces of attraction between the polymer molecules. The fact that the 

glass transition of the polymer decreased with increasing QB concentration is also 

coherent with these results. Strong forces of attraction also were also suggested to be 

the reason for retardation in drug release at the 5% w/w level.

For QHC1 and the peak at approximately 1233cm'1 corresponding to C-N in 

the polymeric ionic functional groups showed peak broadening occurred at 5% 

loadings. Unlike QB and QSO4, no further interaction was observed with increasing 

the concentration of QHC1 but increasing the concentration of QS04 up to 30% also 

showed the development of a shoulder peak indicating that QSO4 had a greater ability 

to interact with the polymer ionic functional groups than QHC1. This could be 

attributed to the fact that QHC1 molecules consist of QH+ and Cl' ions while QS04 

molecules consist of 2Q+ and SO42' ions. Like the proposed 5 membered ring 

structure proposed by Omari et al. (2003), it is possible that the sulphate acted in a 

similar manor (figure 6.13) resulting in a greater level of interaction at this site for 

QS04 than QHC1.

339



Chapter 6

d+Q,

Figure 6.13. Schematic representation of proposed mechanism of interaction 

between N+ RL PO polymer functional groups and QSO4

In QHC1 loaded hot melt extrudates, no interactions were proposed at the C-0 

ester and C=0 carbonyl site polymeric sites indicating that overall that there were 

fewer sites of interaction between the polymer and QHC1 than with the polymer and 

QB. This also suggested lack of interruption of hydrogen bonding between polymer 

chains which by QHC1 at concentrations above 5% w/w and hence this molecule did 

not cause solid state plasticization of the polymer at higher concentrations. The main 

site of interaction between QHC1 and RL PO was therefore at the ionic polymeric 

functional groups where electrostatic interactions were likely. An interaction at the 

polymeric C-O ester site was observed with QSO4 at low concentrations and this 

shifted back to original wavenmber at higher concentrations indicating a lower level 

of interaction than the pure base and this was also true at the C=0 polymer site. The 

electrostatic attraction between the oppositely charged ions is normally the main 

driving force for the initiation of complex formation between drug and polymer 

molecules (Takka, 2003). QHC1 was found to have an 83% reduction in solubility in 

the RS PO matrix than the RL PO matrix which also supported deductions that the 

main mechanism of interaction was at the ionic sites. Jenquin and McGinity (1994) 

showed that salicylic acid interacted with RL PO and RS PO only by electrostatic 

interactions. The authors showed that when the ionic conditions of the dissolution 

media were changed i.e. when the pH or ionic strength reduced which minimized 

ionization of the drug, the authors reported that an increase in drug release was 

observed due to reduced drug polymer interaction mechanisms. This also supported 

the theory that the drug interacted with these polymers primarily via ionic 

electrostatic interactions. It is therefore important in the consideration of oral delivery 

of RL PO hot melt extrudates that drugs which interact with the polymer during hot 

melt extrusion via electrostatic interactions may have altered drug release profiles 

which are significantly influenced by the pH of the dissolution media. Interactions 

were observed at the ionic polymeric functional groups, polymeric ester and carbonyl
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groups for QS04 and the solubility in the RS PO matrix was reduced by 

approximately 70%. From solubility studies, it may seem that QHC1 had a larger 

interaction at the ionic functional group sites. However with QHC1, the only site of 

interaction was at these sites. With QSO4 however, an interaction was observed at the 

C-0 and C=0 sites therefore when the functional group content was reduced, QSO4 

still had the ability to interact at the C-O and C=0 sites. The solubility of QSO4 in RS 

PO therefore did not reduce to the same extent as QHC1 as the additional sites of 

interaction remained unchanged in RS PO.

A major drawback of formulating a drug in the amorphous form is solid state 

instability which can on storage result in alterations in the critical quality attributes of 

the drug product (Hancock and Zografi, 1997). Amorphous glassy solid solutions are 

thermodynamically metastable systems that favour the conversion to the crystalline 

form under storage (Albers et ai, 2005). An understanding of the stability of hot melt 

formulations therefore is crucial as changes in the dissolution characteristics can 

threaten process development and lead to serious pharmaceutical consequences 

(Vippagunta et al., 2001). Many melt-extruded products have however been reported 

to show good long term stability (Hulsmann et ai, 2001). Hot melt extrudates 

containing 5% w/w of QB, QHC1 or QS04 were stored under accelerated conditions 

and the dissolution profile monitored over 12 weeks to determine if the solid solutions 

produced were stable and if there was a difference in stability between the 

hydrochloride, sulphate or free base. A 5% w/w drug loading for stability studies was 
chosen as all quinine forms were in the amorphous state at this concentration. A 

number of factors can influence the solid state stability of hot melt extrudates 

including drug concentration, storage time, processing conditions, relative humidity, 

temperature and the presence of additives (Van Laarhoven et ai, 2002). It has been 

extensively reported that polymeric carriers can effectively reduce the rate (Wetus et 

ai, 2005) or indeed stop altogether drug crystallisation. Crystallization inhibition in 

hot-melt extrudates can be achieved by either decreasing the amount of 

supersaturation driving the recrystallization or by interfering with the crystallization 

process itself (Bruce et al., 2007). A wide range of polymeric carrier matrices were 

shown to exhibit crystallization inhibition behaviour. The efficacy of copolymers of 

methacrylic acid with different functionalities on the inhibition of estradiol and 

norethisterone crystallization was studied by Kotiyan and Vavia (2001) showing that
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RL PO was an effective inhibitor of crystallization of the steroids. Polyethylene oxide 

was shown to have the ability to stabilize amorphous indomethacin by reducing 

recrystallisation due to the formation of hydrogen bonds (Schmidt et al., 2004). 

Eudragit E 100 and Eudragit RL 100 were also shown to behave as ibuprofen 

crystallization inhibitors in monolayer patch based systems over a 12 month period 

and again this again was attributed to hydrogen bonding interactions between the 

C=0 of the polymer with -OH of the iburprofen molecules (Cilurzo et al., 2005). It 

has been suggested in a large number of such studies that intermolecular hydrogen 

bonding between the drug and the polymer is the main mechanism through which 

crystallization inhibition of an amorphous drug occurs (Bruce et al., 2007) but other 

factors such as reduced molecular mobility in polymers with high glass transition 

temperatures, change in the interfacial energy and specific hydrogen-bonding 

interaction between the drug and polymer have been discussed (Zahedi and Lee, 

2007).

The dissolution profile of hot melt extrudates containing 5% w/w QB was 

significantly affected at T=3, 6 and 12 weeks storage at accelerated conditions. 

Surprisingly, after 3 weeks a faster rate of dissolution was observed for QB loaded 

extrudates. At 6 and 12 weeks respectively however, dissolution rate of QB 

progressively decreased. An increase in drug release post storage under high humidity 

conditions has been reported in the literature and has been attributed to an increase in 

the molecular mobility of the polymeric matrix (De Brabander et al., 2003). 

Molecular mobility can increase in the solid phase due to an increase in temperature 

or by the sorption of water into the sample. In the case of RL PO hot melt extrudates 

subjected to accelerated storage conditions, an increase in both the temperature (40°C) 

and relative humidity (75% RH) occurred therefore increasing the molecular mobility 

of the RL PO matrix. It was shown in chapter 2 that exposure of RL PO to relative 

humidities above 60% at 25°C caused a water vapour induced glass transition 

therefore providing evidence that elevated humidity alone resulted in an increase in 

polymer molecular mobility. This coupled with elevated temperatures resulted in a 

further increase in molecular mobility of RL PO polymer chains. It has been shown 

that drug release can be increased or decreased upon exposure to elevated temperature 

and humidity (De Brabander et al., 2003). The inclusion of water has also specifically 

been shown to exert a negative influence on the stability of glassy solid solutions as
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water decreases the glass transition temperature (Albers et al, 2005). The observed 

increased in drug release of QB post 3 weeks storage was most likely due to increased 

molecular mobility of the polymer which resulted in faster diffusion of QB through 

the polymer matrix and into the dissolution media. SEM images showed that the 

surfaces of QB loaded hot melt extrudates were smooth and devoid of crystalline 

material at T= 3 weeks indicating that surface crystallization of drug did not occur 

after this time period. Post 6 and 12 weeks however a progressive decrease in drug 

release was observed and this was due to surface crystallization of the poorly soluble 

QB which were possessed a slower rate of dissolution to the molecularly dispersed 

drug and the presence of large crystals on the surface of the extrudates at these 3 and 

6 week timepoints were confirmed. Significant crystallization of amorphous materials 

most often occur above the glass transition temperature where sufficient molecular 

mobility exists to allow rapid nucleation and crystal growth. Some studies also have 

how ever shown that crystallization of a drug can occur at temperature below the glass 

transition of the polymer. In a study by Yoshioka et al. (1994), the amorphous form of 

indomethacin was shown to have the ability to crystallize below the glass transition 

temperature within a period of 3 weeks, but rate of crystallization was significantly 

greater at higher temperatures because of an increased molecular mobility. The 

transformation from amorphous to crystalline states involve first a nucleation phase 

before crystal growth can occur (Kogermann et al., 2009). SEM images after a 6 and 

12 weeks storage time showed that surface crystallization of QB had occurred. 
Superficial crystallization of drug is a common phenomenon for glassy dispersions 

and this is due to deviations in molecular mobility of the polymer throughout the 

sample. Bruce et al. (2007) showed that guaifenesin formed a solid solution a 

Eudragit El00-55 matrix during processing and that at a 25% drug loading the 

saturation solubility of the guaifenesin. In these studies, after the extrudate was cooled 

to ambient conditions crystal formation at the surface of the dosage form occurred and 

the authors showed that addition of hydrophilic polymers to the matrix reduced the 

onset and the extent of drug recrystallization by interruption of the crystallization 

process. It has been proposed that mobility is higher on the surface than in the bulk 

sample therefore the surface crystallization rate of an amorphous solid is faster than 

the bulk crystallization rate (Kogermann et al., 2009). A thin layer of crystalline QB 

on the surface of the extrudate therefore resulted in alterations in the dissolution rate 

to that of the crystalline form of the drug. QHC1 and QSO4 exhibited a faster rate of
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crystallization than QB and crystalline material was present on the surface of the 

extrudates after 3 weeks. Both salt forms were proposed to exhibit lower levels of 

interaction with RL PO than the free base therefore RL PO was a poorer 

recrystallisation inhibitor form explaining why drug recrystallisation was more rapid 

for both salt forms. Strong intermolecular interactions between drug and polymer are 

usually beneficial for miscibility and solid solution stabilization (Chokshi et ai, 

2008), (Miyazaki et ai, 2006) and (Taylor and Zografi, 1997). This was also true of 

QB loaded extrudates which exhibited a slower rate of crystallization than both salt 

forms of the drug attributed to these stronger drug polymer interactions. RL PO was 

therefore a more effective crystallization inhibitor for QB than both salt forms of the 

drug due to stronger drug polymer interactions. Surface crystallization did not cause a 

reduction in dissolution of QHC1 and QSO4. This was due to the higher aqueous 

solubility of the salt forms compared to the free base. In a similar study, Bruce et al. 

(2007) showed that even though surface recrystallisation of guaifenacin, a water 

soluble drug, was apparent, this had minimal impact on the dissolution properties of 

the dosage forms over a 6 month storage period. After 12 weeks, the QHC1 and QSO4 

extrudates appeared to exhibit incomplete release with less than 80% drug released at 

the end of the sampling interval. However, extraction of the films after dissolution 

studies showed that no additional drug was present after this time. The apparent 

reduction therefore was likely due to accidental sloughing off of drug crystals which 

were in high concentration at the extrudate surface upon removal from the desiccation 

chamber. From stability studies therefore, it is apparent that quinine form affected the 

rate of drug recrystallisation from the extrudates and form also exerted an impact on 

the degree of change in dissolution depending on the aqueous solubility with the free 

base dissolution properties being affected by surface recrystallisation.
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6.5. CONCLUSION
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During these investigations, solid dispersions containing quinine in a Eudragit' RL 

PO matrix were manufactured using HME technology. Quinine was chosen as the 

model entity of interest due to its low aqueous solubility and hence is a typical 

example of the increasingly emerging BCS class II new molecular entities, which 

have afforded significant interest within the pharmaceutical industry in recent years. 

As with all BCS class II compounds, quinine exhibits a high intestinal permeability 

thus rendering dissolution as the rate-limiting step for oral drug absorption. The 

principal aim of this work was two fold: firstly to examine if a Eudragit® RL PO 

could be used to produce solid dispersions of the poorly water soluble drug to 

enhance the dissolution properties and secondly to determine if manipulation of the 

drug salt could be used as a platform to modify drug release from the polymer matrix. 

In chapter 4 it was shown that the salt form had a significant influence on the 

saturation solubility of drug within the molten polymer matrix which significantly 

affected the physiochemical properties of the hot melt extrudates.

Through formulation as a solid dispersion via HME, the dissolution 

performance of QB was significantly improved when compared with compressed 

tablets at the same drug loading with 100% of drug released from solid dispersions 

after the 1440 minute sampling period compared to less than 71% from the 

compressed tablets after this time period. Differences in the dissolution properties of 

QB, QHC1 and QS04 were observed even when drug loadings were similar. At 5% 
w/w loadings, QB had a slower rate of dissolution while there was no observable 

differences between QHC1 and QSO4 thus the order of dissolution rate was 

QHC1=QS04>QB. No significant differences in the water uptake properties of the 

extrudates at the 5% loading were observed. At 30% w/w drug loadings, differences 

in the rate of dissolution of drug and water uptake properties were clear. Dissolution 

rate order was QHC1>QB>QS04 and water uptake properties of hot melt extrudates 

during dissolution was also found in order of fastest to slowest QHC1>QB>QS04. 

The rapid dissolution of QHC1 from extrudates was partially explained by rapid 

leaching of crystalline QHC1 subsequently followed by the creation of an extensive 

pore network throughout the extrudates, which increased the permeability of the 

matrix and reduced the tortuous pathway for drug diffusion. Water uptake properties 

of the hot melt extrudates during dissolution verified that QHC1 had increased 

permeability during dissolution and this was directly related the proportion of drug in
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the crystalline phase. 30% w/w QB loaded extrudates exhibited the second fastest rate 

of dissolution and due to intense solid state plasticization of the polymer by high 

loadings of QB which lowered the polymeric glass transition to temperatures similar 

to the dissolution media causing an increase in molecular mobility of polymeric 

chains resulting in rapid diffusion of drug from the polymer matrix.

Spectroscopic analysis provided evidence that differences in the drug-polymer 

interactions between Eudragit RL PO and QB, QHC1 and QSO4 existed. During salt 

formation, Raman spectroscopy (and single crystal XRD in chapter 4) showed that 

protonation of the C-N quinuclidine moiety of the quinine molecule occurred in QHC1 

and QSO4. An interaction between QB and RL PO occurred at this C-N quinuclidine 

moiety while no interaction was observed for QHC1 and QSO4 as a direct result of 

protonation of this nitrogen during salt formation. This rendered this site less 

available for interaction with the polymer. FT-IR showed that QB caused interruption 

of polymeric intramolecular hydrogen bonding at the C-0 and C=0 polymeric ester 

and carbonyl sites. QB was also shown to interact with the ionic polymeric functional 

groups and this was confirmed by a 66% reduction in solubility in an RS PO matrix, 

which contained fewer C-N ammonio methacryate functional groups. Both QHC1 and 

QSO4 exhibited a lower solubility in Eudragit' RS PO also providing evidence of 

interaction at the ionic functional groups. QHC1 was not shown to cause interruption 

of intramolecular polymeric hydrogen bonding and only interacted at the polymeric 

ionic functional group sites. This provided an explanation as to why QHC1 exhibited 

such low matrix solubility. QSO4 also primarily interacted with Eudragit RL PO at 

the polymeric ionic functional group sites and did so at higher concentrations than 

QHC1. This was proposed to be as a result of the ability to form a stable complex with 

the doubly charged ionic salt and the N+ of the ionic functional groups. Unlike QHC1, 

QSO4 also exhibited interactions at the C-O and C=0 ester and carbonyl sites causing 

disruption of polymeric hydrogen bonding explaining the higher solubility of QSO4 in 

the polymer matrix than QHC1.

During storage at accelerated conditions over a 12 week period, differences in 

the rate of recrystallisation were observed between QB, QHC1 and QS04. Evidence of 

surface crystallisation after 3 weeks storage was observed for QHC1 and QS04 while 

QB extrudates remained smooth and surface recrystallisation was not observed until 6
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weeks. This was attributed to stronger drug polymer interactions between QB and 

polymer, therefore showing that Eudragit RL PO acted as a more efficient 

recrystallisation inhibitor for the free base than for QHC1 and QS04.. Following 

storage of QB loaded extrudates after 3 weeks, dissolution was faster from the matrix 

and this was proposed to be attributed to an increased molecular mobility of the 

polymer due to plasticization by water upon storage. The dissolution profile of QHC1 

and QSO4 remained unaffected by surface recrystallisation, however the dissolution 

of QB was progressively slower with increasing surface recrystallisation due to the 

poor solubility of the free base.
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Hot-melt extrusion (HME) has been widely used in the plastics and rubber industries 

to manufacture a diverse range of products and has received growing interest within 

the pharmaceutical field within the last decade. More recently, the technique has 

received interest within pharmaceutical literature due to the diversity of dosage forms 

which can be manufactured and because of the significant advantages HME affords 

over conventional solid dosage form manufacturing techniques. A key advantage of 

HME is the ability to continuously process a drug product with each step carried out 

on a single piece of equipment (Verhoeven et al., 2008) making HME an attractive 

and cost effective industrial process. Scaling of experiments from the small to the 

large scale is relatively simple and since solvent and water addition is not a pre

requisite for the process, the propensity for hydrolysis and drug solvent interactions is 

significantly reduced (Mehuys et al., 2005) thus encompassing fewer stability, 

patient safety and environmental concerns. HME is suitable for both low and high 

potency drugs due to intense de-aggregation and mixing properties of the screws. 

During processing, intense mixing and agitation caused by the rotating screws causes 

de-aggregation of suspended particles in the molten polymer resulting in a uniform 

drug dispersion and thus solid dispersions of drug in polymer can be easily 

manufactured. Solid dispersions provide a means by which the particle size of the 

drug can be significantly reduced and have also attracted considerable interest within 

recent literature. Formulation of a drug as a solid dispersion provides an efficient 

means of improving the dissolution rate and hence the bioavailability. Due to the 

emergence of increasing numbers of poorly water soluble new chemical entities due 

to high throughput screening, investigations into solid dispersions and innovative new 

technologies which can produce these formulations have been increasingly 

investigated. The use of HME as a means to improve dissolution, absorption and 

hence bioavailability of poorly soluble drugs through the formation of solid solutions 

and dispersions has been extensively documented in a number of research journals 

and patents (Foster et al., 2001); (Verreck et al., 2003); (Janssens et al., 2007); 

(Mididoddi and Repka, 2007). HME has been used to manufacture both immediate 

and sustained release dosage forms (Gryczke et al., 2011) (Almeida et al., 2011) 

(Brabander et al., 2003) (Verhoeven et al, 2009) (Zhang et al., 2000) (Crowley et 

al., 2002) (McGinity and Zhang, 2002) and a plethora of drug delivery devices and 

formulations have been investigated including topical and transdermal drug delivery
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systems (Aitken-Nichol et al, 1996) (Repka and McGinity, 2001); pellets (Young et 

al, 2002); granules (Gryczkeb et al., 2011); vaginal inserts (Van Laarhoven et al., 

2002) and implants (Cheng et al., 2010) all displaying excellent potential to deliver a 

wide range of drugs with a wide rage of physiochemical properties by a multiple 

routes of administration.

Choice of polymeric carrier is an important aspect associated with the 

development of a hot melt formulation since the intended drug release profile will 

have a commodius influence on the selection of carrier matrix. A variety of carrier 

systems have been used for hot melt extruded purposes including cellulose ethers 

(Repka et al., 1999) (Repka and McGinity, 2001), polyethylene oxides (Zhang and 

McGinity, 1999) (Crowley et al., 2004), polyvinylpyrrolidone (Jijun et al., 2010) 

(Andrews et al., 2010) and polymethacrylate derivatives (Albers et al., 2009) (Zhu et 

al., 2006). Polymethacrylates have been primarily used in oral capsule and tablet 

formulations as film coating agents and many offer unique pH-solubility profiles 

which have been used in targetted release dosage forms. Eudragit RL PO and RS PO 

however are insoluble polymers offering the potential for sustained and controlled 

release formulations and have remained largely understudied as hot melt matrices 

providing the impetus to characterise and explore such platforms for drug delivery.

Initial investigations in chapter 2 characterised the physiochemical, thermal 

and water uptake properties of Eudragit RL PO. The polymer was shown to exhibit 

good thermal stability up to 180°C, above which thermal decomposition proceeded by 

a mechanism which caused cleavage and loss of ammonio methacrylate functional 

groups, confirmed using a manufacturers specification assay and potentiometric 

titration. Above 350°C, the thermal degradation products of the polymer became 

volatile. Eudragit® RL PO exhibited hygroscopic properties containing approximately 

3% adsorbed residual moisture when stored at ambient temperature at atmospheric 

conditions. An enthalpic relaxation was shown to mask the polymeric glass transition 

and was subsequently resolved by MDSC.

A paradigm shift in attitude of regulatory bodies such as the FDA and MHRA 

towards the 'quality by design’ conceptual approach to scientific experimentation has 

in voked the need for developing an understanding of critical processing variables and
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processing design space. Hot melt extrusion processing variables such as screw speed, 

residence time and extruder torque were therefore also considered for processing of 

Eudragit RL PO. Residence time correlated with processing temperature due to the 

effect of temperature on viscosity of the material and reduced as temperature 

increased. Extruder torque was also shown to be strongly influenced by screw speed 

and processing temperature of Eudragit0 RL PO due to the pseudoplastic nature of 

Eudragit' RL PO and viscous heat generation. Acceptable processing limits for hot 

melt extrusion of Eudragit® RL PO for temperature and screw speed were defined and 

an optimal temperature window between 120°C and 170°C was proposed, within 

which no loss in polymeric functional group content was observed. An acceptable 

screw speed processing window between 100 and 150rpm was also defined with no 

loss in functional group content observed between the limits.

DVS experimentation showed that adsorbed water vapour above 60% relative 

humidity acted as a plasticizer for Eudragif" RL PO, lowering the glass transition to 

below ambient temperature causing an increase in permeability of the material. This 

prompted recommendations for storage of amorphous drug dispersions within 

Eudragit1' RL PO above 60% relative humidity with a desiccant to prevent the ingress 
of moisture which may result in poor solid state stability. Following immersion of hot 

melt extrudates in aqueous media, diffusion into the matrix was greater than the rate 

of polymer chain relaxation giving rise to non-Fickian anomalous transport. The 

ingress of water into the matrix resulted in plasticization which in turn caused changes 

in the mechanical properties of hot melt extrudates causing a decrease in the Young’s 

Modulus and tensile strength and an increase in percentage elongation.

The formulation of water soluble drugs using HME has attracted less interest 

than poorly water soluble drugs and the diversity of such studies in the literature 

remain significantly fewer in number. This is because there is less drive to employ 

innovative new technologies such as HME to formlate these compounds as there are 

fewer challenges, such as poor dissolution characteristics, to overcome. In chapter 2, a 

model water soluble drug, metformin hydrochloride, was formulated using HME. 

Metformin hydrochloride is an orally administered antidiabetic drug known to cause 

gastrointestinal intolerance which is problematic for both immediate and sustained 

release metformin. However, sustained release preparations have been reported to be

352



Chapter 7

better tolerated by patients (Feher et al. 2007) (Davidson and Rowlett, 2004) 

therefore preparation of a sustained release dosage form through the formation of 

solid dispersions via HME were investigated.

MHC1 was shown to be a suitable candidate for HME due to its high thermal 

stability. Solubility of MHC1 within the molten polymer matrix was determined using 

DSC and verified using hot stage microscopy. MHC1 and Eudragit® RL PO exhibited 

a poor interaction during HME and calculated solubility of MHC1 in the polymer 

matrix was low at approximately 3% w/w. The glass transition temperature of the 

polymer remained unchanged by the presence of MHC1 in concentrations below 30% 

w/w showing that MHC1 did not act as a solid state plasticizer. At 30%w/w 

concentrations, the glass transition temperature of the polymer was found to increase 

due to anti-plasticization by MHC1. PXRD studies showed that no crystalline to 

amorphous transitions of MHC1 occurred during hot melt extrusion with Eudragit" 

RL PO. Formulation of MHC1 and Eudragit " RL PO via HME showed good potential 

for the production of a sustained release solid dispersion. MHC1 rapidly dissolved 

within the dissolution media in the absence of polymer but when formulated as a solid 

dispersion, the dissolution properties were significantly retarded. Increasing the 

concentration of MHC1 within the hot melt extrudates exerted a significant impact on 

the drug release characteristics. With an increase in concentration an increase in the 

rate of drug release from hot melt extrudates was observed. At higher drug loadings 

(15 and 30% w/w), an extensive pore network throughout the extrudate structure 

eventually formed a continuous network resulting in a reduction in tortuosity of the 

matrix allowing faster dissolution and as a result percolation threshold for MHC1 in 

Eudragit RL PO was determined to be between 5 and 15% drug loading. The 

formation of this pore network during dissolution affected the polymer microstructure 

shown by SEM and this coupled with increased uptake of water impacted upon the 

viscoelastic properties of the films causing a reduction in Young’s modulus. Addition 

of Eudragit " RS PO to the hot melt formulation, which contains a lower proportion of 

quaternary ammonium groups and is less permeable to water, was found to further 

retard release of MHC1 from the hot melt matrix and this response was concentration 

dependent showing that controlling permeability of the matrix could further sustain 

MHC1 from Eudragit RL PO extrudates providing a mechanism through which 

release of MHC1 could be tailored to specification.
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Pharmaceutical salt formation is a common approach to improve the dissolution 

performance for poorly water soluble drugs. The mechanisms through which a drug 

salt form exerts its impact on the physiochemical properties of hot melt extrudates 

during the formation of solid dispersions is currently poorly understood and has 

received limited interest within the literature. In chapter 4 therefore, the effect of drug 

form on the physiochemical properties of Eudragit RL PO hot melt extrudates was 

investigated. Quinine was selected as a model drug due to its poor aqueous solubility 

and the free base (QB), hydrochloride (QHC1) and sulphate (QS04) forms were 

investigated. Drug form was shown to exert a significant impact on the saturation 

solubility of drug within the molten Eudragit' RL PO polymer matrix which directly 

influenced the physiochemical properties of hot melt extrudates. QB exhibited the 

highest saturation solubility within the matrix (approximately 28.5% w/w) while the 

hydrochloride exhibited the lowest (approximately 8% w/w) and thus solubility of 

drug in the matrix followed the order QB>QS04>QHC1. PXRD showed that each 

quinine form exhibited a unique diffraction pattern and hence order of molecular 

packing. A crystalline to amorphous transition of all three forms occurred during hot 

melt extrusion with Eudragit1' RL PO when formulated at concentrations below the 

drug saturation solubility. Preparation of solvent cast films showed that the all forms 

dissolved within polymer matrix in the absence of heat and mechanical shear 

indicating that the crystalline to amorphous transition during hot melt extrusion was 

due to dissolution of drug within the molten polymer. QB, QHC1 and QSO4 acted as 

solid state plasticizers for Eudragit RL PO causing a reduction the glass transition 

temperature at concentrations below saturation solubility. All forms were confirmed 

to be in a one phase molecular dispersion when at concentrations below the saturation 

solubility using DSC and Raman mapping analysis. At concentrations above the 

saturated solubility, quinine form exerted a significant impact on the plasticization 

efficiency of the drug. Above 10% w/w loading, QHC1 did not significantly depress 

the glass transition temperature of the polymer. Up to concentrations of 50% w/w, QB 

and QSO4 acted as solid state plasticizers signifying differences in the drug polymer 

interactions between RL PO and each of the salt forms. At 30% and 50% w/w 

loadings, QB resulted the largest depression in glass transition temperature and thus 

indicated a greater level of interaction with the polymer than both salt forms.
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Two additional quinine salts were manufactured during these investigations using 

sodium benzoate and sodium salicyclate (QBENZ and QSAL) to provide insight into 

the effect of drug salt counter ion on the solubility of drug within the polymer matrix. 

An interaction between the N atom of the quinine quinuclidine moiety and the 

carboxcylic acid group -OH of the acid molecules was shown by single crystal XRD 

and Raman spectroscopy. This interaction was proven to result in the formation of a 

salt confirmed by examining differences in bond lengths between the C=0 and COO- 

groups on the counter ion. The solubility of QBENZ and QSAL in the Eudragit' RL 

PO polymer matrix were 3.9% w/w and 14.4% w/w respectively confirming that salt 

counter ion type had a significant influence on the solubility of drug in the molten 

polymer matrix which in turn significantly affected the resulting physiochemical 

properties of the hot melt extrudates. A correlation between the aqueous solubility of 

the salt and solubility within the molten polymer matrix was observed. The higher the 

aqueous solubility and hence polarity of the salt form, the lower the solubility within 

the polymer matrix and vice versa. These investigations showed that polymer drug 

interactions were a dominant factor in determining the drug salt solubility within the 

molten matrix during hot melt extrusion as opposed to the physical properties of the 

drug form such as melting point and molecular weight.

In chapter 5, the rheological properties of virgin and drug loaded 

molten Eudragit' RL PO systems were investigated using capillary rheometry. 

Capillary rheometry has been extensively used in the plastics and engineering sector 

to characterize molten polymers but has attracted limited interest within the 

pharmaceutical field. During this work, capillary rheometry displayed excellent 

potential as a method to characterise molten polymeric and drug loaded molten 

polymeric systems prior to hot melt processing highlighting the utility of this 

technique within the pharmaceutical sector. Through this study it was also shown that 

valuable information about the hot melt extrusion process and possible means to 

stabilise the process could be gained. These investigations permitted a comprehensive 

understanding of how extrusion processing parameters can impact upon the 

rheological properties of the molten virgin and drug loaded formulations and 

highlighted potential risks to the stability of the HME process. An understanding the 

manufacturing process in line with the regulatory recommendations by following the 

QBD concept was also developed for Eudragit' RL PO.
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Eudragit" RL PO exhibited non Newtonian (pseudoplastic) behaviour and the 

viscosity possessed a greater temperature dependence than shear dependence. Design 

Of Experiments (DOE) principles were used to create a two level factorial design and 

through these studies it was found that both temperature and shear rate significantly 

impacted upon on polymer viscosity. The activation energy (Ea) was calculated using 

the Arrhenius which progressively decreased with increasing the shear rate showing 

that temperature sensitivity of the polymer melt reduced with increasing shear rate. It 

was therefore concluded that opting for processing conditions at higher shear rates is 

advantageous as the melt responds less to small fluctuations in temperature at higher 

shear rates improving stability of the HME process. The Power law was a suitable 

predictive model and the Power law index for Eudragif" RL PO increased with 

increasing temperature indicating that the lower the processing temperature, the more 

shear thinning the melt. Consequently processing RL PO at as high a temperature as 

possible (without causing degradation) is optimal since small fluctuations in 

temperature impart a smaller impact on the polymer viscosity, widening the 

processing window and further stabilizing the extrusion process.

The effect of shear rate and temperature on the appearance of surface defects, 

which are a direct result of extrusion instabilities, was also evaluated using capillary 

rheometry with oscillations in die pressure observed at 135°C above shear rates of 

150sec"'. These findings highlighted a significant risk of extrusion instabilities when 

processed at these temperatures. At higher processing temperatures (150°C and 

160°C) the extrusion instabilities were not observed also indicating that increasing the 

working temperature of the process would be an efficient solution to stabilize the 

HME process for Eudragif' RL PO. Shear rate did not exert a significant influence on 

the Eudragit RL PO microstructre post processing and the glass transition 

temperature and water uptake properties of the polymer remained unchanged when 

processed at higher shear rates due to the elastic properties of the polymer. At high 

shear rates, polymer chain orientation which occurred during flow through the die was 

negated due to elastic recoil and re-entanglement of the polymer chains upon exit 

from the die. This observed elastic recoil properties of the polymer chains resulted in 

significant die swell of the pure polymer and it was proposed that increasing the 

length of the extrusion die would increase the retention and relaxation time of the
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polymer and thus reduce potential die swell problems that may arise when processing 

this polymer.

Addition of QB to the formulation caused an improvement in the thermal 

processability of the material attributed to the high solubility of QB within the 

polymer matrix. This was shown in chapter 4 to cause solid state plasticization of the 

polymer, and capillary rheometry confirmed these findings showing that increasing 

the concentration of QB resulted in a reduction in the polymer viscosity. With the 

addition of QB, the polymer became less temperature sensitive (denoted by a 

reduction in Ea) but more shear sensitive (given by a reduction in the power law 

index) and this effect increased with increasing QB concentrations between 5 and 

30% w/w. Increasing the concentration of QB also resulted in a reduction in the 

consistency index, indicating interruption of the polymer molecular structure. These 

findings were in good agreement with FT-IR studies conducted in chapter 5.

All drug loaded formulations exhibited significant swell behaviour and 

increasing the concentration of the drug caused a reduction in the extrudate swell ratio 

as a result of a reduction in the elastic properties of the material caused by solid state 

plasticization. Highly drug loaded extrudates therefore pose a lower risk of problems 

caused by swell behaviour therefore there will be a lower risk of out of specification 

dimensions with higher drug loadings. To counteract swell, often a drawing force is 

applied to an extrusion line to ensure the product remains within the dimension 

specifications. Application of a drawing force on the drug release properties from QB 

loaded Eudragit RL PO extrudates were evaluated and no significant difference in 

the dissolution properties were observed at any of the applied drawing forces. This 

was due to the amorphous nature of the polymer and the fact that polymer 

microstructure was unaffected by haul off. Consequently, if a haul of force is applied 

during drug product manufacture to ensure consistent product dimensions, it can be 

concluded that this poses a low risk to the resulting product quality attributes and 

dissolution will remain unaffected.

In chapter 6 the dissolution performance of quinine loaded hot melt extrudates was 

assessed. When compared with compressed tablets, hot melt extrudates exhibited a 

significantly faster rate of release of QB with 100% of drug released after the
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1440minute sampling period compared to less than 20% from the tablets. The 

dissolution properties of extrudates loaded with QHC1 and QSO4 were also assessed. 

QB exhibited a slower dissolution profile than QHC1 and QS04 forms between 30 and 

200 minutes at 5% w/w drug loadings. There was subsequently no difference in the 

release properties of extrudates containing QHC1 and QSO4 and the order of 

dissolution rate at 5% w/w loadings was QHC1=QS04>QB. At 30% w/w loadings 

however, a significant difference in the rate of dissolution of drug from the extrudates 

was observed. Differences in the water uptake properties of the hot melt matrices 

were also observed. At 30% w/w loading, the rate of dissolution from fastest to 

slowest was QHC1>QB>QS04. The rate of water uptake into the hot melt extrudates 

for these samples was also found to follow a similar trend from fastest to slowest 

QHC1>QB>QS04. Rapid dissolution of QHC1 from the hot melt extrudates at high 

loadings was partially explained by rapid leaching of crystalline QHC1 followed by 

the creation of an extensive pore network throughout the extrudates, which increased 

the permeability of the matrix and reduced the tortuous pathway for drug diffusion. 

These deductions were supported by the water uptake properties which verified that 

QHC1 had increased permeability during dissolution and this was directly related the 

proportion of drug in the crystalline phase. The 30% w/w QB loaded extrudates 

exhibited the second fastest rate of dissolution due to intense solid state plasticization 

of the polymer which lowered the polymeric glass transition to temperatures similar 
to the dissolution media temperature which caused an increase in molecular mobility 

of polymeric chains resulting in rapid diffusion of drug from the polymer matrix.

Drug polymer interactions within hot melt extrudates were investigated using 

Raman and FT-IR spectroscopy with differences observed between the polymer and 

each of the quinine forms. QB was proposed to exhibit multiple sites of interaction 

with the polymer. Protonation of the C-N quinuclidine moiety of the quinine 

molecule occurred within the two salt forms and this was in good agreement with 

single crystal XRD studies in chapter 4 which showed protonation at this site 

following manufacture of the QBENZ and QSAL salt forms. An interaction between 

QB and Eudragif' RL PO occurred at this C-N quinuclidine moiety confirming this to 

be a key site involved in the interaction between drug and polymer during hot melt 

extrusion. No interaction at this site was observed within QHC1 and QSO4 loaded 

extrudates. This provided evidence that protonation during salt formation resulted in
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the occupation of a key site which is involved in the formation of drug polymer 

interactions during hot melt extrusion. Salt formation therefore rendered this site less 

available for interaction with the polymer and thus reduced the drug solubility within 

the molten polymer matrix.

FT-IR studies showed that QB caused interruption of polymeric 

intramolecular hydrogen bonding at the C-O and C=0 polymeric ester and carbonyl 

sites and these findings supported findings in chapter 4 that the drug behaved as a 

solid state plasticizer. QB exhibited a strong interaction with the ionic ammonio 

methacrylate polymeric functional groups and further evidence of this was provided 

by measuring the solubility of the drug in Eudragif® RS PO which contained 

approximately 50% less of the ionic functional groups. A 66% reduction in QB 

solubility in the RS PO molten matrix was observed when compared with an RL PO 

molten matrix. QHC1 and QSO4 also exhibited a lower solubility within Eudragif' RS 

PO providing evidence of interaction at the ionic functional group sites. QHC1 did not 

result in interruption of intramolecular polymeric hydrogen bonding and hence only 

interacted at the polymeric ionic functional group sites. These investigations provided 

an explanation as to why QHC1 exhibited such a low matrix solubility. QSO4 also 

interacted with Eudragit® RL PO at the polymeric ionic functional group sites 

exhibiting a lower solubility in an RS PO matrix and did so at higher concentrations 

than QHC1, proposed to be as a result of stable complex formation with the doubly 

charged ionic QSO4 salt and the N+ of the ionic functional groups. Unlike QHC1, 

QSO4 also exhibited interactions at the C-0 and C=0 ester and carbonyl sites causing 

disruption of polymeric hydrogen bonding explaining the higher solubility of QSO4 in 

the polymer matrix than QHC1.

Stability of quinine loaded hot melt extrudates were assessed following 

storage at 40°C/75 % RH accelerated storage conditions over 12 weeks. During 

storage at accelerated conditions over a 12 week period, differences in the rate of 

recrystallisation were observed between QB, QHC1 and QSO4. Evidence of surface 

crystallisation after 3 weeks storage was observed for QHC1 and QSO4 while QB 

extrudates remained smooth and surface recrystallisation was not observed until 6 

weeks. This was proposed to be due to stronger drug polymer interactions between
(R)QB and polymer, therefore showing that Eudragit RL PO acted as a more efficient
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recrystallisation inhibitor for the free base than for QHC1 and QSO4.. Following 

storage of QB loaded extrudates after 3 weeks, dissolution was faster from the matrix 

caused by an increased molecular mobility of the polymer due to plasticization by 

water upon storage at elevated relative humidities. The dissolution profile of QHC1 

and QSO4 remained unaffected by surface recrystallisation, however the dissolution 

of QB was progressively slower with increasing surface recrystallisation due to the 

poor solubility of the free base.
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