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The pharmalogical response of drug therapy is mainly dictated by the availability 

of the drug at the target receptor site. An important criterion is a sufficient drug plasma 

concentration after administration. Therefore the goal of each drug delivery system is to 

have an adequate therapeutic blood level for a certain amount of time, except for some 

pathological conditions where a local action is required, e.g. antacids. Different routes of 

drug administration are available; oral, intravenous, by inhalation, etc. Oral drug delivery 

is by far the most favourable and preferred route, as it is considered as safe, convenient 

for the patient and the compliance is generally good.  Currently more than 60% of all 

marketed drugs are oral products [1].  

Several steps can be distinguished in achieving adequate bio-availability after oral 

administration of an active pharmaceutical ingredient (API). First the drug substance 

needs to be dissolved in the fluids of the gastro-intestinal tract. After dissolution, an 

absorptive step is necessary to transport the API from the outer of the body to the blood 

stream. This can occur either passively or actively, but efflux mechanism and presystemic 

metabolism can counteract the uptake and thereby reduce the bioavailability. When the 

drug passes the gastrointestinal membrane it enters the hepatic portal circulation. Here 

first pass metabolism can result in API metabolites that can be more or less active than 

the original API. Subsequently the drug reaches the general circulation and can be 

distributed and transported to its site of action. A final step is the excretion of the drug out 

of the body. 

The pharmaceutical industry today tends toward a more rational approach with 

respect to drug discovery. This leads to overall problems with both solubility and 

permeability of the newly discovered molecules. The relative importance of poor 

solubility and poor permeability towards the problem of poor oral absorption depends on 

the research approach used for lead generation. The use of combinatorial chemistry leads 

to higher molecular weight, higher H-bonding properties, unchanged lipophilicity, and, 

hence, poorer permeability. A high throughput screening-based approach leads to higher 

molecular weight, unchanged H-bonding properties, higher lipophilicity, and, hence, 

poorer aqueous solubility [2]. Obviously the interpretation of solubility and permeability 

has to be seen in function of the drug potency. A drug substance is considered highly 

permeable 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 an 

intravenous dose. A drug is considered highly soluble when the highest dose strength is 
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soluble in 250 ml or less of aqueous media over the pH range of 1 to 7.5. Another 

important factor is the dissolution rate, an API needs to be dissolved before it has passed 

its absorptive site [3]. 

Poor solubility and poor permeability are both critical, but not equally, because of 

the lack of "safe" formulation-approaches to enhance the latter. Altering the permeability 

of the enterocytes often implicates toxicity issues. More safe could be the chemical 

modification of the drug, but this result in the formation of a new chemical entity. Poor 

solubility on the other hand can be tackled more easily by formulation-approaches. This 

can be understood if we consider the modified Noyes-Whitney equation [4]:  

Equation I-1:    

Where dM/dt is the dissolution rate, A is the specific surface area of the drug 

particle, D is the diffusion coefficient, h is the diffusion layer thickness surrounding the 

dissolving particle, Cs is the saturation solubility and Ct is the drug concentration at time t. 

According to this equation, an increase of the surface area, by reducing the particle size of 

the solid compound, and/or optimizing the wetting characteristics of the compound 

surface are possibilities to improve the dissolution rate. Another approach could be 

reducing the diffusion layer thickness and last, to improve the apparent solubility of the 

drug in physiologically relevant conditions.  

Nevertheless a check of a new API’s potency, solubility/dissolution rate and 

permeability is necessary. Therefore drug compounds can be divided into four classes 

according to the Biopharmaceutical Classification System (BCS) depending on in vitro 

solubility and in vivo permeability data [5]. Although adaptation and extensions have 

been suggested [6-8] the BCS as described by Amidon is still widely used to classify drug 

compounds into four classes (figure I-1): 
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Figure I-1: The biopharmaceutical classification system. 

Class 1: High Solubility – High Permeability 
Class 2: Low Solubility – High Permeability 
Class 3: High Solubility – Low Permeability 
Class 4: Low Solubility – Low Permeability 

 

This has lead to the implementation of physicochemical profiling during lead 

optimization and candidate selection in many pharmaceutical companies. Despite still 

70% of the new chemical entities discovered in pharmaceutical industry today belong to 

class II of the BCS (figure I-2) [9]. The choice of formulation is often critical to establish 

a successful product for oral administration of a class II drug. Class III and IV are more 

likely to fail due to their poor membrane permeability; selection of a drug candidate with 

more appropriate physicochemical properties would be more convenient.  

 

Figure I-2: Overview of the percentages of drugs classified according to the BCS for marketed drugs and 
new chemical entities [9]. 

Various pharmaceutical strategies are available nowadays to improve aqueous 

solubility and dissolution rate of poorly soluble drug compounds: e.g. co-crystals, salts, 
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co-solvents, micronization and nanonization, complexation with cyclodextrins, 

encapsulation in ordered mesoporous silica materials, self-emulsifying systems and solid 

dispersions.  

I.1 Solid dispersions 

The manufacturing of a solid dispersion was first reported in 1961 by Sekiguchi 

and Obi [10]. A eutectic mixture of sulfathiazole and urea was formulated by thoroughly 

mixing of the two components and heating it just above the eutectic point using an 

electric furnace. The sample was solidified in an ice-bath under vigorous stirring. Four 

years later another approach was used by Tachibana and Nakamura [11]. These authors 

dissolved β-carotene and a water-soluble drug in a solvent, after which the solvent was 

removed by evaporation. The coprecipitate resulted in a colloidal drug dispersion upon 

exposure to water. It was Chiou and Riegelman who first defined a solid dispersion in 

1971 as a dispersion of one or more active ingredients in an inert carrier or matrix at the 

solid state, prepared by the melting, solvent or melting-solvent method [12]. 

I.1.1 Classification of solid dispersions 

In literature there is some confusion while describing different forms of solid 

dispersions. Often a classification based on preparation method is used, but since different 

preparation methods can result in the same subtypes or similar preparation methods can 

result in different subtypes, it can be argued that solid dispersions should preferably be 

designated according to their molecular arrangement. Moreover, it is not the preparation 

method but the molecular arrangement that governs the dissolution and stability 

properties of a solid dispersion. Table I-1 gives an overview of the classification into 

three sub-categories, based on the solid state of the carrier. Further categorization is 

possible based on the molecular arrangement of the incorporated drug. A more elaborate 

discussion on the preferred molecular structure is given below. 
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Table I-1: Classifications of the solid dispersions [13]. 

Solid dispersion type  Matrix*  Drug**  Remarks 
no. of 
phases

I  Eutectics  C  C 
Historical valua, the first type of solid 
dispersions prepared, 

2 

II  Solid solutions        Crystalline carrier    

  
Substitutional 
solid solutions 

C  M 
Molecular diameter of drug and carrier differs 
less than 15%. Can be both discontinuous and 
continuous  

1 

  
Interstitial solid 
solutions 

C  M 
Molecular diameter of drug should be less 
than ca. 59% of the molecular diameter of the 
carrier. Miscibility usually limited till max. 20% 

1 

  
Continuous solid 
solution 

C  M  rare in pharmaceutical formulations  1 

  
discontinuous 
solid solution 

C  M 
Partial miscibility, limited by the solid 
solubility of the drug 

1 or 2 

III  Glass dispersions        Amorphous carrier    

   Glass suspension  A  A, C 
Particle size and solid state of drug clusters is 
of importance for resulting solubility and 
depends upon process conditions 

2 

   glass solutions  A  M  Requires miscibility/solid solubility  1 

 *:  A: matrix in the amorphous state 

C: matrix in the crystalline state 

**: A: drug dispersed as amorphous clusters in the matrix 

C: drug dispersed as crystalline clusters in the matrix 

M: drug molecularly dispersed throughout the matrix 

I.1.1.1 Eutectic mixtures 

These types of solid dispersions are of historical value, as they are the basis of 

solid dispersion research. A simple 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 

(figure I-3). When a mixture of A and B with composition E is cooled, A and B 

crystallize simultaneously, at a lower temperature than any other composition made up of 

the same ingredients. In contrast, when other compositions of A and B are cooled, one of 

the two components starts to crystallize before the other. In the case a mixture with 
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composition E is formed with a slightly soluble drug and an inert, highly water soluble 

carrier, the carrier will dissolve rapidly in an aqueous medium, releasing very fine 

crystals of the drug [10]. The large surface area of the resulting drug suspension should 

result in an enhanced dissolution rate and thereby improve bioavailability. 

 

Figure I-3: Phase diagram of a eutectic mixture. E is the eutectic composition. 

I.1.1.2 Solid solutions 

A solid solution is defined by the dissolved state of the API (solute) in a 

crystalline carrier (solid solvent). Important is to understand that a crystal lattice is a rigid 

structure composed of a set of atoms arranged in a particular way, and it exhibits long-

range order. A crystal structure can be described in terms of its unit cell. These unit cells 

consist of atoms, arranged in three-dimensions; it describes the bulk arrangement of 

atoms of the crystal. Only 14 Bravais lattices are possible, categorized in seven lattice 

systems, illustrating the beautiful simplicity of nature. The simplest and most symmetric 

is the cubic system, the other six lattice systems are hexagonal, tetragonal, rhombohedral, 

orthorhombic, monoclinic and triclinic systems. Differences in centering determine the 

Bravais lattice-type (primitive, body centered, face centered or base centered). 

Although the formation of clusters of amorphous or crystalline API are 

theoretically possible in the crystalline carrier, this is rarely encountered due to the rigid 

structure of the carrier in the crystalline state and the consequently difficulty to 

incorporate large clusters into the crystal lattice. The API can be dissolved in the carrier 

in two defined ways based on principles postulated in metallurgy [14]. One possibility is 

the substitution of a solvent molecule by a solute molecule resulting in a substitutional 

crystalline solid solution (figure I-4A). To minimize the disturbance of the crystal lattice 
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the size of the solute molecules should not differ by more than ca. 15% from that of the 

solvent molecules [14,15]. 

 

Figure I-4: Schematic picture of solid solutions: ● Solvent molecule (carrier), ● Solute molecule (API). A is 
a substitutional crystalline solid solution, B is an interstitial solid solution. 

Another possibility is that the API is dissolved in the carrier by occupying the 

interstitial spaces between the solvent molecules in the crystal lattice (figure I-4B). For 

interstitial crystalline solid solutions not only the size of the solute molecules is of great 

importance (no greater than ca. 0.59 of the solvent molecules) but also the volume of the 

solute molecules should be less than 20% of those of the solvent [14,15].  

Independent of the arrangement of the solid solvent and solute molecules the 

resulting solution can either be continuous or discontinuous. A continuous solid solution 

only occurs when a solid solution is obtained at any composition ratio, but it is expected 

that a limited solid solubility exists for all pharmaceutical binary systems resulting in 

discontinuous solid solutions [15].  

I.1.1.3 Glass dispersions 

These systems consist of amorphous carriers and the drug is either present in the 

crystalline or amorphous state or molecularly dispersed into the matrix. The latter is 

called a glass solution. The advantage of using an amorphous carrier is that no crystal 

lattice needs to be broken down or deformed to mix with the drug molecules. This is why 

nowadays most carriers are amorphous or semi-crystalline polymers.  

I.1.2 Importance of the solid state of the carrier 

For all described solid dispersions the carrier plays an important role in the 

performance, since it can create a microenvironment that immediately surrounds the drug 
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particles in the early state of dissolution and thereby can influence the apparent saturation 

solubility of the compound (Cs, equation I-1). Another effect is that the carrier can 

contribute to the wettability and dispersibility of the drug.  

Nowadays mostly amorphous (or semi-crystalline) polymeric carrier systems are 

studied. Compared to the crystalline state, the glassy or amorphous state does not show 

the three-dimensional long-range order; the position of the molecules relative to one 

another is more random. Typically amorphous solids exhibit short range order over a few 

molecular dimensions and have physical properties quite different from those of their 

corresponding crystalline state. In the glassy state the interactions between the molecules 

are comparable with those in the liquid state, but the translational and rotational motions 

of the molecules are reduced and below the glass transition (Tg) mainly vibrational 

motions exists. The main advantage of glass suspensions (or solutions) is that the carriers 

do not possess a strong lattice as solid solutions with a crystalline carrier and hence they 

do not present this barrier to rapid dissolution or to dissolve the drug in the solid state. An 

important disadvantage of glass suspensions (or solutions) is that the glassy state is 

metastable. This can be better understood when we study the formation of a glass from a 

melt (figure I-5).  

When a melt is slowly cooled, a point will be reached where the average kinetic 

energy of the molecules no longer exceeds the binding energy between neighboring 

molecules and the growth of organized solid crystals begins. This process takes some 

time, since the molecules need to relocate to energetically preferred points of the crystal 

lattice and is characterized by a discontinuous change in volume, entropy and enthalpy 

(figure I-5: Tm). However, at very high cooling rates the molecules never reach their 

destination and the volume, entropy and enthalpy curve of the liquid will be followed 

(supercooled liquid state). As temperature decreases even more, translational and 

rotational motions will become limited and the system will no longer be in equilibrium 

with the time scale of the cooling process. This will be referred to as the glass transition 

and is characterized by deviation from the super-cooled liquid line (figure I-5: Tg). Since 

this transition is history-dependent, it is not considered as a true thermodynamic phase 

transition. Next to the above described cooling method, glasses can be prepared via 

several other routes as well, such as solvent evaporation.  
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Figure I-5: Schematic diagram depicting the enthalpy (H), entropy (S) and volume (V) changes of liquid, 
crystal and the amorphous state as a function of temperature. The glass transition temperature (Tg) and 

melting temperature (Tm) are indicated as well. 

This clarifies why amorphous polymers with a high glass transition are preferred. 

Storage at temperatures well below the Tg results in vitrification of the molecular motions 

and therefore can avoid or delay the recrystallization of the amorphous state to the more 

thermodynamically stable crystalline state as a result of α-relaxation. Secondary 

relaxations (β-relaxations or local mobility) are not avoided by the ‘Tg-50 °C’ rule 

(“molecular mobility of an amorphous solid becomes negligible 50 °C below Tg”) [16] 

and are held responsible for nucleation at temperatures below Tg where the cooperative 

α-relaxations are negligible [17]. The presence of functional groups (H-donors or 

H-acceptors) can be beneficial as well. The ability to form specific interactions with the 

drug compound may increase the solid solubility and play an important role in inhibiting 

crystallization of a drug from a glass solution [18].   

I.1.3 Importance of the solid state of the drug 

The influence of the state of the drug on the dissolution properties is also 

important. The reduction in particle size is the largest in case of a molecular dispersion 

(glass solution). Consequently the surface area (A, equation I-1) has reached its maximum 

and the result is an increased dissolution rate and faster oral absorption of the poorly 
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soluble drug compound and is maximal in case of the glass solution. When molecular 

mixing is not established and the drug remains as clusters, then amorphous clusters are 

preferred over crystalline ones, with respect to dissolution rate. Hence no energy will be 

needed to break up the crystal lattice upon dissolution. A major disadvantage is that these 

systems are characterized by poorer stability because of the tendency to crystallize in 

time. A theoretical possible evolution of the different forms is depicted in figure I-6. Here 

it starts from a glass solution, but starting point can also be a glass suspension. If a glass 

solution is insufficiently stabilized (e.g. because of a low Tg or low degree of interaction 

between carrier and drug), then the drug molecules can migrate towards each other and 

form clusters. These clusters can form nuclei and that can be the starting point towards 

further crystallization (figure I-6), resulting in progressively poorer dissolution behavior 

during storage.  

 

Figure I-6: Schematic representation of the different models of incorporation of a drug in a glass 
dispersions/solution. Below is indicated schematically how (M)DSC and XRPD can differentiate between 

the different options (adapted from [19]). 

Different crystalline states of the drug clusters can occur, as a result of different 

preparation techniques, referred to as polymorphism. Different polymorphs will posses 

different physical characteristics like dissolution properties, melting enthalpy, oral 

bioavailability,… . Also, polymorphic forms have different stability profiles. Only one 

crystal structure is the most stable at a given temperature and pressure. Therefore the risk 

of recrystallization and resulting changes in dissolution profiles need to be considered.  
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For these reasons a thorough characterization of the resulting solid dispersions is 

important. Modulated differential scanning calorimetry (MDSC) and X-ray powder 

diffraction (XRPD) are two commonly used techniques to differentiate between different 

solid states (figure I-6). In the case of a molecularly dispersed drug in an amorphous 

carrier (glass solution) only one mixing Tg will be detected by DSC according to the 

Gordon-Taylor equation [20]: 

Equation I-2:  /  

In equation I-2 w stands for the weight fraction and Tg for the glass transition 

temperature (in Kelvin); subscripts 1 and 2 represent the amorphous compounds with the 

lowest and the highest glass transition temperature, respectively; K is a constant. 

Although it is generally accepted that the detection of one Tg is proof for the existence of 

only one mix-phase, DSC is only able to detect separate phases from a domain size of ca. 

30 nm [21]. Often, broadening of the Tg is a forerunner of phase separation.  

In the case that the drug is present in sufficiently large amorphous clusters, two 

Tg’s can be detected in the DSC curves, one corresponding to the drug and the other to 

the carrier. XRPD can make no easy distinction between these two cases as both will 

result in an amorphous halo pattern and although theoretical possible, differentiation 

between the superposed halos is difficult. It is only when the drug starts to crystallize that 

diffraction peaks can be detected. XRPD can be helpful to distinguish between 

polymorphs, in combination with the DSC information. But important is to remember that 

low contents of crystalline materials can remain undetected by DSC and XRPD.  

I.2 Preparation of solid dispersions 

I.2.1 Spray-drying 

Spray-drying is a solvent method for preparing solid dispersions (like vacuum 

drying, rotavapor drying, freeze drying etc.) and is widely used in pharmaceutical and 

food industry. A liquid is converted into powder, by atomizing the liquid and vaporizing 

the solvent used. Thus the first step is to dissolve the carrier(s) (polymer) and drug(s) in a 

common solvent or solvent mixture. Water, ethanol and dichloromethane are commonly 

used. The use of organic solvents can lower the heat necessary for evaporation, but 

involves explosion and toxicity risks.  
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Figure I-7: A simplified illustration of a spray-dryer: The feed (1) is transported to the atomizing device (3) 
via a pump system (2) and sprayed into the drying chamber (4). Upon contact with the heated (10) drying 
gas, the spray is transformed to solid particles which are subsequently separated from the drying gas in the 

cyclone (5) and/or in the filter bags (6). Both incoming and outgoing gas is filtered (7). In case of using 
organic solvents, a condenser (9) is used to recover the solvents. (8) Depicts fans. 

Figure I-7 depicts a schematic illustration of a spray-dryer set-up. After 

preparation of the solution (or dispersion) it needs to be atomized into small droplets. 

This is achieved by the nozzle. In the spray-dryer used in this thesis (Büchi Mini Spray-

Dryer B191, Büchi Labortechnik AG, Switserland) a pneumatic nozzle is used 

(sometimes referred to as bi-fluid nozzle). This type of nozzle atomizes the liquid under 

pressure, which is generated by the addition of a carrier gas under high pressure. Usually 

air is used and the liquid and gas meet each other at the end of the nozzle. The pressure 

generates such high forces that the liquid stream is broken in small droplets and this 

results in a large surface area available for fast evaporation. Choice of liquid pump rate 

and gas airflow determines the drying time and can be optimized. Hereafter, the droplets 

of the spray arrive in the drying chamber where the drying air will initiate the 

evaporation. Due to the large surface area, temperature and moisture gradient, the heat 

and mass transfer results in efficient drying. Evaporation is an endothermic process 

leading to cooling of the droplet and thereby limiting the thermal load and heat damage of 

the product. Finally the dry powder and air need to be separated, performed by a cyclone. 
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A tangential airstream will create a helical pattern, beginning at the top of the cyclone and 

ending at the bottom end, before exiting the cyclone at the top in a straight air stream 

through the centre of the cyclone. This results in a collection of the larger particles at the 

receiver recipient at the bottom of the cyclone, while the air is removed at the top, 

together with small particles. These small particles can then be removed from the air by a 

filter bag. Typically the material can be collected from the collector at the bottom of the 

cyclone, or alternatively all the powder can be collected, including the material sticking to 

the cyclone wall, but this will result in a wider particle size distribution.  

Major advantage of using this solvent method is that heat degradation is limited, 

making this a suitable method for thermolabile compounds. Since solid dispersions for 

fast drug release consist of a hydrophilic carrier and a hydrophobic drug, the search for a 

common solvent can be difficult. The necessary use of organic solvents can also induce 

safety hazards (like explosion risk) and environmental issues. Finally, the resulting 

powder can be difficult to process downstream, due to the low density and resulting poor 

flowability.  

I.2.2 Hot-melt extrusion 

Hot-melt extrusion is a melt method for preparing solid dispersions. A mixture of 

the drug and carrier is heated above their respective melt and/or glass transition 

temperatures, mixed and subsequently cooled. Hot-melt extrusion is a well investigated 

manufacturing technology in plastics industry since the beginning of the 20th century [22]. 

Although pharmaceutical-class extruders are virtually identical to plastics extruders some 

adaptations were made to meet the regulatory requirements in the pharmaceutical 

industry. 

In most studies a co-rotating twin screw extruder is used. Twin-screw extruders 

have several advantages over single screw extruders, such as easier material feeding, high 

kneading and dispersing capacities, less tendency to over-heat and shorter transit time. 

The benefit of using a co-rotating system is that they are self-wiping as they are generally 

of the intermeshing design. They can be operated at high screw speeds and achieve high 

outputs, while maintaining good mixing and conveying characteristics. Unlike counter-

rotating extruders, they generally experience lower screw and barrel wear as they do not 

experience the outward “pushing” effect due to screw rotation [23]. 
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In general an extruder exists of three stages which can further be extended with 

downstream processing equipment for cooling, shaping, cutting and/or collecting the 

finished product. The first is a feeding stage. A hopper either feeds the material in the 

extruder by starve feeding (by means of gravity) or by flood feeding (preset mass flow 

rate).  Hereby the material enters the second stage which consists of a heated barrel 

wherein the screws rotate. This zone is responsible for the conveying, melting and mixing 

of the material. After this stage the material passes through a die, which allows shape 

formation [23].  

The twin screw process possesses many variables that comprise two classes: 

independent and dependent variables. Primarily screw speed, feed rate, barrel 

temperature, screw design and die design are controlled by the operator and these 

parameters subsequently result in a certain shear rate, residence time, product temperature 

and die pressure. All these settings lead to a certain degree of dispersion and solubility of 

the product and possible degradation. Obviously not any combination of parameters is 

manageable. Depending on the viscosity of the blend inside the extruder, the feed rate 

(barrel filling), the barrel temperature and the maximum power of the motor, a certain 

range of screw speeds can be used. It is important to get an idea about the operating 

window of the equipment with respect to the processed material. Therefore repeatability 

among different types of extruders is a delicate question, certainly when scaling up from a 

lab scale extruder with simple screw design and discontinuous production (internal loop) 

to a continuous pilot scale extruder with variable screw design (conveying versus 

kneading screw elements). 

Screw design has previously proven to be a key factor in the resulting solid 

dispersions by Nakamichi et al. [24]. To fully understand how mixing takes place inside 

an extruder one needs to consider various phenomena. At first the mixing of the two (or 

more) components that take place in an extruder can either be distributive or dispersive 

(figure I-8) [25]. The first type of mixing may already be fully completed when a physical 

mixture of drug and polymer is used as starting material for the process. Dispersive 

mixing is harder to achieve as it involves breaking up the cohesive forces that hold 

agglomerates or droplets together. Although shear flow contributes to it, it may also 

induce rotation instead of shear. Elongational flow on the other hand is more effective 

[26].  
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Figure I-8: Schematic representation of the shear flow and elongational flow. 

During the extrusion process, elongational flow usually takes place in a 

converging flow channel. The main mixing action in an extruder does not take place in 

the intermeshing region when using a co-rotating system, but in the region between the 

pushing flight flank and the barrel. This is particularly true when the flight helix angle is 

large as it is in kneading disks (figure I-9). The reason that twin screw extruders make 

good dispersive mixers is that the space between the pushing flight flank and the barrel is 

wedge shaped and thus creates elongational flow as the material is forced through the 

flight clearance [26]. 

 

Figure I-9: Schematic representation of the intermeshing region in an extruder, where the elongational flow 
takes place. 

Besides the reduction in particle size and mixing of different components, also the 

heating that is applied in the hot-melt extrusion process is a driving force in creating 

solid/glass solutions. The carrier (polymer) is heated above its glass transition and/or 

melting point and is thereby plasticized. This allows the drug to actually dissolve into the 

liquefied polymer. When material leaves the extruder it is cooled and the risk of reaching 



Chapter I 

17 
 

a non-equilibrium stage can be expected. In case a super-saturated system is obtained, 

demixing can occur upon cooling. Depending on the system that is evaluated this 

demixing can be in the form of either amorphous or crystalline clusters of the drug. 

Advantages of the hot-melt extrusion are that it is a continuous process (at 

production scale) and thereby high production yields can be obtained. It is possible to 

shape the end-product (e.g. by calendaring) and unlike spray-drying no water or solvents 

are necessary which excludes an additional drying step. The major disadvantage is the 

heat necessary to soften the material, which can be unwanted when one wants to work 

with heat unstable compounds, though the impact of this needs to be toned down because 

of the relatively short residence times.  

I.3 Carriers used in the formulation of solid dispersions 

From the discussion above it is clear that the selection of the carrier is important 

for the success of the resulting solid dispersion. Before a polymer can be considered as 

carrier in the formulation of solid dispersions for fast drug release, some properties are 

important. First of all the carrier needs to be inert and generally recognized as safe, as 

relatively large amounts are used for oral administration. Depending on the 

manufacturing method, the carrier either has to be thermally stable and thermoplastic 

(hot-melt extrusion) or soluble in organic solvents or solvent mixtures (spray-drying). 

Other important characteristics are those with respect to stability issues (glass transition 

temperature, hydrogen donors/acceptors) and performance (water solubility, solubilising 

and stabilizing properties) as discussed above [27]. 
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Table I-2 gives an overview of the polymers that are being used in marketed solid 

dispersions today. It is striking that the number of carriers used is rather limited.  

Table I-2: Overview of the marketed solid dispersions [27]. 

Brand name Manufacterer Drug  Carrier 

Gris-PEG Pedinol Pharmacal Inc. Griseofulvin PEG6000 

Cesamet Valeant Pharmaceuticals Nabilone PVP 

Kaletra Abbott Lopinavir, ritonavir PVPVA 

Sporanox Janssen Pharmaceutica Itraconazole HPMC 

Intelence Tibotec Etravirin HPMC 

Certican Novartis everolimus HPMC 

Isoptin SR-E Abbott Verapamil HPC/HPMC 

Nivadil Fujisawa Pharmaceutical Co., Ltd Nivaldipine HPMC 

Prograf Fujisawa Pharmaceutical Co., Ltd Tacrolimus HPMC 

Rezulin 
Developed by Sankyo, manufactured by 
Parke-Davis division of Warner-Lambert 

Trogliatazone  PVP 

PEG, polyethyleneglycol; HPMC, hydroxypropylmethylcellulose; HPC, hydroxypropyl cellulose; PVP, 
polyvinylpyrrolidone; PVPVA, polyvinylpyrrolidone-co-vinylacetate 

 

 

Figure I-10: Chemical structure of polyvinylpyrrolidone (PVP). 

Polyvinylpyrrolidone (PVP, figure I-10) is a well-studied carrier for the 

formulation of solid dispersions. The type is characterized by its K-value, or the 

Fikentscher’s viscosity coefficient and is function of the average molecular weight, the 

degree of polymerization and the intrinsic viscosity [28]. Its glass transition is rather high 

(for PVP K25, Mw = 30000 Da, Tg = 155 °C) and therefore its application is limited for 

hot-melt extrusion. Due to its solubility in water and organic solvents it is a suitable 

carrier for the production of solid dispersions via spray-drying. In general, there is an 

inverse relationship between the molecular weight and the release rate [29-32], although 

opposing results have been published as well [33]. PVPs are able to improve the 

wetability of a compound and possess strong complexation-ability with both hydrophobic 

and hydrophilic substances.   
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Figure I-11: Chemical structure of polyvinylpyrrolidone-co-vinylacetate 64 (PVPVA 64, x=6, y=4). 

Polyvinylpyrrolidone-co-vinylacetate 64 (PVPVA 64) is a copolymer 

manufactured from vinylpyrrolidone and vinylacetate monomers in blocks of 6 and 4 

monomers respectively (figure I-11). Vinylpyrrolidone is hydrophilic and water soluble 

as mentioned above, but the vinylacetate part is lipophilic and water insoluble. The ratio 

of both monomers is balanced in such a way that the polymer is still freely soluble in 

water. Its thermal stability is higher than PVP and its glass transition temperature is lower 

(Tg = 107 °C), making it more suitable for hot-melt extrusion than PVP [34].  

 

Figure I-12: Chemical structure of hydroxypropylmethylcellulose (HPMC). 

Also natural based polymers are used as carriers. Celluloses are naturally 

occurring polysaccharides that consist of high molecular weight unbranched chains, in 

which the saccharide units are linked by β-1,4-glycosidic bonds. By appropriate 

alkylation, the cellulose can be derivatized to form methyl (MC)-, hydroxypropyl (HPC)-, 

hydroxypropylmethyl (HPMC)- and many other semi-synthetic celluloses [15]. HPMC 

(figure I-12) is used in several marketed formulations (table I-2). It is applicable both for 

spray-drying (soluble in water and in mixtures of methanol or ethanol and 

dichlormethane) and hot-melt extrusion. It has a relative high glass transition temperature 

(e.g. Tg of HPMC 2910 E5 = ca. 145 °C), which can result in a kinetic stabilization of a 

glass solution by trapping the drug in a highly viscous matrix [35].  
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Figure I-13: Chemical structure of polyethyleneglycol (PEG). 

Most carriers are amorphous polymers, except for polyethyleneglycol (PEG, 

figure I-13). This is a semi-crystalline polymer and is used in different molecular weights 

ranging from 200 to 300000 Da. The lowest molecular weights (200-1500 Da) are mostly 

not used as carrier but as plasticizer (e.g. during hot-melt extrusion). For the 

manufacturing of solid dispersions usually PEGs with molecular weights of 1500-

20000 Da are used. PEGs are interesting carriers because they are readily soluble in both, 

water and many organic solvents, interesting for spray-drying, but the solubility in water 

decreases with increasing molecular weight. On the other hand, PEGs are often highly 

viscous and the viscosity increases rapidly with the decrease in temperature. This can be 

beneficial when a metastable solid solution is formed upon melting during hot-melt 

extrusion, the steep increase in viscosity upon cooling reduces the solute migration and 

nucleation may be avoided. The melting points of PEGs of interest are relatively low 

(below 65 °C) and are interesting for the hot-melt extrusion processing of heat labile 

compounds. An additional attractive feature of PEG is its ability to solubilize some 

compounds and the capability to improve their wettability [15].  

Despite the many favorable characteristics, not many formulations are marketed 

today. One of the drawbacks is that unlike other mentioned carriers PEG is semi-

crystalline. The majority of studies of solid dispersions focus on the characterization of 

the API in the amorphous carrier [36-39]; for obvious reasons mentioned above. Because 

of the semi-crystalline character of the PEGs, these solid dispersions are more complex. 

PEG can influence the crystallization behavior of the API, but in addition the API can 

influence the crystallization behavior of PEG. The interplay of the crystallization 

tendency of the pure API, combined with their ability to interact with the polymer, will 

impact the crystallization behavior of the API in the solid dispersions and the 

crystallization rate of the PEG. More specific the spherulitic growth rate of the PEG can 

be reduced upon addition of a second component that has favorable interaction with PEG. 

Zhu et al. investigated the crystallization kinetics of various API/PEG solid dispersions 

[40]. The results suggest that PEG can delay, promote or have no influence on the 

crystallization kinetics of different APIs. The APIs were also found to influence the 

crystallization rate of PEG, although PEG was always observed to crystallize rapidly. It is 
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because of these ambiguous reasons that the use of PEG for solid dispersions was found 

to be unsatisfactory, despite its excellent solubilizing properties.  

All carriers proposed today show shortcomings; neither carrier is suitable for a 

wide variation of compounds. Combinations of different polymers and polymers with 

surfactants were tested [41-47]. This generation intended to achieve the highest degree of 

bioavailability in combination with the stabilization of the obtained solid dispersions, but 

was challenged by compatibility issues of the combined carriers, whereupon copolymers 

became interesting. They also combine the favorable characteristics of their building 

blocks, but they cannot demix because they are chemically linked to one another.   

Two years after the start of this research, BASF launched a new excipient, 

Soluplus®, for the formulation of solid dispersions. It is a polyvinyl caprolactam-

polyvinyl acetate-polyethylene glycol graft copolymer (16% PEG 6000/57% vinyl 

caprolactam/ 30% vinyl acetate). It has a PEG 6000 backbone with one or two side chains 

consisting of vinyl acetate randomly copolymerized with vinyl caprolactam (figure I-14) 

and is reported to be amorphous [48]. The manufacturer claims it has a bifunctional 

character. The polymer can serve as a matrix to form a solid solution, but on the other 

hand it is capable of solubilizing poorly water soluble drugs in aqueous media because of 

its amphiphilic structure. It has a glass transition temperature around 70 °C, which makes 

it suitable for hot-melt extrusion. No degradation was detectable, even after extrusion at 

180 °C. Nevertheless the Tg is still high enough to provide sufficient rigidness for proper 

storage stability of the final solid solution [49]. Soluplus® has shown to be solubilize a 

variety of different active compounds and in vitro and in vivo tests with extruded 

formulations of 15% itraconazole and 85% Soluplus® were promising as well. [49,50]. 

 

Figure I-14: Chemical structure of Soluplus®. 

Interesting is that this copolymer combines the chemical characteristics from 

different polymers in one, but also that it consists of a PEG backbone (cfr. Kollicoat® IR, 

see below). The major drawback of PEG was its semi-crystalline character, what is 
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counteracted by formulating it as an amorphous copolymer. Because of the chemical 

linkage, the different parts of the copolymer cannot demix.    

I.4 Kollicoat® IR 

 Kollicoat® IR is a polyvinyl-polyethylene glycol graft copolymer and was 

developed by BASF as a polymer for the coating of instant release tablets. The 

manufacturer claims it exists of 75% polyvinyl alcohol units grafted on 25% polyethylene 

glycol units (figure I-15) and has an average molecular weight of 45000 Da (determined 

by gel permeation chromatography) [51]. 

 

Figure I-15: Chemical structure of Kollicoat® IR. 

It has a solubility of 40% w/w in aqueous systems and 25% w/w in a 1:1 ethanol-

water mixture: the solubility in non-polar solvents is low [52]. This hydrophilic polymer 

is slightly surface-active and semi-crystalline. According to the manufacturer, the 

polyethylene glycol moiety can act as an internal plasticizer [51]. Its solubility doesn’t 

change along the gastrointestinal tract and it has both H-donors (polyvinylalcohol part) 

and H-acceptors (polyethylene glycol and polyvinylalcohol parts), enlarging the 

possibility for interaction with an API.  

Preliminary results showed that Kollicoat® IR can improve the dissolution rate 

and solubility of itraconazole after both hot-melt extrusion and spray-drying [53,54], but 

no detailed study was performed on the solid state characterization, nor the manufacturing 

process parameters.   

I.5 Model drug: miconazole 

Miconazole is an imidazole antifungal agent and is described chemically as 

1-[(2RS)-2-[(2,4-Dichlorobenzyl)oxy]-2-(2,4-dichlorophenyl)ethyl)]-1H-imidazole with 

an empirical formula of C18H14C14N2O. It has a molecular weight of 416.13 g/mol. The 

structural formula is shown in figure I-16.  
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Figure I-16: Chemical struture of miconazole (1-[(2RS)-2-[(2,4-Dichlorobenzyl)oxy]-2-(2,4-
dichlorophenyl)ethyl)]-1H-imidazole) or miconazole. 

It is primarily a topical antifungal agent for the treatment of vaginal and oral 

candidiasis and skin and nail infections due to Trichophyton, Epidermophyton and 

Pityrosporon species. The mechanism of action of all azole antifungal agents is based on 

the inhibition of the enzyme cytochrome P450 14α-demethylase in yeast and fungi. This 

enzyme is involved in the convertion of lanosterol to ergosterol, which serves as a bio-

regulator of membrane fluidity and asymmetry and consequently of membrane integrity 

in fungal cells. The basic nitrogen of the azole ring forms a tight hydrogen bonding with 

the heme iron of the fungal P450 shielding substrate and preventing oxygen binding. The 

inhibition of the 14α-demethylase results in accumulation of sterol bearing a C14 methyl 

group, changing the exact shape and physical properties of the membrane. This causes 

permeability changes and malfunction of membrane proteins and the consecutively, 

efficient block of fungal growth [55]. Miconazole also affects the synthesis of 

triglycerides and fatty acids and inhibits oxidative and peroxidative enzymes, increasing 

the amount of reactive oxygen species within the cell, with oxidative damage and cell 

death as a consequence [56-58].  

Miconazole is a weak basic compound with a pKa of 6.9, it is practically insoluble 

in water (<1.03 µg/ml) [59] and its LogP value is 6.25 [60]. Nowadays it is marketed in 

Belgium as an oral gel (Daktarin®, Janssen-Cilag) and muco-adhesive tablets (Tibozole®, 

Janssen Therapeutics).  
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The overall aim of this PhD project was to investigate the applicability of 

poly(ethyleneglycol-g-vinylalcohol) (EG/VA) as a carrier for the formulation of solid 

dispersions, since the search for new carriers is imperative. This copolymer was originally 

developed by BASF as a coating material for instant release tablets and is marketed under 

the trade mark Kollicoat® IR. From a theoretical point of view it is an interesting polymer 

to be used as a carrier for the formulation of solid dispersions. As it is hydrophilic and 

non-ionic, its solubility does not change along the gastrointestinal tract. It is slightly 

surface active, which can be useful to maintain supersaturation of poorly soluble drugs in 

the gastrointestinal tract.  

Before ratifying its value as a carrier for the formulation of solid dispersions, it 

was crucial to have a good understanding of the phase behavior of this semi-crystalline 

material before, during and after commonly used solid dispersion-manufacturing 

methods, like spray-drying and hot-melt extrusion. Therefore the first part of this research 

focused on the solid state characterization of the copolymer with respect to the co-

existence of crystalline and amorphous domains. During formulation by either spray-

drying and/or hot-melt extrusion the solid state can be altered, so evaluation of the effect 

of these manufacturing methods on the phase behavior was important as well. High 

performance DSC (HPer DSC) and ultra-fast chip calorimetry can mimic the fast 

temperature ramps a product experiences during hot-melt extrusion and were used to 

study the influence of heating/cooling rate on the (cold- and re)crystallization, 

reorganization and melting of the copolymer.  

Obviously the mixing capability of this copolymer with poorly soluble compounds 

is also crucial to make it a valuable excipient for solid dispersions. Miconazole was used 

as a model compound to study the kinetic miscibility with EG/VA. From a theoretical 

point of view it can form hydrogen bondings with the polyvinylalcohol grafts of EG/VA, 

which could be beneficial. Solid dispersions were prepared via spray-drying and hot-melt 

extrusion to study the effect of the manufacturing method on the kinetic miscibility of the 

drug and copolymer. Also the effect of heat pre-treatment of solutions used for spray-

drying and the use of the spray-dried copolymer as excipient for hot-melt extrusion was 

evaluated. Evaluation of the solid state was performed with MDSC and XRPD. The glass 

transition of miconazole does not overlap with any of the glass transitions of EG/VA, 

which makes interpretation via DSC more convenient. Since two polymorphs of 

miconazole are described, this model compound also allows studying the effect of 
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formation of different polymorphs in case of crystalline demixing of the drug at higher 

drug load.  

Upscaling of solid dispersions production is challenging, certainly for the hot-melt 

extrusion process. Not only the dimensions of the equipments are different, also the 

design varies. The same model compound miconazole was used, since its phase behavior 

after hot-melt extrusion was already studied in the previous part. The first type of 

extruder was a co-rotating, internal circulating mini extruder (5cc Micro compounder, 

DSM-Xplore, The Netherlands) with a batch size of 4.5 g. The second type of extruder 

was a co-rotating pilot scale extruder (MP19PC, APV Baker Ltd., UK) with a continuous 

throughput (1-7 kg/h). Efforts were made to match the operating parameters, despite the 

differences in design. The solid state of the products was compared straight after 

production and after exact 24 h and 15 days storage at -26 °C 

In a last part the molecular mobility and drug distribution was studied with solid 

state Nuclear Magnetic Resonance spectroscopy (ssNMR). Samples were prepared with 

the same mini extruder. Two types of solid-state NMR experiments were performed. 

Low-resolution 1H NMR relaxometry was used to determine the effect of temperature, 

thermal history and extrusion on molecular mobility and heterogeneity in unprocessed 

EG/VA, the annealed EG/VA and hot-melt extruded EG/VA with and without the model 

drug miconazole. This allowed us to gain further insight in the different phases and their 

behavior upon processing. Although DSC is a widely used analytical technique to study 

the phase behavior of polymers and their mixtures, it is only able to detect phase 

separation from a domain size of ca. 30nm. Therefore high-resolution 13C NMR 

spectroscopy was used to study the miscibility of the drug and EG/VA in hot-melt 

extruded samples. 

Finally all these results will be discussed with respect to the process ability of the 

copolymer and its miscibility with the model compound used in this thesis in order to 

rank its value among other used carriers today. The results will be evaluated with respect 

to contemporary research of solid dispersions and, additionally opportunites for further 

research will be suggested.  
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Chapter III: Characterization of the copolymer 

poly(ethyleneglycol-g-vinylalcohol) as a 

potential carrier in the formulation of solid 

dispersions 

 

The results described in this chapter are published in the following article:  

Guns, S., Kayaert, P., Martens, J., Van Humbeeck, J., Mathot, V., Pijpers, T., Zhuravlev, 

E., Schick, C., Van den Mooter, G. (2010). Characterization of the copolymer 

poly(ethyleneglycol-g-vinylalcohol) as a potential carrier in the formulation of solid 

dispersions. European Journal of Pharmaceutics and Biopharmaceutics, 74 (2), 239-247. 
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III.1 Abstract: 

In order to fully exploit the graft copolymer poly(ethyleneglycol-g-vinylalcohol) 

(EG/VA) in the formulation of solid dispersions a characterization of its phase behavior 

before, during and after spray-drying and hot-melt extrusion was performed. Solid state 

characterization was performed using MDSC and XRPD. The effect of heating/cooling 

rate on the degree of crystallinity was studied using HPer DSC and ultra-fast chip 

calorimetry. EG/VA consists of two semi-crystalline fractions, one corresponding to the 

polyethyleneglycol (PEG) fraction (Tg = -57 °C, Tm = 15 °C) and one corresponding to 

the polyvinylalcohol (PVA) fraction (Tg = 45 °C, Tm = 212 °C). XRPD analysis 

confirmed its semi-crystallinity and EG/VA showed Bragg reflections comparable to 

those of PVA. Spray-drying at a temperature of 140 °C or lower resulted in 

amorphization of the PVA fraction, while after hot-melt extrusion at different 

temperatures the crystallinity of this fraction increases. In both cases the PEG fraction is 

not influenced. Plasticization of the amorphous domains of the PEG or PVA fraction of 

the copolymer was dependent on the type and concentration of plasticizer, suggesting that 

also other small organic molecules like drugs may not homogeneously mix with both 

amorphous domains. A controlled cooling rate of at least 3000 °C/s was necessary to 

make the copolymer completely amorphous. 

III.2 Introduction 

Permeability and solubility are two key determinants of the oral bio-availability of 

drug components. Since combinatorial chemistry and high-throughput screening of 

potential therapeutic agents are systematically used in the pharmaceutical industry, the 

molecular complexity and hydrophobicity of pharmacologically active compounds have 

significantly increased during the past two decades. Compounds with molecular weights 

over 500 Da are no longer an exception.  The majority of these compounds have a very 

low water solubility leading to oral bio-availability which will be too low to be 

therapeutically effective [1].  

A well established strategy to enhance oral bioavailability is the formulation of 

poorly soluble drugs in solid dispersions. According to Chiou and Riegelman the term 

“solid dispersion” refers to the dispersion of one or more active ingredients in an inert 

carrier or matrix at solid state prepared by the melting (fusion), solvent, or melting-

solvent method. These methods can result in different classes of solid dispersions such as 
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simple eutectic mixtures, solid solutions, glass solutions and glass suspensions, 

amorphous precipitations of a drug in a crystalline carrier, compound or complex 

formations between the drug and the carrier and any combinations among previously 

mentioned groups [2,3].   

A first generation of carriers used for solid dispersion formulations were highly 

water soluble, low molecular weight crystalline carriers, such as urea and sugars. 

However, currently, fully synthetic polymers including polyvinylpyrrolidone (PVP), 

polyethyleneglycols (PEG), polymethacrylates and natural product based polymers as 

cellulose derivates (hydroxypropylmethylcellulose, ethylcellulose or 

hydroxypropylcellulose)  are used to formulate solid dispersions. These systems are able 

to produce amorphous forms of the drug and carriers, to reduce the drug particle size to a 

molecular level (glass solutions), to solubilize or co-dissolve the drug by the water 

soluble carrier and to provide better wettability and dispersibility of the drug by the 

carrier material. The carrier dissolution dictates the drug release from glass solutions, 

which can even be improved if the carrier has surface active properties [3]. The number 

of useful polymers is relatively limited today, so the search for new materials is important 

for the pharmaceutical industry. 

Recently, we found a graft copolymer of ethyleneglycol and vinylalcohol to be 

potentially useful in the formulation of solid dispersions. This copolymer was originally 

developed by BASF as a coating material for instant release tablets and is marketed under 

the trade mark Kollicoat® IR. The polymer consists of 75% polyvinyl alcohol units 

grafted on 25% polyethylene glycol units. Its solubility is 40% in aqueous systems and 

25% w/w in a 1:1 ethanol-water mixture; the solubility in non-polar solvents is low [4]. 

This hydrophilic polymer is slightly surface-active and semi-crystalline; according to the 

manufacturer, the polyethylene glycol moiety can act as an internal plasticizer [5]. 

From a theoretical point of view it is an interesting polymer to be used as a carrier 

for the formulation of solid dispersions. As it is hydrophilic and non-ionic, its solubility 

doesn’t change along the gastrointestinal tract. It is slightly surface active, which can be 

useful to maintain supersaturation of poorly soluble drugs in the gastrointestinal tract.  

Initial studies showed that solid dispersions of poly(ethyleneglycol-g-

vinylalcohol) (EG/VA) and itraconazole, prepared by hot-melt extrusion significantly 

increased drug dissolution and maintained supersaturation for a couple of hours in 



Characterization of EG/VA 

38 
 

simulated gastric fluid [6]. Recent studies of our group indicated the potential of this 

copolymer to be processed by spray-drying [7]. These results are promising, but in order 

to fully explore the possibilities of this polymer in its application as a carrier for solid 

dispersions, it is crucial to have a good understanding of the phase behavior of this semi-

crystalline material before, during and after spray-drying and hot-melt extrusion. It is only 

with this information that the effect of small organic drug molecules and production 

process parameters on the copolymer’s phase behavior can be evaluated and its 

performances as a carrier in solid dispersions fully appreciated.  

The purpose of the present study is to characterize EG/VA with respect to the co-

existence of crystalline and amorphous domains before, during and after typical solid 

dispersion manufacturing processes like spray-drying and hot-melt extrusion. Next to 

well established solid state characterization techniques such as MDSC and XRPD, we 

also describe the use of HPer DSC and ultra-fast chip calorimetry as techniques to study 

the influence of heating/cooling rate on (cold-and re)crystallization, reorganization and 

melting.  

III.3 Materials and methods 

III.3.1 Materials 

The grafted copolymer of polyethylene glycol and polyvinyl alcohol 

(Mw = ca. 45000 Da, chapter I: figure I-15) was obtained from BASF (Ludwigshafen, 

Germany). Polyvinylalcohol (PVA, Mw = ca. 9500 Da, 80% hydrolyzed) was obtained 

from Sigma-Aldrich (Schnelldorf, Germany) and polyethyleneglycol (PEG, 

Mw = ca. 2000 Da) was obtained from  Fagron NV (Waregem, Belgium). Propyleneglycol 

was obtained from Alpha Pharma (Nazareth, Belgium), PEG400 (Mw = ca. 400 Da) from 

Fagron NV (Waregem, Belgium) and diethyl phthalate from UCB (Brussels, Belgium) 

III.3.2 Sample preparation 

III.3.2.1 Spray-drying 

The spray-drying process was performed using a Büchi Mini Spray-Dryer B-191 

(Büchi, Flawil, Switzerland). The polymer was spray-dried from a 5% w/v solution in 

100 ml solvent. During spray-drying the solution was continuously stirred with a 
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magnetic stirrer. The inlet temperature was varied from 80 °C to 170 °C and the pump 

rate was chosen in relation to the solvent mixture and the inlet temperature (25 or 30%). 

The aspirator was always set at 100% (= 0.56 m3/min) and the air flow at 0.01 m3/min. 

Three different solvents or mixtures thereof were used: water, ethanol or 

dichloromethane. The effect of three different plasticizers was tested, by adding them to 

the spray-dry solution (PEG400, propyleneglycol, diethyl phthalate) in a concentration of 

10 or 30% (expressed as percentage of the polymer weight).  

All spray-dried samples were further dried in a vacuum oven at 25 °C till constant 

mass and then stored in a dessicator (P2O5) and analyzed within 6 weeks.  

An overview of the different solutions used for spray-drying is given in table III-1. 

Table III-1: Overview of the different solutions and process parameters used during spray-drying. 

plasticizer solvent mixture  

inlet 
temperature 

(°C) 

pump 
rate  

(%) 

none H2O 80 30 

none H2O 110 30 

none H2O 140 30 

none H2O 170 30 

none H2O 80 25 

none H2O-EtOH (1:1) 80 25 

none 
H2O -EtOH-

CH2Cl2 (1:2:1) 
80 25 

none H20-EtOH (1:1) 90 25 

DEP 10% H20-EtOH (1:1) 90 25 

DEP 30% H20-EtOH (1:1) 90 25 

PG 10% H2O 110 30 

PG 30% H2O 110 30 

PEG400 10% H2O 110 30 

PEG400 30% H2O 110 30 

All the solutions contained 5% poly(ethyleneglycol-g-vinylalcohol) and had a volume of 100ml. The percentage plasticizer 

is expressed as a w/w percentage to the polymer. The aspirator was always set to 100% (0.56 m3/min) and the air flow was always 

controlled at 0.01 m3/min. 
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III.3.2.2 Hot-melt extrusion 

A co-rotating mini twin screw extruder (DSM, Geleen, the Netherlands) was used 

in this study. The core of this extruder is formed by a mixing compartment consisting of 

two separable halves and double, conical mixing screws. It consists of two controlled 

heating zones, which were always kept at the same temperature, varying from 130 °C to 

180 °C. The screw speed was set to 24, 44 or 108 rpm. A load of 5 g per run was fed 

manually into the hopper and after feeding, the internal circulation time was 5 min. The 

core of the extruder was purged with nitrogen during extrusion. The extrudates were 

collected after air cooling at ambient temperature. All samples were stored in a freezer 

(-27°C), protected from humidity and analyzed within 8 weeks.  

An overview of the different experimental parameters that were varied during the 

extrusion tests can be found in table III-2. 

Table III-2: Overview of the extrusion temperature and screw speed used during hot-melt extrusion. 

 

 

 

 

 

 

 

A load of 5g was fed manually into the hopper and the internal circulation time was 5min. The extrudates were collected 

after air cooling at ambient temperature. 

PVA was also extruded as reference material. A load of 5 g was fed manually into 

the hopper and the extrusion temperature was set to 160 °C, the rotation speed was 44 

rpm and the internal circulation time was 5 min. 

III.3.3 Thermal analysis 

III.3.3.1 Modulated temperature differential scanning calorimetry 

MDSC measurements were carried out using a Q2000 modulated DSC (TA 

Instruments, Leatherhead, UK) equipped with a Refrigerated Cooling System (RCS90). 

extrusion temperature 

(°C) 

screw speed  

(rpm) 

180 44 

160 44 

140 44 

130 44 

140 24 

140 108 
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Data were treated mathematically using Universal Analysis software (version 4.4A, TA 

instruments, Leatherhead, UK). Glass transition temperatures were measured at half 

height in the reversing heat flow, melting temperatures were measured at the peak 

maxima in the total heat flow. A flow rate of 50 ml/min of nitrogen was used as a purge 

gas through the DSC cell. TA Instruments standard aluminum pans (Brussels, Belgium) 

were used for all measurements. The sample masses varied from 4.00 to 10.00 mg 

(accurately weighed).  

The DSC Tzero calibration was performed in two experiments, one without 

samples or pans (baseline) and the second was performed with large sapphire disks 

(without pans, weight approximately 100 mg). Octadecane, tin and indium standards were 

used to calibrate the DSC temperature scale, enthalpic response was calibrated with 

indium. Heat capacity calibration was performed with a small sapphire disk in a pan. 

Validation of temperature and enthalpy showed that deviation of the experimental from 

the theoretical values was less then 0.1 °C for the temperature and less than 1% for the 

enthalpy measurements.  

In order to find suitable measuring conditions for EG/VA, different set-ups were 

tested. Combinations of following modulation parameters were compared: an underlying 

heating rate of 1, 2.5 or 5 °C/min, an amplitude of ±0.10, ±0.20, ±0.40 or ±0.70 °C and a 

period of 10, 40, 70 or 100 s. Out of the 48 combinations that can be made with these 

conditions, an amplitude of ±0.40 °C, a period of 40 s and an underlying heating rate of 

2.5 °C/min was selected for all measurements.  

III.3.3.2 Thermogravimetric analysis 

Thermogravimetric analysis was performed using a Simultaneous DSC/TGA 

Q600 SDT (TA Instruments, Leatherhead, UK). The experiments were done using a 

heating rate of 5 °C/min under nitrogen atmosphere. The temperature was ramped from 

room temperature to 250 °C using a sample mass of ca. 7 mg. The loss in weight was 

evaluated using the Universal Analysis software (version 4.4A, TA instruments, 

Leatherhead, UK). 
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III.3.3.3 High-speed calorimetry  

All HPer DSC analysis were performed using a Perkin Elmer Diamond DSC fitted 

with an Intracooler 2P-cooling unit (Perkin-Elmer, Massachusetts, USA). All 

measurements were performed under a helium gas purge at a flow rate of 30 mL/min. The 

calibration was performed as described before by Pijpers et al. [8]. A range of controlled 

cooling rates up to 500 °C/min were studied. Since the calibration was performed at 

relatively low scan rates (10 °C/min), the temperature data were corrected. A 15 µm thin 

aluminum foil was used to wrap the sample instead of using a pan as sample container.  

The aluminum foil has a much lower mass and provides a drastically improved way of 

heat transfer [8]. Data processing was performed using OriginPro 8 SRO software 

(version v8.0724(B724), OriginLab Corporation, Northampton, USA). 

III.3.3.4 Ultra-fast chip calorimetry 

An ultra-fast chip calorimeter developed at the institute of physics of Rostock 

University was used. The ultra-fast calorimeter is a thin-film chip calorimeter based on a 

thermal conductivity gauge XEN-39320 (Xensor Integration, Delfgauw, The 

Netherlands). The cell consists of a 1 µm thin-film silicon nitride membrane with a 

resistive film-heater and 6 film-thermopiles located at the center of the membrane [9,10]. 

The experiments were conducted using the system consisting of the sensor mounted 

inside an oven, immersed in liquid nitrogen. The instrument enables the measurement of 

the heat capacity of the investigated sample, according to the power compensation 

principle. Temperature correction was done using a small indium particle on top of the 

sample. More fully description of the system can be found elsewhere [11]. 

Scans with different controlled cooling rates (300, 500, 800, 1000, 3000 and 

20000 °C/s) were performed from 260 °C to -180 °C. Before cooling, the sample stays at 

280 °C for only 1 ms to avoid degradation at such high temperature. Since the size of the 

sample is too small (ca. 30 µm sample size) to have a good signal at the low cooling rates, 

the reheating scan after cooling at the different rates was used for analysis. After each 

cooling step the sample was reheated from -180 °C to 260 °C at 10000 °C/s and heat 

capacity was determined.  
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III.3.4 X-ray powder diffraction 

X-ray powder diffraction (XRPD) was first performed at room temperature on the 

pure EG/VA, PVA, PEG and the spray-dried samples. An automated X’pert PRO 

diffractometer (PANalytical, Almelo, The Netherlands) was used in Bragg-Brentano 

geometry with a flat sample holder filled using the backloading technique to minimize 

preferred orientation. A copper tube with the generator set at 45 kV and 40 mA was used. 

Using a transmission-reflection spinner it was possible to improve the counting statistics 

by spinning the sample using a rotation time of 4.0 s. In the incident beam path a 0.04 

radius soller slit, a 10 mm mask, a programmable divergence slit and a fixed anti-scatter 

slit of 4° were installed. In the diffracted beam path a programmable anti-scatter slit, a 

0.04 rad soller slit and a Nickel filter (0.02 mm thick) were installed. Both the 

programmable divergence slit and the programmable anti-scatter slit were programmed to 

constantly irradiate 10 mm. The detector used for data collection was an X’Celerator 

RTMS detector, with an active length of 2.122°. The data were collected in continuous 

scan mode with a scan region of 4.0010° till 60.0005° and a step size of 0.0084°. The 

counting time was 40.005 s. X’pert Data Collector version 2.2c (PANalytical, Almelo, 

The Netherlands) was used for data collection and X’pert Data Viewer version 1.2.a 

(PANalytical, Almelo, The Netherlands) was used for data visualization and treatment. 

Secondly, XRPD was performed on pure EG/VA at temperatures different from 

room temperature. A reference diffractogram was recorded at 25 °C, before applying a 

temperature program. Subsequently the sample was cooled till -90 °C and then heated till 

230 °C; several diffractograms were collected at different temperatures. Afterwards the 

material was cooled again till -90 °C and reheated till 25 °C. The X’pert PRO 

diffractometer was therefore fitted with an Anton Paar non-ambient chamber model TTK 

450 with Liquid Nitrogen Cooling (Anton Paar, Graz, Austria). The incident and 

diffracted beam path were configured similary. Spinning was no longer possible hence 

samples were front loaded. The same tube detector, data collector and viewer were used. 

Data were collected in a continuous scan mode with a scan region of 4.9830° till 38.0740° 

and a step size of 0.0501°. The counting time was 40.005 s. 

The last type of XRPD experiments was performed at room temperature on the 

extruded samples and on pure EG/VA, PVA, PEG in transmission geometry with 

transmission sample holders using Kapton foils to clamp the samples. The extrudates and 
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the pure polymers (as a reference) were measured without crushing or any other sample 

preparation with a 2Theta scan, to avoid alteration of the solid state by sample 

preparation. The transmission-reflection spinner was used with a sample rotation time of 

4.0 s. In the incident beam path a focusing X-ray mirror, an 0.04 rad soller slit, a fixed 

divergence slit of 0.5° and a fixed anti-scatter slit of 1° were installed. In the diffracted 

beam path a 0.04 rad soller silt and a programmable anti-scatter slit were installed. The 

last one was programmed to keep a fixed 0.5° opening. The same tube detector, data 

collector and viewer were used.  The data were collected in continuous scan mode with a 

scan region of 3.9960° till 43.0001° and a step size of 0.0334°. The counting time was 

59.690 s.  

III.4 Results and discussion  

III.4.1 Characterization of the unprocessed EG/VA 

III.4.1.1 MDSC results: optimization of the parameters and analysis of pure EG/VA 

A broad endothermic signal between 20 and 100 °C made interpretation of the 

DSC data in this temperature range difficult (see total heat flow in figure III-1A).  This 

signal was allotted to the evaporation of water from the sample which was confirmed by 

TGA (a total weight loss of 4.2% when heated till 100 °C was recorded). Since drying at 

25 °C in vacuum was not sufficient to remove the water, MDSC was used to investigate 

the thermal properties of pure EG/VA. 
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Figure III-1: MDSC of unprocessed poly(ethyleneglycol-g-vinylalcohol). A. The total, reversing and non-
reversing heat flow. B. The total heat flow curve on cooling. C. A close up of the first glass transition at  

-57 °C. D. A close up of the second glass transition after cooling till -15 °C. 

MDSC separates the total heat flow into two parts, based on the heat flow that 

does and does not respond to a changing heating rate. In general only heat capacity and 

melting correspond to the changing heating rate. This results in a separation of different 

events. The reversing heat flow is the heat capacity component of the total heat flow 

where glass transitions and some melting can be detected. The non-reversing heat flow is 

the kinetic component of the total heat flow, where events like evaporation, 

crystallization, decomposition and some melting are visible [12].   

Since all the signals that are derived from one MDSC measurement are calculated 

from three measured signals: time, modulated temperature and modulated heat flow, it is 

important to make sure that the sample can follow the program that is applied to it. 

Underlying heating rate, amplitude and period should be chosen with great care.  
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Figure III-2: Modulated heat flow versus temperature of different MDSC parameters. A. Underlying 
heating rate of 1 °C/min, amplitude of 0.2 °C and period of 100 s. B. Underlying heating rate of 2.5° C/min, 

amplitude of 0.4 °C and  period of 40 s. C. Underlying heating rate of 5 °C/min, amplitude of 0.1 °C and 
period of 70 s. D. Underlying heating rate of 5 °C/min, amplitude of 0.1 °C and period of 10 s. The arrows 

indicate the distortion in the modulated heat flow signal of A, C and D. The modulated heat flow of B 
shows a smooth regular sine wave. 

In figure III-2 the modulated heat flow versus temperature of four different 

modulation parameter combinations is plotted. A smooth regular sine wave indicates 

reasonable experimental conditions. Figure III-2B shows such a smooth curve, in figure 

III-2A, C and D distortion of the signal is visible. In figure III-3 the Lissajous plots of 

these four modulation parameter combinations are presented. Lissajous figures can be 

usefull to evaluate the chosen parameters. They are formed by combining two mutually 

perpendicular harmonic functions. In the case of MDSC it is the combination of the 

modulated heat flow against the modulated heating rate that creates a Lissajous figure. 

Since the heat capacity is calculated from the amplitude of the modulated heat flow and 

the modulated heating rate, the long axis of a lissajous figure represents the heat capacity. 

The small axis represents the phase lag between the two sinusoidal curves. If the chosen 

conditions are good, the ellipses are formed without distortion. If there is distortion in the 

ellipse, then the system is not under control due to a loss of steady state [13]. Only figure 

III-3 B shows a nice elliptic form, indicating the system is in control. All three other 

Lissajous fiures show that the system is not under control.  Al the 48 parameter 

combinations have been evaluated (data not shown) and the chosen combination is an 

underlying heating rate of 2.5 °C/min, an amplitude of 0.4 °C and a period of 40 s (figure 

III-2B en figure III-3B).  
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Figure III-3: Lissajous plots of modulated heat flow versus modulated heating rate of different MDSC 
parameters. A. Underlying heating rate of 1 °C/min, amplitude of 0.2 °C and period of 100 s. B. Underlying 
heating rate of 2.5 °C/min, amplitude of 0.4 °C and  period of 40 s. C. Underlying heating rate of 5 °C/min, 

amplitude of 0.1 °C and period of 70 s. D. Underlying heating rate of 5 °C/min, amplitude of 0.1 °C and 
period of 10 s. A, C and D show that the system is out of control. B shows a nice ellicptic form indicating 

that the system is under control. 

The MDSC heating curves of the pure polymer reported in figure III-1A show 

several transitions.  The evaporation of water is clearly visible in the non-reversing heat 

flow between 20 °C to 100 °C. Melting starts already early (around 170 °C), but the peak 

is situated at 212 °C. Another melting endotherm is visible at 15 °C in the total heat flow, 

just before the endotherm of the evaporation of water. It is worth noticing that the 

polymers from which the EG/VA consists of have similar melting temperatures. PEG600 

(Mw = ca. 600 Da) has a melting temperature of ca. 20-25 °C and PVA 9500 

(Mw = ca. 9500 Da) has a melting temperature of ca. 180 °C. Two exothermic signals are 

visible in the cooling curve (figure III-1B), due to crystallization of the two phases. The 

first one, at ca. 180 °C, is the crystallization of the phase that melts at 212 °C. The second 

exothermic peak at -35 °C was the crystallization of the phase that melts at 15 °C (figure 

III-1B).  

 A first glass transition at -57 °C (Δcp = ca. 0.14 J/g°C, figure III-1C) and a second 

one around 45 °C (Δcp = ca. 0.21 J/g°C, figure III-1A) can be noticed in the reversing heat 

flow. The second glass transition is difficult to determine because of the rather broad 

endothermic melting signal before it. Therefore a program that heated the sample till 

40 °C (so melting could occur) and then cooled it till -15 °C was applied so crystallization 

did not occur in these conditions. Reheating till 100 °C showed no endothermic melting 
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signal and the glass transition was now clearly visible and could be determined to be at 50 

°C (figure III-1D). This is slightly higher than it was before, probably due to different 

thermal history and the ability to set the limits more accurately.  

The MDSC results obtained clearly indicate that PEG forms a separate fraction. 

This fraction has a glass transition temperature at -57 °C and a melting endotherm at 

15 °C and will be further referred to as ‘PEG fraction’. There is also a second fraction 

with a glass transition temperature around 45 °C (or 50 °C after heat-cool-heat) and a 

melting endotherm at 212 °C, this fraction is further indicated as ‘PVA fraction’. 

III.4.1.2 XRPD results 

The pure unprocessed EG/VA was analyzed at room temperature with XRPD 

using the Bragg-Brentano technique with the flat sample holders (figure III-4). The most 

intense peak occurs at 19.5° and has a shoulder peak at 22.6°. The next intense peak is 

visible at 40.5° and another small peak is visible at 11.3°. Polyvinylalcohol (PVA, 

Mw = ca. 9500 Da) and polyethyleneglycol (PEG, Mw = ca. 2000 Da) were also analyzed. 

PVA showed a similar pattern; the peaks are positioned at the same angles, the largest 

peak again at 19.5°, concurring with data reported by Ali et al. [14] and a shoulder peak at 

22.6°. PEG showed two peaks at 19.1° and 23.2°, according to the data of Corrigan et al. 

[15]. Peaks of PEG are not present in the diffractogram of EG/VA, due to the fact that the 

PEG fraction is in the molten state, having a melting temperature of 15 °C, hence 

confirming the MDSC data. 

 

Figure III-4: XRPD of pure EG/VA, PVA and PEG using the Bragg-Brentano geometry with the flat 
sample holder. 
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III.4.2 Influence of the spray-drying process/formulation parameters on the pure 

EG/VA 

III.4.2.1 The inlet temperature 

 

Figure III-5: Overlay of reversing heat flow curves of spray-dried EG/VA at different inlet temperatures. 
All the products were spray-dried from a 5% w/v solution of EG/VA in water. The different inlet 

temperatures are indicated in the figure (80, 110, 140, 170 °C). The Δcp of the second Tg is indicated in 
each DSC curve, the Δcp of unprocessed EG/VA was ca. 0.21 J/g°C. 

EG/VA was spray-dried from a 5% w/v solution in water using different inlet 

temperature settings (table III-1). The MDSC results show no change in the Δcp of the 

first glass transition at -57 °C and a slight increase in Δcp of the second glass transition 

with decreasing inlet temperature (figure III-5).The Δcp of Tg2 of the spray-dried product 

after spray-drying at 170 °C is smaller than the Δcp of the pure EG/VA. The diffractogram 

of the product spray-dried using an inlet temperature of 170 °C has a sharper Bragg peak 

at 19.5° and a more pronounced (sharper) shoulder at 22.5° (figure III-6). The peak 

intensity and sharpness is clearly decreasing with decreasing inlet temperature. 
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Figure III-6: XRPD of the spray-dried EG/VA using the Bragg-Brentano geometry with the flat sample 
holder. The different spray-drying inlet temperatures are indicated in the figure (80, 110, 140, 170 °C). The 

diffractogram of the unprocessed EG/VA is also displayed as a reference. 

The MDSC and XRPD results of the products spray-dried with different inlet 

temperatures point out that the amorphous part of the PEG fraction is not influenced by 

the spray-drying process but the amorphous part of the PVA fraction of the copolymer 

increases after spray-drying at temperatures lower than 170 °C.  

III.4.2.2 The solvent 

Three different solvents or mixtures were tested, 100% H2O, 50% H2O-50% 

EtOH and 25% H2O-50% EtOH-25% CH2Cl2. EG/VA was always dissolved first in 

water, before adding any other solvent.  All three spray-dried products had a higher 

amorphous content than the pure EG/VA, as indicated by the peak at 19.5° and the 

shoulder at 22.6° being more broad (figure III-7). MDSC results showed no significant 

change in Δcp of the first or the second glass transition between the three spray-dried 

products (data not shown).  

The results obtained indicate that the solvents used have little or no influence on 

the crystallinity of the spray-dried polymer.  
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Figure III-7: XRPD of spray-dried EG/VA using the Bragg-Brentano geometry with the flat sample holder. 
The solvent mixtures used for preparing the spray-drying solutions are indicated in the figure (H2O, H2O-

EtOH, H2O-EtOH-CH2Cl2). The inlet temperature was kept constant at 80 °C. 

III.4.2.3 Influence of plasticizers 

Table III-3: Overview of the glass transition temperatures of different spray-dried products, with and 
without plasticizer. 

 Tg1 (°C) Tg2 (°C) 

5% EG/VA in H2O, inlet T 110 °C -57.3 45.9 

5% EG/VA in 1:1 H2O-EtOH, inlet T 90 °C -58.0 47.0 

10% plasticizer 

Propyleneglycol -58.0 46.6 

PEG400 -59.5 43.0 

diethyl phthalate -62.9 46.9 

30% plasticizer 

Propyleneglycol -56.5 46.0 

PEG400 -63.3 35.7 

diethyl phthalate -69.0 47.2 

 

Glass transition temperatures of the spray-dried EG/VA with and without 

plasticizer at different concentrations are given in table III-3. PEG400, propyleneglycol 

and diethyl phthalate were added to the spray-drying solution in 10% or 30% w/w relative 

to the amount of EG/VA added to the solution. Water was used as a solvent for the 

solutions of propyleneglycol and PEG400, the inlet temperature was set to 110 °C. A 

mixture of water and ethanol (1:1) was used for the solutions of diethyl phthalate, with 

the inlet temperature set at 90 °C. In the reference solution of 5% EG/VA in 100 ml H2O 

with an inlet temperature of 110 °C, the glass transitions were determined to be -57.3 °C 
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and 45.9 °C; in the solution of 5% EG/VA in 100 ml 1:1 H2O-EtOH mixture, the glass 

transitions were determined to be -58.0 °C and 47.0 °C. 

The glass transition temperatures of the spray-dried products with propyleneglycol 

did not show any change. 10% PEG400 made the second glass transition shift to 43.0 °C 

and 30% PEG400 made both glass transitions shift; the first one to -63.3 °C but the 

second one was difficult to determine accurately, because of the presence of a melting 

endotherm of PEG400 interfering within the region of the second glass transition. 

Therefore a program that heated the sample till 40 °C (so melting could occur) and then 

cooled it till -15 °C was applied so crystallization did not occur in these conditions. 

Reheating till 100 °C showed no endothermic melting signal in the glass transition region, 

and the glass transition temperature could now be determined to be 35.7 °C. Diethyl 

phthalate had an influence on the first glass transition. Addition of 10% of diethyl 

phthalate made the first glass transition shift to -62.9 °C while addition of 30% of diethyl 

phthalate in the polymer made it shift to even -69.0 °C; the second glass transition 

remained constant.  

Depending on the type of plasticizer and the concentration of the plasticizers, 

different results were obtained. Certain plasticizers have preference for certain amorphous 

phases in EG/VA. Also the amount of plasticizer can give different results. Diethyl 

phthalate has a preference for the amorphous phase of the PEG fraction, in each tested 

concentration, while PEG400 in lower concentration (10% w/w) has a preference for the 

amorphous phase of the PVA fraction, but at higher concentration (30% w/w) it can also 

influence the amorphous phase of the PEG fraction. Theoretically, it can be expected that 

drug molecules which are also small organic molecules act similarly. Depending on the 

type and concentration of the drug different mixing behavior can occur.  

III.4.3 Influence of hot-melt extrusion process parameters on the pure EG/VA 

III.4.3.1 The extrusion temperature 

While keeping the rotation speed and circulation time constant (44 rpm and 5 

min), the processing temperature was varied in the co-rotating twin screw extruder. 

Previously, Janssens et al. [6] used an extrusion temperature of 180 °C for extruding 

EG/VA-itraconazole blends. The temperature was chosen to make sure that all the 

itraconazole in the mixture was molten. Since EG/VA already starts to decompose at 170 
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°C, it is more interesting to extrude at lower temperatures. In our experimental set up, 

temperature was varied from 180 to 130 °C as indicated in table III-2. As the temperature 

was lowered, the extrudates were more transparent and less colored brown/yellow due to 

less decomposition. A temperature of 130 °C was too low to extrude the pure copolymer; 

the material remained as powder.  

MDSC showed no change in Δcp of the first Tg (Δcp = ca. 0.14 J/g°C), the second 

Tg is no longer visible after extrusion, strongly suggesting that the amorphous phase of 

the PVA part becomes more crystalline. It is remarkable that the specific enthalpy of 

fusion of the second melting endotherm remained constant when comparing extruded and 

non extruded samples (Δhf2 = ca. 62 J/g), most likely pointing to cold crystallization 

occurring during the MDSC measurement. XRPD spectra recorded at different 

temperatures are shown in figure III-8. When the material is heated to 70, 160 and 190 

°C, the diffraction peak at 22.6° becomes sharper, confirming the cold crystallization at 

elevated temperatures. At 230 °C the peaks flatten again because of the material that has 

melted. The double peak at 19.2° and 19.9° and the intense peak at 22.6° were also visible 

in the diffractogram of EG/VA that was simply heated to 230 °C and then cooled (figure 

III-8, top diffractogram). 

 

Figure III-8: Diffractograms of EG/VA at different temperatures (Anton Paar non-ambient chamber). The 
unprocessed EG/VA was first cooled down till -90 °C and then heated till 230 °C in different steps, the 

diffractogram at 25, 70, 160,190 and 230 °C are shown. Subsequently the material was cooled again to 25 
°C (upper curve). 

Figure III-9 shows the diffractograms of the different extruded samples, measured 

using the transmission geometry. The temperature of extrusion is indicated in the figure. 

The diffractograms of unprocessed EG/VA and unprocessed PVA and PEG are shown as 
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reference. The XRPD spectra of the extruded EG/VA show more intense diffraction 

peaks than the unprocessed EG/VA, indicating that the crystallinity increases after 

extrusion. The extruded samples display two major peaks at 19.2° and 20.0° and three 

other minor peaks at 11.2°, 16.0° and 22.7°. The shoulder peak of unprocessed EG/VA at 

22.7° has increased in intensity and the broad peak at 19.5° is split in two separate sharp 

peaks. Also, the small peak at 11.2° became more intense after extrusion. Unprocessed 

PEG shows two major peaks, one at 19.1° and one at 23.3°, hence no peak corresponds to 

those of EG/VA. The most intense peak of PVA is at 19.5° and a shoulder peak at 22.7°; 

this shoulder peak corresponds to the peak at 22.7° of the (extruded) EG/VA.  

 

Figure III-9: XRPD of the extruded samples using the transmission geometry. The extrusion temperature 
was varied, while keeping screw speed and circulation time constant (44rpm and 5min). The temperatures 

are indicated in the different diffractograms (130, 140, 160, 180 °C). The XRPD of the unprocessed EG/VA 
and the unprocessed PVA and PEG measured with the same geometry are also displayed as reference. 

After extrusion of PVA, its diffraction pattern also changes as shown in 

figure III-10. Instead of the broad peak at 19.5°, two peaks occur at 19.2° and 19.9°. Also 

the peak at 22.7° increases in intensity. The double peak of extruded PVA corresponds to 

the double peak of extruded EG/VA (in both cases, extrusion parameters were set at 160 

°C, rotation speed of 44 rpm and an internal circulation time of 5 min). These results 

prove that EG/VA becomes more crystalline after extrusion. The crystallinity of the PEG 

fraction remains the same, while crystallinity of the PVA fraction of EG/VA, clearly 

increases. 



Chapter III 

55 
 

 

Figure III-10: XRPD of (extruded) EG/VA and PVA using the transmission geometry. The extrusion 
temperature was set to 160 °C with a rotation speed of 44 rpm and circulation time of 5 min. 

III.4.3.2 The rotation speed 

As already shown in figure III-8, the heat applied to the material during the hot-

melt extrusion process clearly has an influence on the phase behavior of EG/VA. Since 

hot-melt extrusion is a combination of heat and shear forces that are exerted on the 

extruded material, a next set of experiments was conducted in order to estimate the 

contribution of shear forces on the increase of EG/VA crystallinity.  

The influence of shear forces was studied by varying the screw rotation speed at 

24 rpm, 44 rpm and 108 rpm (table III-2), the temperature and circulation time were kept 

constant (140 °C and 5 min). This temperature was chosen because it was the lowest 

temperature that allowed production of acceptable extrudates.  
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Figure III-11: XRPD of the extrudated samples using the transmission geometry. The screw speed was 
varied, while keeping the extrusion temperature and circulation time constant (140 °C and 5 min). The 

different screw speeds are indicated on the diffractograms (24, 44, 108 rpm). The XRPD of the unprocessed 
copolymer EG/VA and the unprocessed polymers PVA and PEG measured using the same geometry are 

also displayed as reference. 

MDSC showed no change in Δcp of the first Tg (Δcp = ca. 0.14 J/g°C), the second 

Tg is still visible in the DSC curve of the extruded sample with rotation speed 24 rpm, but 

no longer when the rotation speed was set at 44 rpm or 108 rpm. These results are 

confirmed in the diffractograms of the extruded EG/VA in figure III-11. The double peak 

at 19.2° and 20.0° and the smaller peaks at 11.2°, 16.0° and 22.7° increase in intensity 

with increasing rotation speed indicating that increased crystallinity of the material after 

extrusion is also due to the presence of shear forces in the extruder. Nevertheless the 

specific enthalpy of fusion of the second melting peak remains again the same 

(Δhf2 = ca. 62 J/g) for the processed and unprocessed EG/VA, again strongly suggesting 

that cold crystallization occurs during the MDSC measurement. 

III.4.4 Influence of cooling rate on EG/VA.  

Although cooling of extrudates is generally performed at ambient temperature, it 

is possible to adapt extruders so that forced cooling of the extrudates takes place. The 

extrudates can be pushed through a die that is kept at low temperatures to apply a forced 

cooling. During processing, polymers can be subject to cooling rates in excess of 

1000 °C/min [16,17] . Therefore we investigated the possibility to make the polymer 

amorphous by quench cooling. EG/VA was therefore wrapped in aluminum foil and 

cooled to -120 °C, followed by heating it to 250 °C at 100 °C/min and kept isothermal 

there for one minute in order to allow melting of the sample. Next, the sample was cooled 
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at different rates; 100, 200, 300, 400 and 500 °C/min, all by using HPer DSC. This 

technique allows controlled heating and cooling rates up to 500 °C/min over a broad 

temperature range [17]. The cooling curves are shown in figure III-12. The exothermic 

signals are the crystallization transitions of the PVA part of EG/VA. These crystallization 

peaks shift to lower temperatures if cooling rate increases. When cooling at 100 °C/min, 

crystallization occurs at approx. 173 °C, while it drops to ca. 141 °C when a cooling rate 

of 500 °C/min is applied, all values being corrected for the scan rates used.  

 

Figure III-12: Overlay of the HPer DSC results of unprocessed EG/VA, the curves are the cooling curves 
after heating at 100 °C/min. The different cooling rates are displayed in the figure. 

These high cooling rates were not sufficient to make the EG/VA amorphous, 

therefore ultra-fast chip calorimetry was used since much higher cooling rates can then be 

reached. The samples were heated from -180 °C till 260 °C using a heating rate of 

10000 °C/s, subsequently they were cooled at different cooling rates varying from 

100 °C/s to 20000 °C/s. The first part of the cooling (till 187 °C) was always performed at 

10000 °C/s, to make sure that the degradation of the product at these high temperatures 

was kept to a minimum. After cooling at these different rates, the samples were reheated 

at 10000 °C/s. These second heating curves are displayed in figure III-13. It was not 

possible to obtain reliable data in the whole range of cooling rates applied, because the 

sample mass was too low to have a good signal at the slowest cooling rates. The melting 

peak is situated at ca. 190 °C, where it lies normally around 210 °C. The reduction of 

melting temperature could be due to reduced reorganization on heating as it is commonly 

observed on slow heating rates (DSC) [18].  
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Figure III-13: Overlay of the ultra-fast chip calorimetry DSC curve. The sample of EG/VA was cooled at 
different cooling rates and subsequently heated at 10,000 °C/s. these heating curves are shown here. The 
black curve with the open left triangle is the heating curve after cooling at 300°C, the red curve with the 

solid square is the heating curve after cooling at 500°C/s, the blue curve with the open circle is the heating 
curve after cooling at 800°C/s, the green curve with the solid up triangle is the heating curve after cooling at 
1000°C/s, the pink curve with the open diamonds is the heating curve after cooling at 3000°C/s and the grey 
curve with the solid right triangle is the heating curve after cooling at 20000°C/s. The solid arrows indicate 

the two glass transitions and the dashed arrows indicate the cold crystallization and melting of the 
copolymer. 

The two glass transitions are clearly visible and indicated with solid arrows in 

figure III-13, the first one at ca. -60 °C and the second one at ca. 80 °C. Why the first 

glass transition temperature is lower than in the MDSC scans is not yet known and may 

indicate some uncertainty in the temperature measurements or could be due to the fully 

amorphous state of the PEG fraction (see below). The second glass transition is higher 

compared to the MDSC measurements as it is expected because of the much higher 

heating rate. The first glass transition does not change in ΔCp with increasing cooling rate 

and the first melting endotherm that is visible in our previous MDSC curves is not visible 

in these curves, indicating that this fraction is completely amorphous. The heating curves 

after cooling at 300, 500 and 800 °C/s show no cold crystallization, only melting (both 

transitions indicated with the dashed arrows in figure III-13).  The second glass transition 

becomes more pronounced with increasing cooling rate indicating the increase of the 

amorphous fraction of the PVA part with increasing cooling rate. Cold crystallization 

could be observed before the EG/VA melts (indicated with the dashed arrows in figure 

III-13) in the second heating curve after cooling at 1000 °C/s or higher. The cold 

crystallization becomes more pronounced with increasing cooling rates, while the ΔCp of 

the second glass transition remains the same. The area under the curve of the cold 
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crystallization and the melting are comparable when a cooling rate of 3000 °C/s or higher 

is applied. This indicates that the PVA fraction becomes completely amorphous, since 

only the crystals formed during cold crystallization melt.   

The cold crystallization decreases again after cooling at 20000 °C/s, due to an 

increasingly reduced number of nuclei formed at increasing cooling rates [19]. 

III.5 Conclusion 

In this study we described the phase behavior of pure EG/VA before, during and 

after typical solid dispersion manufacturing processes like spray-drying and hot-melt 

extrusion. EG/VA as received from the manufacturer consists of two semi-crystalline 

fractions. One fraction (the ‘PEG fraction’) has a glass transition (Tg = -57 °C) and 

melting endotherm (Tm = 15 °C) similar to PEG while the other one (the PVA fraction) 

has a glass transition (Tg = 45 °C) and melting endotherm (Tm = 212 °C) that is similar to 

PVA, indicating that the PEG part does not act as an internal plasticizer as suggested by 

the manufacturer, but as a separate moiety. Both parts are semi-crystalline and both 

phases can be influenced differently by solid dispersion-manufacturing methods such as 

spray-drying and hot-melt extrusion. 

Mixtures of organic solvents allow spray-drying of EG/VA out of a single 

solution. The spray-dried EG/VA is more amorphous (mainly the PVA fraction) than the 

starting material if the inlet temperature is kept below 170 °C, allowing small organic 

molecules (like drug molecules) to be more easily dispersed in one or two of the 

amorphous phases. Tests with 3 different plasticizers indicated that depending on the type 

and the concentration of the compound a different preference for one of the two 

amorphous phases can occur. This suggests that also small organic compounds like drugs 

may preferentially mix with one of the two amorphous phases of EG/VA during solid 

dispersion manufacturing. This can lead to different physical stability profiles, depending 

on which amorphous phase is involved in mixing.   

Acceptable extrudates of EG/VA were obtained with hot-melt extrusion when 

applying a processing temperature of 140 °C, a screw speed of 44 rpm, an internal 

circulation time of 5 min and a load of 5 g. Oxidation takes place at elevated temperature 

and EG/VA becomes yellow/brown colored. Hot-melt extrusion increases the crystallinity 

of the PVA fraction of the material as a consequence of the effect of both temperature and 
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shear forces. The PEG fraction is not affected. When a small organic drug compound can 

plasticize the material an even lower process temperature will probably result.  

Controlled quench cooling rates up to 500 °C/min obtained by HPer DSC could 

delay, but not avoid crystallization. Ultra-fast chip calorimetry experiments showed that a 

cooling rate of at least 3000 °C/s was necessary to make to EG/VA completely 

amorphous, indicating that applying normal forced cooling after extrusion in order to 

make the extrudates completely amorphous will be insufficent.  
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Chapter IV: Comparison between hot-melt 

extrusion and spray-drying for manufacturing 

of solid dispersions of the graft copolymer of 

ethylene glycol and vinylalcohol 
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IV.1 Abstract 

Different preparation methods for the manufacturing of solid dispersions can 

result in different types of molecular arrangements of the end product. Hence in this study 

we investigated the effect of the manufacturing method on the kinetic miscibility of 

miconazole and the graft copolymer poly(ethyleneglycol-g-vinylalcohol). Additionally 

the effect of heat pre-treatment of solutions used for spray-drying and the use of spray-

dried copolymer as excipient for hot-melt extrusion was investigated as well. The solid 

dispersions were prepared at different drug-polymer ratio’s and analyzed with modulated 

differential scanning calorimetry and X-ray powder diffraction. Miconazole either mixed 

with the PEG fraction of the copolymer or crystallized in the same or a different 

polymorph as the starting material. The kinetic miscibility was higher for the solid 

dispersions obtained from solutions which were pre-heated compared to those spray-dried 

from solutions at ambient temperature. Hot-melt extrusion resulted in an even higher 

mixing capability. Here the use of the spray-dried copolymer did not show any benefit 

concerning the kinetic miscibility of the drug and copolymer, but it resulted in a 

remarkable decrease in the torque experienced by the extruder allowing extrusion at lower 

temperature and torque. The latter could be an advantage when working with heat labile 

compounds.   

IV.2 Introduction 

Despite the unbalance between the significant research efforts in the past 40 years 

and the number of successfully introduced systems into the market, formulation of solid 

dispersions still holds a key position among the various formulation strategies intended to 

increase the oral absorption and bioavailability of poorly soluble compounds. Nowadays, 

the term solid dispersion is mostly linked to glass solutions of poorly soluble compounds, 

using amorphous carriers with high glass transition temperatures. The primary aim of fast 

release glass solutions is to ‘molecularly’ release the drug in the intestinal fluids and to 

generate a supersaturated solution from which the drug will move to the gut wall, 

permeate and finally appear in the blood. On the other hand the formulation should 

remain chemically and physically stable upon storage. Hence utilization of these high-

energy states to obtain both an adequate bioavailability and acceptable shelf-life stability 

is the challenge to meet. The choice of carrier has a tremendous impact on the success 

rate of the solid dispersion strategy. The most important carrier properties were recently 
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reviewed by Janssens and Van den Mooter [1]. Besides safety, properties such as a high 

glass transition temperature (Tg), the presence of functional groups enabling interactions 

with the dispersed drug, solubility and the possibility to maintain drug supersaturation in 

the gastrointestinal tract are considered important characteristics. Review of the literature 

on solid dispersions shows that the number of suitable carriers is limited. The majority of 

published research data or marketed solid dispersions are based on carriers like 

polyethylene glycol, polyvinylpyrrolidone, polyvinylpyrrolidone-co-vinylacetate 64 or 

hydroxypropyl methylcellulose (and derivatives) [2,3]. Although combinations of 

polymers or polymers with surface active compounds have been proposed as a means to 

obtain new carrier systems with advanced properties [4-6], there is clear need for new 

carriers. We recently introduced the graft copolymer of ethyleneglycol and vinylalcohol 

(EG/VA) as a potential new carrier in the formulation of solid dispersions. The 

dissolution rate of the poorly soluble compound itraconazole significantly increased when 

formulated as a solid dispersion with EG/VA, prepared by spray-drying or hot-melt 

extrusion [7,8]. This polymer is currently commercialized by BASF as a filmcoating 

material; its structure is shown in chapter I (figure I-15). 

A thorough characterization of this copolymer showed that it consists of two semi-

crystalline fractions corresponding to the polyethylene glycol (PEG) fraction and the 

polyvinylalcohol (PVA) fraction [chapter III]. The PEG fraction shows a glass transition 

temperature at -57 °C and a melting transition at 15 °C, the PVA fraction shows a glass 

transition temperature around 45 °C and a melting transition at 212 °C. The semi-

crystalline character was confirmed by XRPD at room temperature. The Bragg reflections 

were comparable to those of PVA, which was not surprising as the PEG fraction is above 

the melting point at room temperature. Spray-drying resulted in amorphization of the 

PVA fraction while hot-melt extrusion increased the crystallinity of the same fraction. 

Interestingly, tests with commonly used plasticizers like diethyl phthalate, low molecular 

weight PEG or propyleneglycol revealed that depending upon both type and 

concentration of the plasticizer, mixing with only one or both amorphous domains of the 

copolymer resulted [chapter III].  This finding suggests that drug molecules may also mix 

with one or both amorphous fractions of EV/GA. Since the Tg’s of both fractions are 

significantly different, mixing of drug molecules with one or the other fraction will 

probably influence the stability of the mixed phases when stored at ambient temperature. 

The purpose of the present study was to investigate the phase behavior of EG/VA when it 
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is co-processed with a poorly soluble drug. Miconazole was used as model drug since it 

can theoretically interact with the alcohol functions on VA and it has a Tg in between that 

of the amorphous PEG fraction and the amorphous PVA fraction (Tg(miconazole) = 1.7 °C) 

[9]. In order to investigate the influence of the processing method on the phase behavior, 

the solid dispersions were prepared by two industrially scalable technologies: spray-

drying and hot-melt extrusion. Since the polymer has a higher solubility in water at higher 

temperature, we additionally investigated the influence of heat pre-treatment of the 

polymer solution before spray-drying. Additionally the effect on the mixing behavior and 

processability of spray-drying the copolymer before using it as an excipient for hot-melt 

extrusion was investigated.   

IV.3 Materials and methods 

IV.3.1 Materials 

The graft copolymer of ethylene glycol and vinyl alcohol (Mw = ca. 45000 Da, 

chapter I: figure I-15) was obtained from BASF (Ludwigshafen, Germany). Miconazole 

(chapter I: figure I-16) was kindly donated by Janssen Pharmaceutica (Beerse, Belgium).  

IV.3.2 Sample preparation 

IV.3.2.1 Spray-drying 

The spray-drying process was performed using a Büchi mini spray dryer B-191 

(Büchi, Flawil, Switzerland). All spray-dried powders were obtained from solutions of 

EG/VA in 40 ml of demineralized H2O and miconazole in 60 ml of ethanol (5% w/v 

solution in 100 ml solvent). Two different pre-treatments were compared. In the first case 

the two solutions were mixed prior to the spray-drying process. In the other case, the 

aqueous polymer solution was heated to its boiling point and then added to the preheated 

ethanol solution of miconazole.  

The spray-dryer inlet temperature was set at 90 °C, the pump rate was 20%, the 

aspirator was set at 100% (= 0.56 m3/min) and the air flow at 0.01 m3/min. All spray-

dried samples were further dried in a vacuum oven at 25 °C till constant mass and then 

analyzed.  

The solutions used to prepare spray-dried powders were also used to prepare 

films. The solutions were cast on a glass plate covered with Teflon® coating and dried at 
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ambient temperature. The solvent evaporation rate was controlled by covering the 

solutions with a funnel. 

IV.3.2.2 Hot-melt extrusion 

Solid dispersions were prepared with a co-rotating mini twin screw extruder 

(DSM, Geleen, The Netherlands). The core of this extruder is formed by a mixing 

compartment consisting of two separable halves and double, conical mixing screws. It 

consists of two controlled heating zones, which were always kept at the same 

temperature, varying from 110 °C till 130 °C. The screw speed varied between 94 and 

112 rpm. A load of 5 g per run was fed manually into the hopper, and after feeding, the 

internal circulation time was 5 min. The core of the extruder was purged with nitrogen 

during extrusion. The extrudates were collected after air cooling at ambient temperature. 

All samples were stored in a freezer (-27 °C) protected from humidity prior to analysis.  

Extrudates were prepared from EG/VA as such as well as EG/VA which was 

spray-dried prior to hot-melt extrusion.  

IV.3.3 Modulated temperature differential scanning calorimetry 

MDSC measurements were carried out using a Q2000 modulated DSC (TA 

Instruments, Leatherhead, UK) equipped with a Refrigerated Cooling System (RCS90). 

Data were treated mathematically using Universal Analysis software (version 4.4A, TA 

instruments, Leatherhead, UK). Glass transition temperatures were measured at half 

height in the reversing heat flow. Melting temperatures were measured at the peak 

maxima in the total heat flow. A flow rate of 50 ml/min of nitrogen was used as a purge 

gas through the DSC cell. TA Instruments standard aluminum pans (Brussels, Belgium) 

were used for all measurements. The sample masses varied from 2.00 to 5.00 mg 

(accurately weighed).  

The DSC Tzero calibration was performed in two experiments, one without 

samples or pans (baseline) and the second was performed with large sapphire disks 

(without pans, weight approximately 100 mg). Octadecane, tin and indium standards were 

used to calibrate the DSC temperature scale; enthalpic response was calibrated with 

indium. Heat capacity calibration was performed with a small sapphire disk in a pan. 

Validation of temperature and enthalpy showed that deviation of the experimental from 
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the theoretical values was less than 0.1 °C for the temperature and less than 1% for the 

enthalpy measurements.  

An amplitude of 0.4 °C, a period of 40 s and a underlying heating rate of 

2.5 °C/min were applied [chapter III].  

IV.3.4 X-ray powder diffraction 

X-ray powder diffraction (XRPD) was first performed at room temperature on the 

pure EG/VA and the spray-dried samples. An automated X’pert PRO diffractometer 

(PANalytical, Almelo, the Netherlands) was used in Bragg-Brentano geometry with a flat 

sample holder filled using the backloading technique to minimize preferred orientation. A 

copper tube with the generator set at 45 kV and 40 mA was used. Using a transmission-

reflection spinner it was possible to improve the counting statistics by spinning the 

sample using a rotation time of 4.0 s. In the incident beam path a 0.04 radius soller slit, a 

10 mm mask, a programmable divergence slit and a fixed anti-scatter slit of 4° were 

installed. In the diffracted beam path a programmable anti-scatter slit, a 0.04 rad soller slit 

and a Nickel filter (0.02 mm thick) were installed. Both the programmable divergence slit 

and the programmable anti-scatter slit were programmed to constantly irradiate 10 mm. 

The detector used for data collection was an X’Celerator RTMS detector, with an active 

length of 2.122°. The data were collected in continuous scan mode with a scan region of 

4.0010° till 60.0005° and a step size of 0.0084°. The counting time was 40.005 s. X’pert 

Data Collector version 2.2.c (PANalytical, Almelo, The Netherlands) was used for data 

collection and X’pert Data Viewer version 1.2.a (PANalytical, Almelo, The Netherlands) 

was used for data visualization and treatment. 

For the crystalline miconazole reference diffractograms (polymorph I & II) 

capillary experiments were performed as the amount of sample was limited. These 

experiments were performed in 0.7 mm  capillaries (Hilgenberg GmbH, Malsfeld, 

Germany). Samples were irradiated using a line focus with a length of 12 mm and a width 

of 0.4 mm. In the incident beam path a focusing X-ray mirror, a 0.02 rad soller slit, a 

fixed divergence slit of 0.5° and a fixed anti-scatter slit of 1° were installed. In the 

diffracted beam path a 0.02 rad soller slit and a fixed anti-scatter slit (2.5 mm) were 

installed. The same tube, detector, data collector and viewer were used. The data were 

collected in continuous scan mode with a scan region of 2.0000° till 59.9965° and a step 

size of 0.0084°. The counting time was 120.015 s. 
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XRPD at non-ambient temperature was performed with the X’pert PRO 

diffractometer equiped with an Anton Paar non-ambient chamber model TTK 450 with 

Liquid Nitrogen Cooling (Anton Paar, Graz, Austria). The incident and diffracted beam 

path were configured similarly. Spinning was no longer possible hence samples were 

front loaded. The same tube, detector, data collector and viewer were used. Data were 

collected in a continuous scan mode with a scan region of 4.0040° till 40.0001° and a step 

size of 0.0167°. The counting time was 33.020 s. 

The last type of XRPD experiments was performed at room temperature on the 

extruded samples and on the pure EG/VA in transmission geometry with transmission 

sample holders using Kapton foils to clamp the samples, to avoid alteration of the solid 

state by sample preparation. All samples were measured without crushing or any other 

sample preparation with a 2Theta scan. The transmission-reflection spinner was used with 

a sample rotation time of 4.0 s. In the incident beam path a focusing X-ray mirror, an 

0.04 rad soller slit, a fixed divergence slit of 0.5° and a fixed anti-scatter slit of 1° were 

installed. In the diffracted beam path a 0.04 rad soller slit and a programmable anti-scatter 

slit were installed. The last one was programmed to keep a fixed 0.5° opening. The same 

tube, detector, data collector and viewer were used.  The data were collected in 

continuous scan mode with a scan region of 4.0040° till 40.0001° and a step size of 

0.0084°. The counting time was 40.005 s.  

IV.3.5 Analysis of the miconazole content of the solid dispersions 

Approximately 10 mg (accurately weighted) of the solid dispersions was dissolved 

in approximately 10 g DMSO (accurately weighted) and the miconazole content was 

determined with HPLC using a series of dilutions of miconazole in DMSO. Experiments 

were done in triplicate. HPLC analysis was performed with a Merck Hitachi pump 

L7100, an ultraviolet (UV) detector (L7400) an autosampler (L7200) and an interface 

(D7000) (Merck, Darmstadt, Germany). A LiChrospher 60 RP-select B (4.0x125 mm) 

(Merck, Darmstadt, Germany). Acetonitrile - acetate buffer pH 3.5 (60:40; v/v) was used 

as mobile phase at a flow rate of 1.0 ml/min. All solvents used were HPLC grade. The 

injection volume was 20 µl and UV detection was used at a wavelength of 237 nm. 
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IV.4 Results 

IV.4.1 Solid dispersions prepared via spray-drying 

IV.4.1.1 Spray-drying from solutions at ambient temperature 

 

Figure IV-1: MDSC of the solid dispersions spray-dried from solutions at room temperature with 4%, 12%, 
19%, 30% and 40% w/w of miconazole: A. Reversing heat flow:  (↓) indicates the first glass transition 
temperature, (*) indicates the second glass transition temperature. B. Total heat flow: (*) indicates the 

enthalpy recovery endotherm that accompanies the glass transition of the PVA fraction. 

The reversing heat flow curves of the solid dispersions containing 4, 12, 19, 30 

and 40% w/w of miconazole are shown in figure IV-1A. Two glass transitions can be 

distinguished. The second transition around 49 °C remains fairly constant for all solid 

dispersions and corresponds to the glass transition temperature of the PVA fraction of the 

pure copolymer. The glass transition temperature of the PEG fraction is clearly influenced 

by the presence of the drug. At a drug load of 4% w/w the Tg shifts to a slightly higher 

temperature than that of the pure polymer and when the drug load is 12% w/w, the first 

glass transition shifts to -41.1 °C and it further increases up to 30% w/w while no further 

increase was observed at 40% w/w drug loading (table IV-1).    
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Table IV-1: Overview of the glass transition temperatures of the solid dispersions prepared by spray-drying 
from solutions at ambient temperature. 

w/w% 
miconazole 

Tg1(°C) Tg2(°C) 

4% -54.7 48.6
12%* -41.1 50.0
19%* -42.2 49.0
30%* -30.2 48.8
40%* -31.3 48.7

Tg1 corresponds to the Tg of the PEG fraction (mixed with the miconazole), Tg2 corresponds to the Tg of the PVA fraction 

of the copolymer. The asterisk indicates that this composition also shows a melting endotherm.   

An overlay of the total heat flow curves shows in all samples a broad endothermic 

signal between 35 °C and 85 °C. This is a combination of an enthalpy recovery 

endotherm that accompanies the glass transition of the PVA fraction (indicated with an 

asterisk in figure IV-1B) and the evaporation of residual solvent [chapter III]. From a 

concentration of 12% w/w of miconazole and higher there is a small endothermic peak 

visible on top of the broad endothermic signal, pointing to the presence of a crystalline 

drug phase. Interestingly, at the highest drug loading (40% w/w miconazole), the degree 

of crystallinity was not only the largest, but the peak onset of the melting transition is also 

at lower temperature compared to the other ones, indicating the presence of a different 

polymorph. Accurate determination of the specific enthalpy of fusion was impossible 

because of the overlapping events and the double melting peak of miconazole. Figure IV-

2 shows an overlay of the XRPD diffractograms of the solid dispersions, confirming the 

presence of different polymorphs. Bragg reflections corresponding to miconazole become 

visible from a concentration of 19% w/w of miconazole and corresponded to 

polymorph I. The same was observed for the 30% w/w of miconazole solid dispersion, 

although there, also a small peak of polymorph II seems to be present (at 25.04°, 

indicated with II(b) in figure IV-2). The diffractogram of the 40% w/w miconazole solid 

dispersions showed only diffraction peaks corresponding to polymorph II.  



Comparison between hot-melt extrusion and spray-drying 

72 
 

 

Figure IV-2: XRPD of the different spray-dried solid dispersion (spray-dried from solutions at ambient 
temperatures). The concentration of miconazole (% w/w) is indicated in the figure. Diffractograms of the 
two known polymorphs of miconazole were added as reference diffractograms (polymorph I & II, with as 
scaling factor of 0.3). The solid lines indicate two major diffraction peaks of polymorph I (I(a) 11.47°, I(b) 

12.73°) and the dotted lines indicate two major diffraction peaks of polymorph II (II(a) 18.11°, II(b) 
25.04°). 

IV.4.1.2 Spray-drying from pre-heated solutions  

 

Figure IV-3: MDSC of the solid dispersions spray-dried from the pre-heated solutions with 5%, 10%, 14%, 
21%, 31% and 41% w/w of miconazole: A. Reversing heat flow:  (↓) indicates the first glass transition 
temperature, (*) indicates the second glass transition temperature. B. Total heat flow: (*) indicates the 

enthalpy recovery endotherm that accompanies the glass transition of the PVA fraction. 

The reversing heat flow of the solid dispersions containing 5, 10, 14, 21, 31 and 

41% w/w of miconazole are shown in figure IV-3A. Again only two glass transitions 

could be distinguished. A similar behavior regarding the second glass transition 

temperature was present: it is independent of the concentration of miconazole in the 

obtained solid dispersions. When the content of miconazole in the solid dispersions 

increases, the temperature of the first glass transition increases until a concentration of 

31% w/w of miconazole. After that it remained constant (table IV-2).  
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Table IV-2: Overview of the glass transition temperatures of the solid dispersions prepared by spray-drying 
from the pre-heated solutions. 

w/w% 
miconazole 

Tg1(°C) Tg2(°C) 

5% -52.9 48.8
10% -46.8 45.2
14% -43.8 52.0

21%* -39.1 50.6
31%* -31.0 47.8
41%* -30.4 48.1

Tg1 corresponds to the Tg of the PEG fraction (mixed with the miconazole), Tg2 corresponds to the Tg of the PVA fraction 

of the copolymer. The asterisk indicates that this composition also shows a melting endotherm
. 

Figure IV-3B shows an overlay of the total heat flow curves of the same solid 

dispersions. Again the rather broad endothermic signal between 35 °C and 85 °C is a 

combination of an enthalpy recovery endotherm accompanying the glass transition of the 

PVA fraction of the copolymer (indicated with an asterisk in figure IV-3B) and the 

evaporation of residual solvent [chapter III]. A superposition of a smal endothermic peak 

is visible on top of this broad endothermic signal from a concentration of 21% w/w 

miconazole, which indicates melting of crystalline miconazole (also indicated in table IV-

2, the compositions with an asterisk show also a melting endotherm in their DSC curve).  

This endothermic signal becomes more important as the concentration of miconazole 

increases in the solid dispersions. Two melting peaks can be noticed in the solid 

dispersions with 31 and 41% w/w of miconazole, indicating the presence of two different 

polymorphs of miconazole.  

Figure IV-4 shows an overlay of the XRPD diffractograms of the spray-dried solid 

dispersions prepared from preheated solutions. Bragg reflections corresponding to 

miconazole became visible from a concentration of 21% w/w of miconazole and 

corresponded to both polymorph I and II. For the solid dispersion containing 31% w/w of 

miconazole mainly polymorph II could be observed, although the peak at 12.7° (figure 

IV-4: I(b)) of polymorph I could be distinguished as well, but less clear as for the solid 

dispersion containing 21% w/w of miconazole.  The diffractogram of the 41% w/w solid 

dispersions showed only diffraction peaks corresponding to polymorph II.  
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Figure IV-4: XRPD of the different spray-dried solid dispersion (spray-dried from pre-heated solutions). 
The concentrations of miconazole (% w/w) are indicated in the figure. Diffractograms of the two known 
polymorphs of miconazole were added as  reference diffractograms (polymorph I & II, with as scaling 

factor of 0.3). The solid lines indicate two major diffraction peaks of polymorph I (I(a) 11,47°, I(b) 12,73°) 
and the dotted lines indicate two major diffraction peaks of polymorph II (II(a) 18,11°, II(b) 25,04°). 

There seemed to be a discrepancy between the MDSC data and XRPD data. 

MDSC showed for the solid dispersion with 31% w/w miconazole a double peak, 

indicating the presence of polymorph I and II, while XRPD showed that the polymorph I 

part was rather limited (only one small peak at 12.7 ° could be observed). To proof that 

polymorph II can be converted to polymorph I during heating, the sample was heated 

during XRPD analysis from room temperature to 58 °C, 78 °C and 120 °C. These 

temperatures were chosen according to the DSC curve of the sample (before, during and 

after the melting endotherm of miconazole). Figure IV-5 shows the overlay of the 

different diffractograms. By the time the experiment was performed, the sample was 

already one month old. When comparing the diffractogram from figure IV-4 (freshly 

prepared sample) with the diffractogram of figure IV-5 (bottom diffractogram at 25 °C, 

recorded after one month storage) it is clear that over time more polymorph I can be 

detected (peak at 11.5° and 12.7°). While heating up the sample which contains Bragg 

peaks for polymorph I and II, polymorph II converts to polymorph I. In the diffractogram 

recorded at 58 °C the peak at 12.7° clearly had a lower intensity (790 counts) compared to 

the diffractogram at 78 °C (1046 counts). At 78 °C, the peaks with the highest intensity 

correspond to polymorph I, while initially polymorph II was the dominating polymorph. 

At 120 °C all the miconazole seems to be melted, as no corresponding Bragg reflections 

could be detected and after cooling, the miconazole does not crystallize but becomes 

amorphous as only the broad peak corresponding to the copolymer could be detected. 
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Figure IV-5: XRPD diffractograms at different temperatures of the spray-dried sample with 31% w/w 
miconazole prepared from the pre-heated solution (Anton Paar). From bottom to top: the initial 
diffractogram at room temperature, at 58  °C, 78  °C, 120  °C and after cooling down at 25  °C. 

Diffractograms of the two known polymorphs of miconazole were added as reference diffractograms 
(polymorph I & II, with as scaling factor of 0.3). 

IV.4.2 Film casting  

Table IV-3 gives an overview of the glass transition temperatures of the films 

prepared from both non-heated and heated solutions. They mainly correspond to the glass 

transition temperatures of pure EG/VA. All samples show a melting endotherm of 

miconazole indicating the presence of a separate crystalline drug phase. 

Table IV-3: Overview of the glass transition temperatures determined by MDSC for the films casted on 
Teflon®-coated glass plates from the non-heated and heated solutions. 

  Tg1(°C) Tg1(°C) Tg2(°C) Tg2(°C) 

w/w % 
miconazole 

Non-
heated 

solutions 

Heated 
solutions 

Non-
heated 

solutions 

Heated 
solutions 

5%* -53.4 -52.5 39.9 44.9 
10%* -53.1 -54.2 42.6 43.7 
15%* -48.4 -50.2 49.1 43.9 
20%* -52.2 -37.1 - 47.4 

Tg1 corresponds to the Tg of the PEG fraction (mixed with the miconazole), Tg2 corresponds to the Tg of the PVA fraction 

of the copolymer. The asterisk indicates that this composition also shows a melting endotherm. 

IV.4.3 Solid dispersions prepared via hot-melt extrusion 

The solid dispersions prepared by hot-melt extrusion with the spray-dried 

copolymer were prepared under the same conditions as the solid dispersions prepared by 

hot-melt extrusion with the copolymer as received from the manufacturer. Interestingly 

the torque experienced by the extruder at the same process conditions was much lower 
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when using the spray-dried copolymer (Figure IV-6). The difference is greater at lower 

miconazole content, probably due to the fact that miconazole is melted at the extruding 

temperature, making the physical mixtures in the extruder more liquid as the miconazole 

content increases. As a consequence the attribution of the EG/VA being more or less 

amorphous (spray-dried or not) has less influence when miconazole content increases.   

 

Figure IV-6: Torque experienced by the extruder in function of the weight percentage of miconazole in the 
solid dispersions prepared by hot-melt extrusion. 

IV.4.3.1 Hot-melt extrusion with the copolymer as received from the manufacturer 

 

Figure IV-7: MDSC of the solid dispersions prepared by hot-melt extrusion. A. Reversing heat flow of the 
solid dispersions prepared with the copolymer as received with 5%, 10%, 16%, 21%, 27%, 32%, 36%, 42% 
and 43% w/w of miconazole. B. Reversing heat flow of the solid dispersions prepared with the spray-dried 

copolymer with 5%; 11%, 17%, 22%, 27%, 32% and 37% w/w miconazole. In both figures (↓) indicates the 
first glass transition temperature. 

The DSC curve overlay in figure IV-7A shows the reversing heat flow curves of 

the solid dispersions with 5, 10, 16, 21, 27, 32, 36, 42 and 43% w/w of miconazole. Only 

one glass transition temperature can be detected in all the samples (table IV-4). This glass 

transition can be allotted to the PEG fraction mixed with the drug as it shifts to higher 

temperature when the miconazole content in the solid dispersions increases up to a 
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concentration of 36% w/w miconazole. Analysis of the total heat flow showed that a 

single melting peak of miconazole appeared in solid dispersions starting from 27% w/w 

of miconazole (table IV, composition with an asterisk show also a melting endoterm of 

miconazole in their DSC curve). XRPD measurements confirm these findings (data not 

shown), although diffraction peaks of miconazole could only be detected in the 

diffractograms from a 36% w/w miconazole loading or higher. All diffraction peaks 

correspond to polymorph II, hence confirming the single melting peak. 

Table IV-4: Overview of the glass transition temperatures of the solid dispersions prepared by hot-melt 
extrusion with the copolymer as received from the manufacturer.  

w/w% 
miconazole 

Tg1(°C) Extrusion 
temperature 

5% -51.6 130 °C
10% -41.2 130 °C
16% -35.9 130 °C
21% -27.4 130 °C

27%* -24.9 130 °C
32%* -23.8 130 °C
36%* -20.5 130 °C
42%* -25.6 110 °C
43%* -29.1 110 °C

Tg1 corresponds to the Tg of the PEG fraction (mixed with the miconazole). The asterisk indicates that this composition 

also shows a melting endotherm. 

IV.4.3.2 Hot-melt extrusion with the spray-dried copolymer 

Again only one glass transition can be determined (figure IV-7B). The glass 

transition temperature shifts to higher temperature with increasing miconazole content up 

to a concentration of 27% w/w (table IV-5). Analysis of the total heat flow showed that a 

melting peak of miconazole appeared starting from 17% w/w miconazole. A very small 

shoulder peak appeared on that of the major melting peak of miconazole, though in 

XRPD only diffraction peaks of polymorph II could be detected. 
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Table IV-5: Overview of the glass transition temperatures of the solid dispersions prepared with the spray-
dried copolymer. 

w/w% 
miconazole 

Tg1(°C) Extrusion 
temperature 

5% -47.0 130 °C
11% -44.0 130 °C

17%* -41,4 130 °C
22%* -39,9 130 °C
27%* -38,1 130 °C
32%* -43,1 130 °C
37%* -44,2 130 °C

Tg1 corresponds to the Tg of the PEG fraction (mixed with the miconazole). The asterisk indicates that this composition 

also shows a melting endotherm. 

IV.5 Discussion 

All solid dispersions prepared by spray-drying with EG/VA as carrier material 

only display two glass transitions. Previous experiments with plasticizers showed that 

depending on the type and concentration of the plasticizers, mixing occurred with one or 

two of the amorphous fractions of EG/VA [chapter III]. The present MDSC results show 

that only the first glass transition temperature shifts to higher temperatures as function of 

the miconazole content, proving that miconazole only mixes with the PEG fraction of the 

copolymer and not with the PVA fraction after spray-drying. A separate amorphous phase 

of miconazole was never detected, as miconazole crystallizes following demixing with 

the PEG fraction. Miconazole as received from the manufacturer was shown to be 

polymorph I, but spray-drying induced in some cases (higher drug loads) the formation of 

polymorph II, or a mixture of both. These two polymorphs are monotropically related 

according to the “heat of fusion rule” [10] (polymorph I Tm = 83.6 °C and Δhf = 83 J/g, 

polymorph II Tm = 78.8 °C and Δhf = 72 J/g). Thus spray-drying can lead to formation of 

the less stable crystalline modification of miconazole. An increase of polymorph I can be 

detected after one month of storage for the solid dispersion obtained by spray-drying from 

the pre-heated solutions containing 31% w/w of drug. Heating up this spray-dried sample 

that contained both polymorphs revealed that polymorph II converts back to the stable 

polymorph I during heating.  

The kinetic miscibility was higher for the solid dispersions obtained from 

solutions which were pre-heated compared to those spray-dried from solutions prepared 

at ambient temperature. Spray-drying from non-heated solutions yielded solid dispersions 
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showing drug-polymer demixing at 12% w/w miconazole, while for the pre-heated 

solutions demixing was observed from 21% w/w of drug. Janssens et al. [8] showed 

already that the use of different solvent mixtures can influence the phase behavior of the 

solid dispersions with itraconazole and EG/VA. The addition of HCl to the water/ethanol 

phase in which the EG/VA was dissolved before adding it to the ethanol/CH2Cl2-

itraconazole solution showed to have an influence on the stability of the obtained solid 

dispersions. In the present study it is not the solvent mixture that is altered but the 

pretreatment of the solutions. It is well known that the solubility of pure PVA is highly 

depending on the saponification degree of the polymer used. Heating up the solution of 

PVA, a polymer which is highly hydroxylized, increases its solubility in water by 

breaking up the internal hydrogen bonds. It is also common knowledge that the aqueous 

solubility of materials with internal hydrogen bonding increases upon heating by breaking 

of the hydrogen bonds in the material. So in the case of EG/VA, boiling of the polymer 

solution will possibly also break up some internal hydrogen bonds in the copolymer 

thereby increasing the solubility in the solvent and improving the mixing of the drug and 

polymer chains in the solution. Hence, a higher degree of solid state mixing can be 

expected from such solution after spray-drying.  

Spray-drying is a well known solvent based manufacturing method for solid 

dispersions. In this process a solution of drug and polymer is atomized to droplets in the 

micrometer range which are eventually transformed into solid particles. This 

solidification process usually takes place within milliseconds. Compared to this process, 

solidification of polymer drug solutions by film casting is extremely slow but valuable in 

gaining information about the importance of kinetics of solvent evaporation on drug-

polymer miscibility. Our results clearly show a separate crystalline drug fraction in case 

of film casting, even at the lowest concentration (5% w/w drug) and points to the 

metastable nature of the spray-dried solid dispersions.  

One single glass transition was observed for all the solid dispersions prepared via 

hot-melt extrusion. This glass transition could be allotted to the PEG fraction of the 

copolymer mixed with miconazole as it shifted from -51.6 °C to higher temperatures as a 

function of the amount of miconazole in the solid dispersions. The copolymer EG/VA as 

such consists of two semi-crystalline fractions, but we already showed previously that 

after hot-melt extrusion of the copolymer the PVA fraction crystallizes, both due to shear 

forces and heat. Therefore the glass transition temperature of the PVA fraction could no 
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longer be determined after hot-melt extrusion [chapter III]. A separate amorphous phase 

of miconazole was never detected, as miconazole crystallized following demixing from 

the PEG fraction.  

The degree of mixing after hot-melt extrusion was clearly influenced by the 

pretreatment of EG/VA: no pretreatment or spray-dried. MDSC results showed demixing 

at 27% w/w miconazole, in case when the non spray-dried copolymer was used, while it 

was observed at 17% w/w miconazole in case when the spray-dried copolymer was 

applied. XRPD data confirmed this trend.  

We previously reported that spray-drying of the pure EG/VA below 140 °C leads 

to amorphization of the PVA fraction [chapter III]. Interestingly, this also seems to 

influence the extrusion process. We observed a remarkable decrease in the torque when 

using the spray-dried copolymer compared to the extrusion of the non-spray-dried 

copolymer. This can be considered as a clear processing benefit since this will allow 

extrusion at a lower temperature and torque.  

Miconazole was chosen as model compound because of its theoretical possibility 

to interact with the alcohol function on VA by hydrogen bonding. Nevertheless the results 

show that mixing does never occur with the PVA fraction but with the PEG fraction of 

the copolymer, independently of the manufacturing method. Preliminary tests with pure 

PEG and pure PVA as carrier material showed that miconazole can mix with PVA as 

solid dispersions made with PVA showed a shift in glass transition temperature in 

function of drug concentration, while the solid dispersions prepared with PEG showed the 

formation of a separate crystalline phase of miconazole from a 5% w/w content on. This 

shows that simple prediction of preference of mixing of the drug compound for either of 

the two fractions of the copolymer is not that straightforward through tests with the pure 

polymers whereof the copolymer exists.  

IV.6 Conclusion 

In none of the prepared solid dispersions a separate amorphous fraction of 

miconazole could be detected. Miconazole either mixed with the PEG fraction of the 

copolymer or crystallized in either the same (polymorph I) or a different polymorph 

(polymorph II) as the starting material, depending upon weight percentage of miconazole 

and the manufacturing process applied.  
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Heating of the solutions before spray-drying showed to have an advantage on the 

kinetic miscibility of the drug in the copolymer. Polymorph II showed to be able to 

convert to polymorph I over time or under influence of a temperature increase. These two 

polymorphs are monotropically related, with polymorph I as the most stable form.  

When using hot-melt extrusion as manufacturing method only polymorph II could 

be detected when demixing with the PEG fraction of EG/VA occurred. Although the use 

of the spray-dried copolymer for the extrusion process did not show any benefit 

concerning the kinetic miscibility of the drug and the copolymer, it has a manufacturing 

advantage.  The torque experienced by the extruder is much lower when using the spray-

dried copolymer in comparison with the copolymer as received from the manufacturer. 

Due to this the extrusion temperature can be lowered, which can be beneficial when 

processing heat labile drug compounds.   

Comparison between spray-drying and hot-melt extrusion for the production of 

solid dispersions with EG/VA and miconazole shows that hot-melt extrusion results in a 

higher degree of mixing.  
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Chapter V: Upscaling of the hot-melt extrusion 

process: comparison between lab scale and pilot 

scale production of solid dispersions with 

miconazole and Kollicoat® IR  

 

The results described in this chapter are published in the following article:  

Guns, S. Mathot, V., Martens, J., Van den Mooter, G. (2012) Upscaling of the hot-melt 

extrusion process; comparison between lab scale and pilot scale production of solid 

dispersions with miconazole and Kollicoat® IR. Eur. J. Pharm. Biopharm. 

http://dx.doi.org/10.1016/j.ejpb.2012.03.020  
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V.1 Abstract 

Since only limited amount of drug is available in early development stages, the 

extruder design has evolved towards smaller batch sizes, with a more simple design. An 

in dept study about the consequences of the differences in design is mandatory and little 

can be found in literature. Miconazole and Kollicoat® IR were used as model drug and 

carrier for this study. Two series of solid dispersions were made with a lab scale (internal 

circulation-simple screw design) and a pilot scale extruder (continuous throughput-

modular screw design). Efforts were made to match the operating parameters as close as 

possible (residence time, extrusion temperature and screw speed). The samples were 

analyzed with modulated DSC straight after production and after exact 24 h and 15 days 

storage at -26 °C. The kinetic miscibility of the samples prepared with the lab scale 

extruder was slightly higher than the samples prepared with the pilot scale extruder. As 

the solid dispersions with high drug load were unstable over time, demixing occurred, 

slightly faster for the samples prepared with the lab scale extruder. After 15 days, the 

levels of molecular mixing were comparable, pointing to the predictive value of samples 

prepared on laboratory scale.   

V.2 Introduction 

Hot-melt extrusion is a well investigated manufacturing technology in plastics 

industry since the beginning of the 20th century [1]. Although pharmaceutical-class 

extruders are virtually identical to plastics extruders some adaptations were made to meet 

the regulatory requirements in the pharmaceutical industry. In pharmaceutical research, 

hot-melt extrusion is a technology platform that provides the opportunity to intensively 

mix a drug with a carrier at elevated temperatures in a continuous mode, without the need 

of a solvent, and thereby creating a solid dispersion which is able to tune the 

bioavailability of the incorporated drug. Numerous examples of immediate- and 

sustained-release formulations prepared by hot-melt extrusion can be found in literature 

[2,3]. Some of these studies are performed with single screw extruders [4-5], mainly 

because of their more simple design and more reasonable cost [2,6]. Nevertheless most 

studies use a co-rotating twin screw extruder [7-10]. Twin-screw extruders have several 

advantages over single screw extruders, such as easier material feeding, high kneading 

and dispersing capacities, less tendency to over-heat and shorter transit time. The benefit 

of a co-rotating system is that they are self-wiping as they are generally of the 
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intermeshing design. They can be operated at high screw speeds and achieve high 

outputs, while maintaining good mixing and conveying characteristics. Unlike counter-

rotating extruders, they generally experience lower screw and barrel wear as they do not 

experience the outward “pushing” effect due to screw rotation [11]. 

The opportunity to control the shape of the end product has made that hot-melt 

extrusion can be used both for oral applications [5,7-10,12,13] as well as for implants 

[14] and patches [4,15], depending on the downstream-processing. Although hot-melt 

extrusion is a promising technique for various applications, the major disadvantage of the 

hot-melt extrusion techniques is the use of heat and the application of shear forces on the 

active pharmaceutical ingredient (API) which limits its use to heat stable compounds 

only. One must remark that this drawback must be toned down because of the limited 

residence time of the material inside the extruder.  

In general an extruder exists of three stages which can further be extended with 

downstream processing equipment for cooling, cutting and/or collecting the finished 

product. The first is a feeding stage. A hopper either feeds the material in the extruder by 

flood feeding (by means of gravity) or by starve feeding (preset mass flow rate).  Hereby 

the material enters the second stage which consists of a heated barrel wherein the screws 

rotate. This zone is responsible for the conveying, melting and mixing of the material. 

After this stage the material passes through a die, which allows shape formation [11].  

A major obstacle in drug development today is the low aqueous solubility of new 

API’s related to complex molecular structures [16]. Various techniques have been 

described to improve the solubility and bioavailability of API, including solid dispersions 

prepared via hot-melt extrusion. Subsequently it is important to assess the appropriateness 

of hot-melt extrusion as processing method for a new drug candidate as soon as possible. 

As only limited amounts of API are available in the early development stages, the 

extruder design has evolved towards smaller batch sizes (5-20 g or even lower). These 

small-batch extruders often posses a more simple design with respect to screw 

configuration and in most cases have an internal circulation channel. This makes 

upscaling to production size extruders working in continuous mode extremely challenging 

[17].  In literature different terms are used to describe the extruder type. The lab scale 

extruder described in this study is a mini-extruder with simple screw design, an internal 

circulation channel and a production batch size of 5cc. The pilot scale extruder is an 

extruder with modular screw design, a continuous throughput and can produce up to 
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8 kg/h (depending on operating parameters and material that is processed). Although this 

last type is often referred to in literature as a lab scale extruder, we believe it is more 

convenient to address it as a pilot scale extruder considering the similarity with the 

production scale extruders used in industry today and the relative high throughput.  

Despite the discrepancy in design between lab scale extruders and pilot or 

production scale extruders, lab scale extruders are popular in early development and in 

research [7,12,13,17-19]. An in dept study about the consequences of the difference in 

design is mandatory and little can be found in literature. Therefore we performed a study 

were we made a series of solid dispersions with poly(ethyleneglycol-g-vinylalcohol) 

(EG/VA) as a carrier and miconazole as model drug with both extruder types. Efforts 

were made to match the operating parameters as close as possible (like residence time, 

extrusion temperature and screw speed) to see the true impact of the extruder design on 

the mixing behavior of the two types of extruders. The goal was to evaluate the predictive 

value of these small batch size lab scale extruders for the manufacturing of solid 

dispersions. Samples were evaluated with modulated differential scanning calorimetry 

(MDSC) straight after production, but also after 24 h and 15 days, to study the possible 

demixing of unstable solid dispersions.  

The carrier EG/VA selected for this study has been thoroughly characterized and 

has shown before to be a potential carrier for the formulation of solid dispersions 

[20,21,chapter  IV]. It consists of two semi-crystalline fractions: a polyethylene glycol 

(PEG) fraction and a polyvinylalcohol (PVA) fraction. The PEG fraction shows a glass 

transition temperature at -57 °C and a melting transition at 15 °C, the PVA fraction shows 

a glass transition temperature around 45 °C and a melting transition at 212 °C. Hot-melt 

extrusion increases the crystallinity of the PVA fraction [chapter III]. 

Miconazole was used as a model drug. It has a Tg in between that of the 

amorphous PEG fraction and the amorphous PVA fraction (Tg(miconazole) = 1.7 °C) [22].  It 

has been proven before that miconazole and EG/VA can be processed by hot-melt 

extrusion to make amorphous solid dispersions [chapter IV], making this system a 

suitable model system to study the effect of different scale and types of extruders on the 

mixing behavior of drugs and polymers.  
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V.3 Material and methods 

V.3.1 Material 

The graft copolymer of ethylene glycol and vinyl alcohol (Mw= ca. 45000 Da, 

chapter I: figure I-15) was obtained from BASF (Ludwigshafen, Germany). Miconazole 

(chapter I: figure I-16) was kindly donated by Janssen Pharmaceutica (Beerse, Belgium).  

V.3.2 Methods 

V.3.2.1 Preparation of solid dispersions with a lab scale extruder 

Solid dispersions were prepared with a 5cc mini compounder (Xplore DSM, 

Geleen, The Netherlands) with a co-rotating gearbox with respectively 9, 15, 20, 25, 31, 

35, 41, 47 and 50% w/w of miconazole. These samples are referred to as sample L9, L15, 

L20, L25, L31, L35, L41, L47 and L50 respectively.  The core of this extruder is formed 

by a mixing compartment consisting of two separable halves and double, conical mixing 

screws. The two metal halves each consist of three controlled heating zones, which were 

always kept at the same temperature (170 °C). Seven thermocouples are available for 

temperature monitoring, including one in the melt. The screw speed was set at 200 rpm. 

Per run, a load of 4.5 g physical mixture was fed manually into the hopper while keeping 

the screw speed at 50 rpm, and after feeding, the internal circulation time was 1 min at 

elevated screw speed. The core of the extruder was purged with nitrogen during 

extrusion. During extrusion a log was made of the force needed by the extruder to rotate 

the screws. This is proportional to the torque experienced by the extruder according to 

equation V-1.  

Equation V-1:     

τ is torque, r is the displacement vector (a vector from the point from which 

torque is measured to the point where force is applied) and F is the force vector.   

 The extrudates were collected without any cooling accessories and analyzed with 

MDSC within 15 minutes after production. All samples were stored in a freezer (-26 °C) 

protected from humidity and subsequent analyses were done on different time points.  

To study the effect of shear and operating temperature two additional samples 

with 40% w/w miconazole were prepared using the same extruder. The residence time 

was again one minute, but for the first sample a temperature of 130 °C was used and a 
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screw speed of 200 rpm, while for the second sample a temperature of 170 °C was used 

and a screw speed of 400 rpm. The samples were analyzed with MDSC within 15 minutes 

after production.  

V.3.2.2 Preparation of solid dispersions with a pilot scale extruder 

Solid dispersions were prepared with a Twin screw extruder type MP19PC (APV 

Baker Limited, Newcastel-U-Lyme, England) with respectively 9, 18, 29, 34, 39, 45, 49, 

56 and 60% w/w of miconazole. These samples are referred to as sample P9, P18, P29, 

P34, P39, P45, P49, P56 and P60 respectively. A schematic picture of the pilot scale 

extruder is given in figure V-1. 

 

Figure V-1: Schematic drawing of the design of the pilot scale extruder with the position of the screws 
inside the extruder. The red zones are the heated zones of the barrel, the blue one is the water-cooled zone. 
T1, T2, T3 indicate the different thermocouples. The screw configuration of the MP19PC is shown in detail; 

A) conveying elements, B) five 30° forwarding paddles, C) four 60° forwarding paddles, D) six 90° 
alternating paddles, E) three 60° reversing paddles. 

Physical mixtures are fed through the feeding system by a rotating screw of which 

the speed can be controlled (starve feeding). To avoid arching in the feeder hopper the 

material was constantly stirred manually. The first zone of the extruder was water cooled; 

subsequently the material passes through two heated zones. In these experiments the 

zones two and three were kept at equal temperature (160 °C). When the material has 

passed the screws, it will leave the extruder through a die which was not particularly 

heated, but was at elevated temperature through conductive heat flow from the heated 

barrel. The die consisted of a plate with a circular hole of 5 mm. Three temperatures were 
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registered. The actual temperature from zone two (T2)  and three (T3) and a melt 

temperature from a thermocouple that was placed close to the melt in the middle of 

heated zone two and three (T1). The screws have a modular design. Feed screws were 

placed in the section were the material enters the barrel. The mixing section begins early 

in the second zone of the barrel. Simple rules of thumb were used to determine the mixing 

paddles orientation. 30° paddles have a significant conveying tendency and therefore 

often operate with a low degree of fill. 60° paddles have some conveying tendency and 

90° paddles have no conveying tendency and therefore run full and have the best mixing 

performances. A good balance between mixing and forwarding tendency must be 

obtained and transit time may not become too long (for instance with reversing paddles). 

Our start configuration was five 30° forwarding paddles followed by four 60° forwarding 

paddles followed by six 90° alternating paddles and finally three 60° reversing paddles 

(figure V-1). Using this set-up the throughput was determined to be 3.1 kg/h (see section 

V.3.2.3 and table V-1). For every sample 400 g of mixture was made. First 200 g of 

sample were discarded to stabilize the system. Only the last 200 g were kept as sample for 

analysis. The torque experienced by the extruder could be recorded as a percentage of the 

maximal operating torque of the machine.   

V.3.2.3 Residence time in the pilot scale extruder 

A test was performed to know the residence time in the pilot scale extruder at 

various screw speeds and feeding rates. Pure copolymer was extrudated at 180 °C. When 

the process was stabilized, 10 mg of Kollicoat IR Brilliant Blue (BASF, Ludwigshafen, 

Germany) was added directly in the first zone of the barrel and the residence time was 

recorded. The first time recorded (t1) was the time that it takes to obtain the first blue 

coloration of the extruded strands, the second time (t2) is the time it takes to get the last 

blue coloration out of the extruder. This time corresponds to the longest time it takes for 

material to pass the screws in the extruder and exits the die. 

V.3.2.4 Modulated temperature differential scanning calorimetry 

MDSC measurements were carried out using a Q2000 modulated DSC (TA 

Instruments, Leatherhead, UK) equipped with a Refrigerated Cooling System (RCS90). 

Data were treated mathematically using Universal Analysis software (version 4.4A, TA 

instruments, Leatherhead, UK). Glass transition temperatures were measured at half 



Upscaling of the hot-melt extrusion process 

92 
 

height in the reversing heat flow, melting temperatures were measured at the peak 

maxima in the total heat flow. A flow rate of 50 ml/min of nitrogen was used as a purge 

gas through the DSC cell. TA Instruments standard aluminum pans (Brussels, Belgium) 

were used for all measurements. The sample masses varied from 1.00 to 6.00 mg 

(accurately weighed).  

The DSC Tzero calibration was performed in two experiments, one without 

samples or pans (baseline) and the second was performed with large sapphire disks 

(without pans, mass approximately 100 mg). Octadecane, tin and indium standards were 

used to calibrate the DSC temperature scale, enthalpic response was calibrated with 

indium. Heat capacity calibration was performed with a small sapphire disk in a pan. 

Validation of temperature and enthalpy showed that deviation of the experimental from 

the theoretical values was less then 0.1 °C for the temperature and less than 1 % for the 

enthalpy measurements.  

An amplitude of 0.4 °C, a period of 40 s and a underlying heating rate of 

2.5 °C/min were applied [chapter III].  

The percentage of crystalline drug present in the solid dispersions could be 

calculated based on the specific enthalpy of fusion by equation V-2: 

Equation V-2:    
	 %	 	 	⁄

	 	 	
100 

Whereby “Δhf measured” is the specific enthalpy of fusion of the crystalline drug 

in the solid dispersion, “% MICO in sample” is the percentage of miconzole present in 

the solid dispersion and “Δhf pure crystalline MICO” is the specific enthalpy of fusion of 

the pure crystalline form of miconazole (polymorph II, Δhf = 71.9 J/g). 

V.3.2.5 X-ray powder diffraction 

X-ray powder diffraction (XRPD) was performed on the samples extruded with 

the lab scale extruder.  An automated X’pert PRO diffractometer (PANalytical, Almelo, 

the Netherlands) was used in transmission geometry with transmission sample holders 

using Kapton foils to clamp the samples. All samples were measured without crushing or 

any other sample preparation with a 2Theta scan. The samples prepared with the pilot 

scale extruder were too thick to acquire enough counts on the detector. A copper tube 

with the generator set at 45 kV and 40 mA was used. Using a transmission-reflection 
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spinner it was possible to improve the counting statistics by spinning the sample using a 

rotation time of 4.0 s. In the incident beam path a focusing X-ray mirror, an 0.04 rad 

soller slit and a fixed divergence slit of 0.5° were applied. In the diffracted beam path a 

0.04 rad soller silt and a programmable anti-scatter slit were installed. The last one was 

programmed to keep a fixed 0.5° opening. The detector used for data collection was an 

X’Celerator RTMS detector, with an active length of 2.122°. The data were collected in 

continuous scan mode with a scan region of 4.0040° till 40.0001° and a step size of 

0.0167°. The counting time was 499.745 s. X’pert Data Collector version 2.2c 

(PANalytical, Almelo, The Netherlands) was used for data collection and X’pert Data 

Viewer version 1.2.a (PANalytical, Almelo, The Netherlands) was used for data 

visualization and treatment. 

V.3.2.6 Analysis of the miconazole content 

Approximately 10-20 mg (accurately weighted) of the solid dispersions was 

dissolved in 5.00 ml DMSO and the miconazole content was determined with HPLC 

using a series of dilutions of miconazole in DMSO. Experiments were done in triplicate. 

All samples were analysed by HPLC-UV. The chromatographic system consisted of a 

binary pump (type 1525; Waters, Milford Massachusetts), an autosampler (717Plus; 

Waters) and a dual wavelength absorbance detector (type 2487; Waters). A LiChrospher 

60 RP-select B column (4.0x125 mm) (Merck, Darmstadt, Germany) was used for 

chromatographic separation. Acetonitrile - acetate buffer pH 3.5 (60:40; v/v) was used as 

mobile phase at a flow rate of 1.0 ml/min, all solvents used were HPLC grade. The 

injection volume was 10 µl and UV detection was used at a wavelength of 237 nm. 

V.4 Results & discussion 

V.4.1 Experimental conditions  

V.4.1.1 Residence time in the extruders 

 The residence time in the pilot scale extruder was determined for four different 

rotation speed settings. Table V-1 gives an overview of the different residence times that 

were determined. “t1” Indicates the time it takes to get the first coloration of the strands 

leaving the extruders, “t2” gives the time it takes to have strands coming out of the 

extruder with no colouration. The difference between “t1” and “t2” makes clear that not 
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every particle has the same speed throughout the extrusion process, most likely linked to 

the mixing elements in the screw configuration.  

For a rotation speed of 200 rpm a residence time of 61 s could be determined. This 

is important for further comparison with the lab scale extruder, where the residence time 

was chosen to be one minute, while keeping the feeding time as short as practically 

possible.  

Table V-1: Overview of the residence time of the material inside the pilot scale extruder at different screw 
velocities (100, 200, 300 and 400 rpm) and hopper feeding rates. “t1” Indicates the time it takes to get the 

first coloration of the strands leaving the extruders, “t2” gives the time it takes to have strands coming out of 
the extruder with no coloration (see materials and methods). 

rpm 
Feeding 

rate 
(kg/h) 

t1 (s) t2 (s) 

100 1.4 48 119 

200 3.1 23 61 

300 4.8 17 40 

400 6.5 15 35 

V.4.1.2 Extrusion temperature 

Table V-2 gives an overview of the recorded temperatures for the pilot scale 

extruder. T2 and T3 are from zone two and three, T1 is recorded close to the melt in the 

middle of the heated zones between zone two and three (see figure V-1). Though the 

temperature was set at 160 °C, the recorded temperatures deviate. The second zone is the 

zone closest to the cooled feeding zone; therefore the temperature is sometimes slightly 

lower than the set temperature. The third zone is more stable. To get an idea about the 

temperature of the material in the extruder, the temperature in the melt is the most 

accurate. Varying between 178 and 167 °C the melt temperature is higher than the set 

temperature of the barrel. One reason for this could be the local heat produced by the 

shear of the mixing elements.  
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Table V-2: Overview of the recorded temperatures of the pilot scale extruder. “T1” Is recorded close to the 
melt in the middle of the heated zones between zone two (T2) and three (T3) (see also figure V-1). 

Sample T1 T3 T2 
Torque 

(%) 

P60 170 160 160 25 

P56 173 160 160 25 

P49 168 160 160 25 

P45 168 160 154 25 

P39 167 160 154 30 

P34 168 160 154 35 

P29 176 162 158 55 

P18 178 163 158 75 

P9 178 163 160 80 

 

The design of the screws of the lab scale extruder is simpler as they do not contain 

any mixing elements. Here the temperature recorded close to the melt is lower than the set 

temperature (table V-3), most likely linked to the fact that the screws induce less shear 

and the presence of a thermal gradient from the metal halves (where the operating 

temperature is controlled, see materials and methods). Therefore a slightly higher set 

temperature was used to produce the samples with the lab scale extruder. As a result the 

temperature recorded in the melt of both types of extruders was comparable and well 

above the melting temperature of the drug. 
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Table V-3: Overview of the recorded melt temperatures (Tmelt) of the lab scale extruder. 

Sample Tmelt 

L50 168 °C 

L47 163 °C 

L41 162 °C 

L35 161 °C 

L31 159 °C 

L25 159 °C 

L20 159 °C 

L15 159 °C 

L9 158 °C 

V.4.1.3 Torque experienced by the extruders 

Figure V-2 shows the recorded force that is proportional to the torque experienced 

by the lab scale extruder during the extrusion process according to equation V-1. The 

initial burst in the recorded force (and torque) is when the material is fed in the extruder; 

this usually takes around 10 s to feed all the material. The force reaches a plateau about 

half a minute after the material is fed in the extruder and the residence time is being 

recorded, suggesting stabilization of the mixing. The force decreases in function of the 

drug content, due to the molten state of the drug present in the extruder. Almost no forces 

are needed by the extruder to mix the sample with 47% w/w drug load. For the pilot scale 

extruder the force in function of time could not be systematically logged but a percentage 

of the maximum torque could be read out from a display. Table V-2 shows that 

percentage in function of the miconazole content. The same trend is clear: a decreasing 

torque with increasing miconazole content. For het highest concentrations, 25% of the 

maximum torque was needed to mix the material in the extruder and no differences 

between the samples can be detected. When running the extruder with no material inside 

the screws also endure a 25% of the maximum torque, indicating that the displayed torque 

is only an approximation as small differences are to be expected.  
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Figure V-2: Force recorded during the extrusion process. This force is directionally proportional to the 
torque experienced by the extruder. 

V.4.2 Solid dispersions prepared with the pilot scale extruder 

V.4.2.1 Fresh samples 

The copolymer EG/VA as such consists of two semi-crystalline fractions, but we 

already showed in a previous study that after hot-melt extrusion the PVA fraction 

crystallizes, both due to shear forces and heat. Therefore the glass transition temperature 

of the PVA fraction (around 45 °C) could no longer be determined after hot-melt 

extrusion [chapter III]. Analysis of the reversing heat flow of the solid dispersions (figure 

V-3) shows only one glass transition temperature for the samples with low miconazole 

content (P9-P34) which shifts to higher temperatures when the miconazole content in the 

solid dispersions increases (from -41.8 to -22.3 °C). This proves that miconazole mixes 

with the PEG fraction of the copolymer. 
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Figure V-3: Overlay of the reversing heat flow of the samples produced by the pilot scale extruder analyzed 
straight after production. Sample names are indicated on the figure. 

The solid dispersions P39, P45, P49, P56 and P60 show a broader glass transition 

range. These glass transitions seem to consist of two step changes, close to one another.  

The steep step change in baseline that is recognizable in the reversing heat flow of 

a MDSC measurement at the glass transition translates into a peak in the derivative of this 

signal. When two glass transition regions are broad and close to each other, it may be 

difficult to distinguish between the presence of only one or two glass transition regions. 

The derivative of the reversing heat flow may help in these cases, as the double maxima 

are often more easily detectable. The maximum of the peak in the derivative of the 

reversing heat flow corresponds to the inflection point of the step change in the reversing 

heat flow. The area under the curve of such a peak in the derivative of the reversing heat 

flow is directly proportional to the change in heat capacity an amorphous sample 

undergoes during the glass transition. Figure V-4 shows an overlay of the derivative of 

the reversing heat flow. The first glass transition remains more or less constant for the 

samples displaying a double glass transition (around -24 °C), while the second glass 

transition remains constant in temperature (around -4 °C), but the area under the peak 

increases with increasing drug concentrations in the different solid dispersions. The 

amount of miconazole that is molecularly mixed with the PEG fraction of the copolymer 

remains constant from a concentration of ca. 34% w/w miconzole, based on the glass 

transition temperature of this fraction and the fact that the specific heat capacity change 

no longer changes with increasing drug concentration. The surplus of miconazole in the 
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solid dispersions with higher drug loads either forms a cluster of amorphous miconazole 

(from a concentration of ca. 39% w/w miconazole) or both an amorphous and a 

crystalline cluster (from a concentration of 45% w/w miconazole).  

 

Figure V-4: Overlay of the derivative of the reversing heat flow of the samples produced by the pilot scale 
extruder analyzed straight after production. Sample names are indicated on the figure. 

 

Figure V-5: Overlay of the total heat flow of the samples produced by the pilot scale extruder analyzed 
straight after production. Sample names are indicated on the figure. 

The DSC curve overlay in figure V-5 shows the total heat flow curves of the solid 

dispersions P9, P18, P29, P34, P39, P45, P49, P56 and P60. One single melting peak of 

miconazole appeared in solid dispersions P45, P49 and P56, not in the sample P60 when 

analyzed within 15 minutes after production.  
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Calculation of the degree of crystallinity showed that respectively 6.5, 2.2 and 

8.4% of the miconazole present was crystalline (table V-4). The melting temperatures 

(peak maximum temperatures) were between 76 and 77 °C indicating that the crystalline 

miconazole is present as polymorph II. Sample P60 is peculiar because it differs from the 

trend seen in samples P45, P49 and P56. No crystalline miconazole could be detected in 

that sample, though a large amount of the miconazole present in the solid dispersions is 

amorphous and not mixed with the polymer (42% based on the determination of the 

specific heat capacity change). Crystalline miconazole can easily be transformed to the 

glassy state by cooling it from the melt. When the material is processed by the extruder at 

the temperatures used for this study, the formation of amorphous miconazole can be 

expected, if the thermodynamic solubility of miconazole in the copolymer is exceeded. 

The behavior of the physical mixtures after heat treatment can be mimicked using a DSC, 

remembering that no shear is involved in this experiment. After heating above its melting 

temperature, miconazole can easily form a glass when cooled, even at relatively low 

cooling rates [22]. After heating to 170 °C and cooling to -90 °C the second heating curve 

shows no presence of crystalline drug in the samples with 10, 30 and 50% w/w drug load. 

For the sample with 50% drug load demixing can be detected by the presence of a 

separate amorphous cluster. These results suggest that the formation of crystalline clusters 

of miconazole is a consequence of shear experienced in the extruder. The sample with the 

highest drug load P60 experiences the lowest shear (table V-2) of all samples. Though no 

difference in the shear can be registered between sample P45, P49, P56 and P60 because 

of the less accurate torque registration of the equipment used, it is easy to understand that 

the higher the (molten) drug concentration, the lower the torque will be (see also figure 

V-2). 
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Table V-4: Overview of the different samples prepared with both types of extruders. The presence of 
amorphous cluster and the percentage of crystalline miconazole are given.  

PILOT SCALE EXTRUDER           LAB SCALE EXTRUDER        

sample  % MICO 
amorphous 
cluster 

% crystalline MICO (of 
total MICO content) sample % MICO 

amorphous 
cluster 

% crystalline MICO (of 
total MICO content) 

      0h 24h 15d         0h 24h 15d 

P9 9 - - - - L9 9 - - - - 

P18 18 - - - - L20 20 - - - - 

P29 29 - - - 1.3 L31 31 - - - - 

P34 34 - - - 6.5 L35 35 - - 0.6 8.1 

P39 39 yes - 1.6 10.7 L41 41 - - 1.4 47.1 

P45 45 yes 6.5 1.7 28.1 L47 47 - 0.9 0.6 56.1 

P49 49 yes 2.2 1.5 17.8 L50 50 yes 1.7 16.0 18.4 

P56 56 yes 8.4 14.5 38.1 - - - - - - 

P60 60 yes - 1.0 35.1   - - - - - - 

 

V.4.2.2 Stability of the samples 

The samples were stored for exactly 24 h at -26 °C and protected from humidity. 

Thermal analysis shows a melting transition around 77 °C for the samples P39, P45, P49, 

P56 and P60. This corresponds to the melting of miconazole polymorph II. Calculation of 

the specific enthalpy of fusion showed that respectively 1.6, 1.7, 1.5, 14.5 and 1.0% of the 

miconazole present in the different samples was crystalline (table IV). For the sample P56 

the endothermic transition was preceded by an exothermic cold crystallization. For the 

other samples no cold crystallization could be detected.  

Only one glass transition could be detected for the samples with low drug content 

(P9-P34) which shifts to higher temperatures when the miconazole content in the solid 

dispersions increases. Both the temperature and the specific heat capacity change are 

comparable with the analysis performed at time 0. The solid dispersions P39, P45, P49, 

P56 and P60 show a double glass transition temperature comparable with the analysis at 

time 0. 

After 15 days of storage under the same conditions, the samples P29, P34, P39, 

P45, P49, P56 and P60 showed a melting endotherm of miconazole. For the higher 

concentration the melting temperature was around 77 °C, for the lower concentration it 

shifted to minimum 74 °C, suggesting that the crystalline miconazole present is 

polymorph II. Calculation of the specific enthalpy of fusion showed that the degree of 

crystallinity was 1.3, 6.5, 10.7, 28.1, 17.8, 38.1, 35.1% (table IV).  For the samples P45, 
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P49, P56 and P60 the melting endotherm was proceeded by a broad cold crystallization 

peak. For the other samples no cold crystallization could be detected, but often this is 

undetectable because of its broad nature.  

Only one glass transition could be detected for the samples with low drug content 

(P9-P34) which shifts to higher temperatures when the miconazole content in the solid 

dispersions increases. Both the temperature and the specific heat capacity change are 

comparable with the analysis performed at time 0. The solid dispersions P39, P45, P49, 

P56 and P60 show a double glass transition comparable with the analysis at time 0. 

When a solid dispersion is partially molecularly mixed and partially contains 

clusters of amorphous and/or crystalline drug, an increase in amount of crystalline drug in 

time can only be explained in two ways. Either the fraction that is molecularly mixed 

starts to demix, which is shown by a shift of the glass transition temperature of that 

fraction. If the amorphous cluster of the drug crystallizes, we expect a decrease in the 

specific heat capacity change that is characteristic for the glass transition of a certain 

amount of drug. While analysis of the DSC curves suggest an increase in crystalline drug 

over time due to the increase in specific enthalpy of fusion, no other evidence could be 

found of demixing from the molecular dispersions or crystallization from the amorphous 

fraction. Both the temperatures and the specific heat capacity changes of the glass 

transitions remained constant in time for the samples with high drug load (P39-60) 

suggesting cold crystallization takes place upon heating during the MDSC experiment. 

For some of the samples that were stored for 15 days this cold crystallization was visible 

in the DSC curve (for example P60, figure V-6), but not for all. This can be explained by 

cold crystallization that is broad and overlaps with the endothermic signal due to the 

evaporation of water. Hence in this case, calculations of the degree of crystallinity are 

most likely an overestimation of the true crystalline content.  
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Figure V-6: Overlay of the total, reversing and derivative of the reversing heat flow of sample P60. The 
green curve shows the analysis straight after production, the blue curve is the analysis after 24 h of storage 

(-26 °C) and the brown curve is the analysis after 15 days of storage (-26 °C). 

V.4.3 Solid dispersions prepared with the lab scale extruder 

V.4.3.1 Fresh samples 

 

Figure V-7: Overlay of the total heat flow of the samples produced by the lab scale extruder analyzed 
straight after production. Sample names are indicated on the figure. 

Figure V-7 shows an overlay of the total heat flow curves of the solid dispersions 

L9, L15, L20, L25, L31, L35, L41, L47 and L50. One single melting peak of miconazole 

appeared in solid dispersions L47 and L50, but not in the samples with a lower drug 

concentration.  
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Figure V-8: Overlay of the reversing heat flow of the samples produced by the lab scale extruder analyzed 
straight after production. Sample names are indicated on the figure. 

Analysis of the reversing heat flow (figure V-8) shows only one glass transition 

for the samples L9-L47. This glass transition shifts to higher temperatures in function of 

the miconazole content (-40.5 °C to -14.3 °C), indicating that for these samples the drug 

is molecularly mixed with the PEG fraction of the copolymer. The sample L50 shows a 

double glass transition. Similarly to the samples prepared with the pilot scale extruder we 

used the derivative of the reversing heat flow to determine the glass transition 

temperatures (figure V-9). Based on the peak maximum of the derivative of the reversing 

heat flow of sample L50, the first glass transition was ca. -24 °C and the second ca. -5 °C. 

Thus, in addition to the part of the drug that is molecularly mixed with the PEG fraction 

of the copolymer also amorphous clusters of the drug are present (comparable to sample 

P39-P60).  
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Figure V-9: Overlay of the derivative of the reversing heat flow of the samples produced by the lab scale 
extruder analyzed straight after production. Sample names are indicated on the figure. 

Analysis with XRPD 8h after production confirmed these findings (figure V-10). 

Bragg reflections corresponding to miconazole become visible from in the sample with 

47% w/w miconazole and correspond to polymorph II, hence confirming the MDSC data.  

 

Figure V-10: XRPD of sample L41 and L47 and extruded EG/VA without any drug. Diffractograms of the 
two known polymorphs of miconazole were added as reference diffractograms (polymorph I & II, with as 
scaling factor of 0.5). The solid lines indicate two major diffraction peaks of polymorph I (I(a) 11.47°, I(b) 

12.73°), and the dotted lines indicate two major diffraction peaks of polymorph II (II(a) 18.11°, II(b) 
25.04°). 
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V.4.3.2 Effect of shear and operating temperature 

Figure V-11 shows an overlay of the MDSC curve of the two prepared samples, 

see section V-3.2.1. The sample prepared at 130 °C / 200 rpm shows clearly a melting 

endotherm in the total heat flow signal, corresponding to polymorph II of miconazole. 

The reversing heat flow shows a double glass transition. For the sample prepared at 170 

°C / 400 rpm only one glass transition can be detected combined with a melting 

endotherm of polymorph II. This demonstrates the importance of shear and operating 

temperature. Both the lowering of temperature and the increase in rotation speed result in 

the presence of crystalline miconazole, while the same sample prepared at 200 rpm and 

170 °C was molecularly mixed straight after production. 

 

Figure V-11: MDSC overlay of the total and reversing heat flow of sample prepared with the lab scale 
extruder to investigate the effect of shear forces and operating temperature on the kinetic miscibility. The 
samples were analyzed straight after production. Both samples contain 40% w/w miconazole. The green 

curve was processed at 130 °C at a rotation speed of 200 rpm; the blue curve was processed at 170 °C and a 
rotation speed of 400 rpm. For both samples the residence time was one minute. 

V.4.3.3 Stability of the samples 

The samples were stored for exactly 24 h at -26 °C and protected from humidity. 

Thermal analysis shows an endothermic melting transition around 76 °C for the samples 

L35, L41, L47 and L50, corresponding to the melting of miconazole polymorph II. 

Calculation of the specific enthalpy of fusion showed that respectively 0.6, 1.4, 0.6 and 

16.0% of the miconazole present in the different samples was crystalline (table V-4). For 

the sample L50 the melting endotherm was preceded by a broad cold crystallization, the 

other samples did not show cold crystallization.  
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Only one glass transition could be detected for the samples with lower drug 

content (L9-L47), this glass transition shifts to higher temperatures when the miconazole 

content in the solid dispersions increases (from -41.8 °C to -13.6 °C). Both temperature 

and the specific heat capacity change are comparable with the analysis performed at time 

0. For the sample L50 the double glass transition is still present and no significant change 

in temperature or specific heat capacity change could be noticed.   

After 15 days storage at -26 °C the samples L35, L41, L47 and L50 showed a 

clear melting endotherm of miconazole, for the sample L31 the melting endotherm is very 

small and difficult to distinguish from the baseline. The melting temperature was between 

71 and 76 °C, pointing to the presence of polymorph II of miconazole. Calculation of the 

specific enthalpy of fusion showed that respectively 8.1, 47.1, 56.1 and 18.4% of the 

miconazole present in the different samples was crystalline (table V-4). Only in the 

sample L50 cold crystallization could be detected.  

Only one glass transition could be detected for the samples with a lower drug 

content (L9-L47). For the samples L9 to L35 the glass transition temperature increases as 

the miconazole content increases, comparable with the measurement at time 0. For the 

samples L41 and L47 the glass transition temperature slightly decreased and broadened 

compared to the analysis of the samples at time 0. Also the specific heat capacity change 

at the glass transition was lower when compared with the measurement immediately after 

production. For the sample L50 no significant change in glass transition temperature and 

specific heat capacity change can be reported. 

In contrast to the samples prepared with the pilot scale extruder, the crystalline 

demixing can clearly be linked to the broadening of the glass transitions after storage.  

V.4.4 Comparison between the pilot scale and the lab scale extruder 

Although the samples prepared with the pilot scale extruder showed demixing 

from lower concentrations, the initial crystalline demixing was comparable for the two 

sample sets (from 45% w/w for the pilot scale extruder vs 47% w/w for the lab scale 

extruder). Miconazole as received from the manufacturer was shown to be polymorph I, 

but hot-melt extrusion induced the formation of polymorph II. These two polymorphs are 

monotropically related according to the “heat of fusion rule” as described in a previous 

study [23,chapter IV]. The degree of amorphous demixing was higher for the pilot scale 

extruder (39% w/w) compared to the lab scale extruder (50% w/w), but crystalline 
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demixing was comparable (45% vs 47% w/w). This can be at least partially explained 

because of the presence of mixing elements in the pilot scale extruder and the difference 

in plasticization temperature of the drug and polymer, different residence times are 

applicable during the hot-melt extrusion process, hence creating an inhomogeneous 

distribution of the drug in the samples in the form of amorphous clusters.  

Stability studies showed that gradually crystalline demixing proceeded. After 24h 

the samples prepared with the pilot scale extruder showed a melting endotherm from the 

concentration of 36% w/w, while the samples prepared with the lab scale extruder show a 

melting endotherm from 35% w/w miconazole. After 15 days crystalline demixing can be 

observed from 29% w/w for the pilot scale extruder and from 30% w/w for the lab scale 

extruder. Analysis of the glass transition temperatures and specific heat capacity change 

showed that the part of the drug that was mixed as well as the separate amorphous 

clusters remained stable over the time for the samples prepared with the pilot scale 

extruder. In contrast, the samples prepared with the lab scale extruder showed broadening 

of the glass transition temperature(s) after 15 days of storage, clearly linked to crystalline 

demixing of the drug (increase in melting endotherm). This suggests that samples 

prepared with the lab scale extruder demix faster and more profound than the samples 

prepared with the pilot scale extruder.  

V.5 Conclusion 

The great advantage of using a lab scale extruder in early development is the 

limited time necessary to perform the experiments and the low quantity of material 

needed. In order to have useful information from these experiments, the outcome with 

respect to scale up should be reliable. Despite the differences in design between a lab and 

production or pilot scale extruder, we proved that matching the process conditions is 

manageable in this case, but not always straight forward (e.g. operating temperature 

compared to temperature in the melt). We were able to produce solid dispersions with 

both types of extruders. The kinetic miscibility of the samples prepared with the lab scale 

extruder was slightly higher than the samples prepared with the pilot scale extruder. As 

the solid dispersions with high drug load were unstable over time, demixing occurred. 

Demixing was faster and more pronounced in the samples prepared with the lab scale 

extruder. This resulted after 15 days of storage at -26 °C in comparable levels of 

molecular mixing in the samples prepared with the two extruders, proving the predictive 
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value of samples prepared on laboratory scale. Additionally the lab scale extruder proved 

to be a very useful tool to find a suitable operating window for the production of solid 

dispersions with hot-melt extrusion.  
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Chapter VI: Solid state solubility of miconazole in 

poly(ethyleneglycol-g-vinylalcohol) using hot-

melt extrusion  

 

The results described in this chapter are published in the following article:  

Litvinov, V.M.*, Guns, S.*, Adriaensens, P., Scholtens, B.J.R., Quaedflieg, M.P., 

Carleer, R., Van den Mooter, G. (submitted) Solid state solubility of miconazole in 

poly[(ethylene glycol)-g-vinyl alcohol] using hot-melt extrusion. Mol. Pharm., In Press, 

http://dx.doi.org/10.1021/mp300280k 

*Both authors contributed equally 
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VI.1 Abstract 

The use of hot-melt extrusion for preparing homogeneous API-excipient mixtures 

is studied for miconazole-EG/VA [poly(ethyleneglycol-g-vinylalcohol) graft copolymer] 

solid dispersions with a 5 cc table-top, twin-screw co-rotating micro-compounder (DSM 

Xplore). Phase behavior of EG/VA, miscibility of miconazole in EG/VA and the 

partitioning of miconazole between PEG and PVA amorphous phases are characterized 

using a combination of MDSC, XRPD, and solid-state 1H and 13C NMR methods. Phase 

composition (PVA crystallinity) is not largely affected by hot-melt extrusion and the 

presence of the drug. Miconazole preferably resides in the PEG amorphous phase and its 

molecules are well dispersed in the EG/VA matrix using hot-melt extrusion mixing. 

Miconazole forms amorphous nano-clusters whose average size equals approximately 

1.6 nm, indicating solid solution formation (molecular level dispersion) of the drug in the 

polymer. The study also shows that hot-melt extrusion can be a very efficient method for 

preparing pharmaceutical formulations. 

VI.2 Introduction 

The term ‘solid dispersion’ nowadays refers to a dispersion of one or more active 

ingredients in an inert carrier, usually an amorphous polymer with high glass transition 

temperature [1]. In the ideal case the active pharmaceutical ingredient (API) is dissolved 

in the polymer in the solid state. This is usually referred to as a ‘solid solution’ or ‘glass 

solution’. These systems may significantly improve the solubility and thereby increase the 

oral absorption and hence the bio-availability of poorly soluble compounds, since the 

dissolution behavior is mainly dictated by the dissolution rate of the water soluble carrier. 

In the latter case, the API is ‘molecularly’ released from the formulation upon dissolution 

of the carrier. The physical state of APIs in API-excipient mixtures is largely affected by 

specific API-excipient interactions, morphology and molecular mobility of excipients 

used [2,3]. The glass transition temperature (Tg) of the excipient is often used as a 

criterium for the physical stability of APIs in mixtures, i.e., if its Tg significantly exceeds 

the storage temperature, diffusivity of API molecules is very slow, providing good 

physical stability [4,5]. The factors above largely affect the physical stability of the solid 

dispersion and the dissolution rate of the API. Next to well established solid-state 

characterization methods such as (modulated) differential scanning calorimetry ((M)DSC) 

and X-ray powder diffraction (XRPD), solid-state NMR is one of the most powerful and 
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specific techniques for the investigation of morphology and molecular mobility in 

polymeric materials [6-8], and in pharmaceutical research [9-14]. Variable temperature 

solid state NMR is a valuable tool for prediction of the physical stability of drugs in 

formulations [15-17]. 

The carrier poly(ethyleneglycol-g-vinylalcohol) (EG/VA) selected for this study had 

already been proven to be a successful carrier for the formulation of solid dispersions 

[18,19, chapter III]. Characterization of this graft copolymer using MDSC and XRPD 

showed that the copolymer exists in two semi-crystalline fractions, i.e. a poly(ethylene 

glycol) fraction (PEG fraction) and a poly(vinyl alcohol) fraction (PVA fraction). The 

PEG fraction exhibits a glass transition temperature at -57 °C and a melting transition at 

15 °C. The PVA fraction shows a glass transition at approximately 45 °C and a melting 

transition at 212 °C. Hot-melt extrusion may increase the crystallinity of the PVA fraction 

[chapter III]. These results indicate that the chains of the PEG and PVA fractions are not 

mixed on the nano-scale, but behave as two separate semi-crystalline moieties.  

The aim of this study is to determine the phase behavior and molecular mobility of 

EG/VA with respect to the physical state of the model drug miconazole in the hot-melt 

extruded mixtures of the polymer and drug, prepared with a table top, twin screw co-

rotating micro-extruder, very convenient for early stage screening experiments. Two 

types of solid-state NMR experiments are performed. Low-resolution 1H NMR 

relaxometry is used for determining the effect of temperature, thermal history and 

extrusion on molecular mobility and heterogeneity in EG/VA powder as such, the powder 

after annealing and hot-melt extruded EG/VA with and without the model drug 

miconazole. Miscibility of a poorly soluble drug (miconazole) and EG/VA in hot-melt 

extruded samples is studied by high-resolution 13C NMR spectroscopy. 

VI.3 Material and methods 

VI.3.1 Materials  

The graft copolymer of ethylene glycol and vinyl alcohol (Mw = 45000 Da, chapter I: 

figure I-15) consists of 75% polyvinyl alcohol units grafted on 25% polyethylene glycol 

units. The copolymer was supplied by BASF (Ludwigshafen, Germany). Crystalline 

miconazole (chapter I: figure I-16; polymorph I) was kindly donated by Janssen 

Pharmaceutica (Beerse, Belgium). PEG and PVA homopolymers had molecular weights 
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approximately 4000 and 13000 Da, respectively. PVA contained 2% of residual, non-

hydrolyzed acetate groups. 

VI.3.2 Hot-melt extrusion 

All samples were prepared by hot-melt extrusion with a 5 cm3 micro-compounder 

with a co-rotating gearbox (DSM Xplore, Geleen, The Netherlands). The core of this 

extruder is formed by a temperature controlled mixing compartment consisting of two 

separable halves and double, conical mixing screws. The two metal halves contain six 

controlled heating zones, which were always kept at the same temperature. Seven 

thermocouples are available for temperature monitoring, including one in the melt. Per 

run, a load of 4.5 g physical mixture was fed manually into the hopper while keeping the 

screw speed at 50 rpm. After feeding, the internal circulation time was closely monitored 

and controlled. The core of the extruder was purged with nitrogen during extrusion. The 

extrudates were collected after air cooling at ambient temperature.  

Different samples were prepared with pure EG/VA at different processing conditions. 

Extrusion temperature, residence time and rotation speed were varied to find a suitable 

processing window, while limiting thermo-mechanical degradation. An overview of the 

prepared samples is shown in table VI-1. 

Table VI-1: Overview of the extruded EG/VA samples. Extruder set temperature, screw speed, residence 
time, temperature in the melt and force are indicated in the table. 

Sample Temperature Screw 
speed 

Residence 
time 

Temperature 
in the melt 

Vertical Force  

 

(N) (°C) (rpm) (s) (°C) 

S1 175 50 150 164-167 5000 - 4050 

S2 180 100 150 170-173 4220 - 3120 

S3 190 100 150 180-182 2590 - 2143 

S4 200 100 150 190-192 1140 - 960 

S5 180 100 60 170-174 4220 - 3190 

S6 190 100 60 182-183 2320 - 1918 

 

The sample with 10% w/w miconazole was extruded at 170 °C, a rotation speed of 

200 rpm and a residence time of 60 s. After extrusion, the samples were immediately 

analyzed with XRPD and MDSC, and stored in a freezer, protected from humidity.  
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VI.3.3  Modulated differential scanning calorimetry (MDSC) 

MDSC measurements were carried out using a Q2000 modulated DSC (TA 

Instruments, Leatherhead, UK) equipped with a Refrigerated Cooling System (RCS90). 

TA Instruments standard aluminum pans (Brussels, Belgium) were used for all 

measurements. A flow rate of 50 ml/min of nitrogen was used as a purge gas through the 

DSC cell. The DSC Tzero calibration was performed in two experiments, one without 

samples or pans (baseline) and the second was performed with large sapphire disks 

(without pans, mass approximately 100 mg). Octadecane, tin and indium standards were 

used to calibrate the DSC temperature scale, enthalpic response was calibrated with 

indium. Heat capacity calibration was performed with a small sapphire disk in a pan. 

Validation of temperature and enthalpy showed that deviation of the experimental from 

the theoretical values was less than 0.1 °C for the temperature, and less than 1% for the 

enthalpy measurements. An amplitude of 0.4 °C, a period of 40 s and an underlying 

heating rate of 2.5 °C/min were applied [chapter III]. The sample masses varied from 2.00 

to 6.00 mg (accurately weighed). Data were analyzed using Universal Analysis software 

(version 4.4A, TA instruments, Leatherhead, UK). Glass transition temperatures were 

measured at half height in the reversing heat flow. Melting temperatures were measured 

at the peak maxima in the total heat flow. 

VI.3.4 X-ray powder diffraction (XRPD) 

XRPD experiments were performed with an automated X’pert PRO diffractometer 

(PANalytical, Almelo, the Netherlands) using transmission geometry with transmission 

sample holders using Kapton foils to clamp the samples. All samples were measured 

without crushing or any other sample preparation with a 2 scan. A copper tube with the 

generator set at 45 kV and 40 mA was used. Using a transmission-reflection spinner it 

was possible to improve the counting statistics by spinning the sample with a rotation 

time of 4.0 s. In the incident beam path a focusing X-ray mirror, a 0.04 rad soller slit and 

a fixed divergence slit of 0.5° were applied. In the diffracted beam path 0.04 rad soller slit 

and a programmable anti-scatter slit were installed. The last one was programmed to keep 

a fixed 0.5° opening. The detector used for data collection was an X’Celerator RTMS 

detector, with an active length of 2.122°. The data were collected in continuous scan 

mode with a scan region of 4.0000° till 39.9961° and a step size of 0.0084°. The counting 

time was 40.005 s. X’pert Data Collector version 2.2c (PANalytical, Almelo, The 
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Netherlands) was used for data collection and X’pert Data Viewer version 1.2.a 

(PANalytical, Almelo, The Netherlands) was used for data visualization and treatment. 

VI.3.5 NMR experiments 

VI.3.5.1 Low-resolution 1H NMR experiments 

Low-resolution 1H NMR T2 relaxation experiments were performed on a Bruker 

Minispec MQ-20 spectrometer on static samples. This spectrometer operates at a proton 

resonance frequency of 20 MHz. The length of the 90° pulse, the dead time of the 

receiver and the dwell time were 2.8 s, 7 s and 0.5 s, respectively. A BVT-3000 

temperature controller was used for temperature regulation with accuracy of  0.1 C. 

The decay of the transverse magnetization relaxation (T2 decay) was measured with the 

single-pulse (90) excitation (SPE) and Hahn-echo pulse (HEPS) sequences. The free 

induction decay (FID), which was measured with SPE, was analyzed with a linear 

combination of Abragamian and two exponential functions. The T2 decay, which was 

measured with HEPS, was analyzed with a linear combination of two exponential 

functions. The detailed description of the methods and data analysis is provided in 

reference [20], [21] and [22].  

Four different EG/VA samples with different thermal and processing histories were 

studied by low-resolution 1H NMR: (1) powder as such, (2) powder after it was annealed 

at 160 C for 1 hour, and hot-melt extruded EG/VA without (3) and with (4) miconazole 

(10% w/w). Samples were placed in 9 mm tubes which were closed with a plastic cap. No 

efforts were made to remove sorbed water from the samples. As reference, PEG and PVA 

homopolymers were studied too.  

VI.3.5.2 High-resolution NMR experiments 

The 13C NMR experiments were performed at room temperature on an Agilent Inova 

400 spectrometer that operates at a static magnetic field of 9.4 T. Samples were placed in 

a 7 mm in diameter ceramic Si3N4 rotor. For homopolymers and extruded EG/VA, magic 

angle spinning (MAS) rate was kept at 5 kHz. For miconazole MAS rate was reduced to 

3.85 kHz to avoid overlap between the spinning sidebands of the aromatic carbon 

resonances and those of the aliphatic signals at 79 ppm and 67 ppm originating from C-O 

and C-N carbon atoms. For the extruded EG/VA with miconazole, MAS rate of 4.2 kHz 

was used to avoid overlap between the spinning sidebands of PVA and the aromatic 
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resonances of miconazole. The aromatic signal of hexamethylbenzene was used to 

determine the Hartmann-Hahn condition (1
H = H B1

H = C B1
C = 1

C) for cross-

polarization (CP), and to calibrate the carbon chemical shift scale (132.1 ppm). Other 

parameters used were the following: a 90° pulse length of 5 s, a spectral width of 50 

kHz, an acquisition time of 20 ms, a contact time in CPMAS experiments of 0.7 ms 

except for pure miconazole (3 ms), a recycle delay time of 15 s except for pure 

miconazole of 90 s. High power proton decoupling frequency during the acquisition time 

was set to 65 kHz. The T1
H relaxation times (spin-lattice relaxation in the laboratory 

frame) were measured by the inversion-recovery method. The integral signal intensity for 

different resonances [I(t)] was analyzed as function of the variable inversion time t using 

a mono-exponential function: 

Equation VI-1:  I(t) = Io  (1 – 2.exp(-t/T1
H)) + cte 

The T1
H relaxation times (spin-lattice relaxation in the rotating frame) were 

measured according the method of Aujla in which the magnetization is kept in spin-lock 

for a variable time t before it is cross-polarized to the carbons [23]. The integrated signal 

intensities were analyzed as a function of the variable spin-lock time using the following 

mono–exponential function: 

Equation VI-2:  I(t) = Io
  exp(-t/T1

H) + cte    

All relaxation data were analyzed using a non-linear least-squares fit routine based on the 

Levenberg-Marquardt algorithm. 

VI.4 Results and Discussion 

VI.4.1 Extrusion of pure EG/VA and EG/VA mixed with miconazole 

Optimization of hot-melt extrusion conditions such as processing temperature and 

screw speed (shear forces), is necessary for optimum mixing of miconazole within the 

EG/VA matrix. Moreover, extrusion and cooling conditions can affect the crystallinity of 

EG/VA and degradation of the polymer may occur if the extrusion temperature is too high 

and/or the residence time is too long within the extruder. Increasing the extrusion 

temperature or shear forces in the extruder causes an increase in crystallinity of EG/VA 

[chapter III]. This might cause larger demixing of API due to crystallization driven phase 

separation. For every type of extruder, the operating window may vary due to differences 
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in specifications (e.g. maximum operating torque). Therefore, a detailed study of the 

effect of extrusion conditions on the phase composition and thermal behavior was 

performed using XRPD and MDSC methods, respectively. The lowest operating 

temperature for extrusion of the graft copolymer in the micro-compounder is 175 °C, but 

only when the screw speed is limited to 50 rpm. Although the torque decreases with 

increasing residence time due to the plasticization of the material inside the extruder, the 

applied vertical force approaches its maximum value of 5000 N in the first stage after 

material feeding (see table VI-1). The samples extruded at 180-200 °C and 100 rpm show 

a clear trend: the force to obtain the same screw speed decreases with increasing 

operating temperature, as expected. This is due to the more liquid/mobile state of the graft 

copolymer. Figure VI-1 shows diffractograms of EG/VA extruded at different conditions. 

Not many differences can be observed, indicating that the crystallinity is nearly the same 

for all samples prepared, though its value is probably higher for EG/VA extruded at 

higher temperatures [chapter III]. Therefore, the lowest operating temperature is selected, 

i.e. 180 °C, to minimize the chance of thermo-mechanical degradation. A residence time 

of 60 s is sufficient to stabilize the system and have good miscibility of the components, 

as will be shown below.  

 

Figure VI-1: XRPD diffractogram of extruded samples of pure EG/VA as indicated in table VI-1. The 
extrusion parameters (temperature, rotation speed and residence time) are shown in the figure. 

In a previous study we already investigated the importance of temperature and 

screw speed on the mixing behavior of EG/VA and miconazole in hot-melt extrusion with 

this micro-extruder [chapter V]. A temperature of 170 °C, screw speed of 200 rpm and a 

residence time of 60 s was shown to be sufficient to make XRPD amorphous samples: no 
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crystallinity of miconazole in the extrudate is observed as is inferred from the absence of 

major diffraction peaks of the crystalline drug (polymorph I at 11.47° and 12.73° and 

polymorph II at 18.11° and 25.04°) (figure VI-2).  

 

Figure VI-2: XRPD diffractogram of EG/VA extruded with 10% w/w miconazole. The diffractogram of 
two known polymorphs of miconazole (polymorph I & II) are added as reference. 

In order to determine partitioning of miconazole between PEG and PVA amorphous 

phases, MDSC experiments are performed. PEG and PVA chain fragments are well phase 

separated as it follows from two distinct Tg’s at -57 °C and ca. 45 °C originating from 

PEG and PVA amorphous domains, respectively (figure VI-3). The glass transition 

temperature of the PVA fraction is no longer detectable with MDSC due to the increase in 

crystallinity of this fraction after hot-melt extrusion [chapter III]. The MDSC curve of the 

solid dispersion with 10% w/w miconazole shows that Tg of the PEG fraction shifts to 

somewhat higher temperature, i.e. -40 °C. This suggests that miconazole mainly resides 

in the amorphous PEG phase (figure VI-3). Moreover, at 10% w/w miconazole, no 

separate amorphous clusters of miconazole can be detected pointing to a molecular 

dispersion of miconazole in the amorphous PEG phase. Since (M)DSC is able to detect 

separate phases only from a domain size of ca. 30 nm [24], a more sensitive tool is 

necessary to estimate the size of the drug domains in the copolymer. Solid-state NMR 

methods are therefore used to study phase separation phenomena at the smaller scale. 
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Figure VI-3: Overlay of the reversing heat flow of pure EG/VA and extruded EG/VA with 10% w/w 
miconazole. The arrows indicated the glass transition temperatures. The endothermic signal indicated with 

the star (*) is due to the melting of the PEG fraction. 

VI.4.2 The temperature dependence of molecular mobility as studied by low-

resolution 1H NMR 
1H NMR transverse magnetization relaxation (T2 relaxation) method is a valuable tool 

for analysis of the phase composition and molecular mobility in polymeric materials. A 

detailed description of the method can be found in the following reference [25]. In the 

temperature range studied, the T2 relaxation decay of EG/VA can be described by four T2 

relaxation components (figure VI-4), which can be assigned to: 

(1) rigid amorphous and crystalline fractions - short relaxation time - T2
s  

(2) semi-rigid amorphous fraction with largely restricted chain mobility - intermediate 

relaxation time - T2
i  

(3) mobile amorphous fraction - long relaxation time - T2
m 

(4) highly mobile fraction with chain mobility which is typical for rubbery materials - 

very long relaxation time - T2
r  

It should be noted that the observation of four T2 relaxations does not mean the 

presence of four distinct phases. Such description of the phase composition is rather 

simplified because of the complexity of EG/VA’s morphology, its heterogeneity and the 

absence of sharp borders between different phases which is expected for graft 

copolymers. However, the T2 relaxation can’t be described by a bi-modal (crystal-

amorphous), wide distribution of the relaxation times because the change in restrictions 
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on rotational and translational chain mobility in the interfacial layer between the phases is 

rather sharp due to a short length of the statistical segment of PEG and PVA chains, i.e., 

4.2-5.6 and 8.3-8.9 main chain rotatable bonds for PEG and PVA, respectively [26-28]. 

The relaxation times (T2
index) provide information about the molecular mobility. A longer 

relaxation time corresponds to a larger frequency of chain motion, their amplitude or 

both. The relative amount of the relaxation components, %T2
s, %T2

i, %T2
m and %T2

r, 

represents the amount of these fractions in percent of hydrogen atoms. For semi-

crystalline polymers, %T2
s values at temperatures well above Tg of the amorphous phase 

correspond to crystallinity [25].  

 

Figure VI-4: 1H NMR T2 relaxation decay at 25C for EG/VA as measured with the SPE – (A) and the 
HEPS – (B) methods. A(t) is the amplitude of T2 decay at time t. A(0) is the total amplitude of the 

transverse magnetization relaxation at time zero that was determined by a least-squares fit of the FID which 
was measured with the SPE. Experimental data are shown by open circles. The solid line represents the 
result of a least-squares adjustment of the decay with functions provided in the Materials & Methods. 
Relaxation components which originate from polymer fractions with different molecular mobility are 

shown by dotted lines. It is noted that the time scale in Figures A and B differs by ten times. 

At room temperature that is below Tg of PVA, the amount of rigid material in EG/VA 

is close to the fraction of hydrogen atoms of PVA (figure VI-5A). Since Tg of PVA is 

above room temperature, this means that the majority of PVA is rigid, i.e., crystalline and 

glassy amorphous. This confirms DSC results revealing good phase separation of PEG 

and PVA fractions in the graft copolymer as it follows from the two separate Tg’s. Upon 

increasing temperature from 25 to 80 C, the amount of rigid material in pure EG/VA, 

as determined by %T2
s value, decreases from 70 to 30% (figure VI-5A), whereas the 

amount of semi-rigid fraction increases (figure VI-5B). This change is caused by an 

increase in chain mobility in the amorphous PVA fraction of EG/VA at temperatures 
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above the glass transition of the PVA fraction which is observed at 45C by MDSC 

[chapter III]. It should be noted that the dynamic glass transition temperature, as 

measured by this NMR experiment, is usually observed at a temperature which is above 

Tg as measured by DSC. 

 

Figure VI-5: Temperature dependence of the amount of different fractions of EG/VA which reveal different 
chain mobility. (A) – rigid fraction; (B) – semi-rigid (interfacial) fraction; (C) – soft amorphous fraction, 

and (D) – rubbery-like fraction. Dashed horizontal line in Figure 6A indicates the amount of PVA 
hydrogens in EG/VA. 

At temperatures well above TgNMR of the PVA fraction, i.e. above 80 - 100C, the 

rigid fraction largely originates from the crystalline phase of the PVA fraction. Since the 

amount of hydrogen atoms per weight units of PEG and PVA is the same (table VI-2), 

%T2
s at these temperatures provides PVA crystallinity in % w/w. This is also the case of 

the mixtures EG/VA with miconazole because of the low fraction of hydrogen atoms of 

miconazole in the mixture.  
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Table VI-2: Sample composition and the amount of hydrogen atoms in samples of different chemical origin. 

Compound Component Composition Composition 
Hydrogen 

atoms 

% w/w mol % atomic % 

EG/VA 
PEG 25 25 25 

PVA 75 75 75 

EG/VA with 10% w/w 
miconazole 

PEG 22.5 24.7 24.1 

PVA 67.5 74.1 72.2 

miconazole 10 1.2 3.7 

 

It is noted that the term crystallinity in connection with low-resolution NMR refers to 

the rigid fraction at temperatures well above TgNMR, i.e., the fraction of material 

possessing the lowest molecular mobility, and to distinguish this material from semi-rigid 

(interfacial) and soft amorphous fractions. Detailed discussion of polymer crystallinity, as 

measured by NMR and traditional methods, is provided in the following publications 

[20,25,29,30]. Contrary to XRPD and (M)DSC methods, not only large but also very 

small and disordered crystals contribute to crystallinity as measured by NMR relaxometry 

[29-31]. This type of crystals can be present in EG/VA due to constrains imposed by 

grafting points for crystal growth. Estimated by the NMR method, crystallinity of the 

PVA fraction is approximately 45  10% w/w. The PVA crystallinity slightly increases 

upon annealing as well as hot-melt extrusion of EG/VA powder. Hot-melt extrusion of 

EG/VA with 10% w/w miconazole causes a slight increase in PVA crystallinity. This 

could be caused by slower crystallization rate of the PVA fraction in the presence of 

miconazole. The amount of semi-rigid fraction, which can be assigned to a crystal-

amorphous PVA interface, is lower for the extruded samples (figure VI-5B). This 

suggests larger crystal size, since the fraction of the interface should be lower for larger 

crystal size. Above 80C, the amount of mobile amorphous fraction increases at the 

expense of rigid and semi-rigid fractions (figure VI-5C). This behavior is typical for 

semi-crystalline polymers when they approach their melting temperature range 

[20,32,33]. The amount of rubbery-like fraction hardly changes with increasing 

temperature and equals ca. 105% (figure VI-5D). It is suggested that this fraction 

originates from highly mobile PEG and PVA chain ends. 
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Figure VI-6: Temperature dependence of chain mobility in rigid (T2
s- relaxation time) - A, semi-rigid (T2

i- 
relaxation time) - B, mobile amorphous (T2

m- relaxation time) - C, and highly mobile, rubbery-like (T2
r- 

relaxation time) fractions - D, as defined by 1H T2 relaxation time, i.e., shorter T2 corresponds to lower 
amplitude and/or frequency of molecular motions. It should be noted that the time constant of these 

functions (T2 value) does not represent relative difference in chain mobility in different fractions due to 
differences in the shape factor and the complex origin of this NMR relaxation process. 

As far as molecular mobility is concerned, a peculiar behavior is observed (figure VI-

6). With exception of T2
i, which characterizes the semi-rigid interfacial fraction, T2 values 

for other relaxation components increase with increasing temperature due to an increase 

in the frequency and/or the amplitude of molecular motions. A decrease in the strength of 

hydrogen bonds between PVA chain fragments is another reason causing the increase in 

molecular mobility with increasing temperature [34,35]. The value of T2
i for the nascent 

powder annealed at 160 C hardly changes in the entire temperature range which is 

usually observed for T2 characterizing the crystal-amorphous interface of semi-crystalline 
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polymers. Contrary to that, T2
i for the initial powder and extruded graft copolymer 

without and with the drug decreases in the temperature range of Tg of the PVA fraction. 

This decrease in molecular mobility could find the following explanation. A fast 

crystallization rate of PVA during synthesis of EG/VA and extrusion of the polymer 

causes more loose chain packing in the amorphous phase (larger free volume that favors 

chain mobility) than in the case of annealed nascent powder. At temperatures above Tg of 

the PVA fraction, increase in mobility of PVA chain fragments facilitates the annealing 

process leading to a decrease in chain mobility in the amorphous phase of nascent powder 

and the extruded samples similar to that for other polymers [36]. Since T2
i for the 

annealed sample hardly changes upon increasing temperature, this suggests a more dense 

chain packing in the amorphous phase of annealed sample as compared to initial powder 

and extruded material. Mixing of miconazole with EG/VA causes an increase in chain 

mobility in the mobile amorphous phase and in the rubbery fraction (figure VI-6C,D). 

This can be explained by (1) plasticization of chain fragments that are adjacent to 

miconazole molecules, (2) better phase separation of PEG and PVA chain fragments upon 

the extrusion, and/or thermo-mechanical degradation of PVA chains during thermoplastic 

processing [37].  

VI.4.3 Partitioning of drug molecules in different phases by high-resolution 13C 

NMR spectroscopy 

High-resolution, solid-state NMR methods are very powerful tools for studying 

molecular scale heterogeneity and morphology of polymer mixtures and blends [38-42]. 

In the present study, homogeneity of mixing of miconazole on the molecular level in 

EG/VA is studied by high-resolution 13C NMR relaxometry. Proton spin-lattice relaxation 

times in the laboratory (T1
H) and the rotating (T1

H) frames can be measured via resolved 

resonances in an array of 13C NMR spectra that are recorded at different inversion-

recovery times (T1
H) or spin-lock times (T1

H). The T1
H and T1

H relaxation times probe 

heterogeneity of materials on tens of nanometers and nanometer scales, respectively. For 

polymer blends and mixtures that are miscible on the molecular scale, the protons of 

different polymer chains can be closely coupled and relax at an identical rate through the 

spin-diffusion mechanism, whereas protons located far apart or in different environments 

relax at an independent rate. In the last case, the size of domains in heterogeneous 

mixtures can be estimated as described below. 
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figure VI-7: 13C MAS NMR spectra for pure miconazole (A) and hot-melt extruded mixture of miconazole 
with EG/VA (B, C). 

A 13C NMR MAS spectrum of EG/VA consists of several rather broad lines that 

originate from the CH2 carbons of the PVA at 45 ppm, PEG at 72 ppm and several 

resonances of PVA in the spectral range from 65 to 77 ppm (figure VI-7B). The 

complexity of the spectra from PVA chain fragments is due to differences in chain 

sequences, the stereoregularity, and the semi-crystalline character of the PVA fraction 

[43-45]. The amount of residual carboxylic groups in PVA chain fragments of EG/VA is 

low as it follows from the absence of carbonyl resonance at 170 ppm. The miconazole 

spectrum shows resonances in a wide spectral range (figure VI-7A). The following 

resonances are used for determining the T1
H and T1

H relaxation times of miconazole, 

PEG and PVA chain fragments: for miconazole - resonances of aromatic carbons at 120 – 

175 ppm that do not overlap with the PEG and PVA resonances; for PVA - CH2 

resonance at 45 ppm; and for PEG and PVA - resonances at 65 to 77 ppm originating 

from CH2 carbons of PEG and CH carbons of PVA. The T1
H and T1

H relaxation times of 

pure miconazole are very long which is typical for crystalline materials.  
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Table VI-3: The T1
H and T1

H relaxation times of PEG, PVA, extruded EG/VA, and extruded mixture of 
miconazole with EG/VA. Estimated error of T1

H and T1
H values is 5 and 10%, respectively 

T1
H (s) T1r

H (ms) 

Pure components 

PVA pure 5.1 2.5 

PEG pure 5.1 0.15 

Miconazole  > 50* 

Extruded EG/VA 

All resonances of EG/VA 1.2 2.8 

PVA resonance at ~45 ppm  1.2 2.8 

PVA and PEG resonances at 65-77 ppm 1.2 2.8 

Extruded EG/VA with 10% w/w miconazole 

All resonances of EG/VA 1.8 3.1 

PVA resonance at 45 ppm signal 1.8 3.6 

PVA and PEG resonances at 65-77 ppm 1.8 3.3 

Miconazole resonances at 122-155 ppm 2.0 1.6 

* Very long and can’t be measured due to limitation on the spin-lock time of the spectrometer. 

The T1
H and T1

H relaxation times of EG/VA, as determined for the different carbon 

atoms, are the same within experimental error and can be well described by a single 

exponential function (table VI-3). The T1
H relaxation time of miconazole in melt-extruded 

EG/VA is more than two orders of magnitude shorter than its value for pure miconazole 

which can be explained by the amorphous state of the drug molecules in the polymer 

excipient. The latter is confirmed by the short T1
H decay time (1.6 ms) of miconazole in 

the hot melt-extruded EG/VA. As far as the T1
H relaxation time of miconazole is 

concerned, its value is approximately two times shorter than that of EG/VA. This means 

that the miconazole molecules form amorphous nano-clusters with molecular mobility 

differencing from that of the amorphous EG/VA phase. The average cluster size, L, can 

be estimated using the following expression [38,46]: 

Equation VI-3:  L = (6DeffT1
H)0.5    

where Deff is the effective spin-diffusion coefficient. Since small molecules in 

semi-crystalline polymers preferably reside in the soft amorphous fraction [20], the Deff 
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of the soft amorphous phase of EG/VA at room temperature is used in equation VI-3. Deff 

value can be estimated from T2
m using the empirical equation suggested previously [47]: 

Equation VI-4:  Deff = 4.4x10-4T2
-1 + 0.26 [nm2/ms] 

Since T1
H value of miconazole equals 1.6 ms and Deff is 0.262 nm2/ms, the 

average dimension of miconazole clusters in the amorphous phase of EG/VA were 

calculated to be approximately to 1.6 nm. This clearly indicates dispersion of the drug on 

a molecular level in the polymer. 

VI.5 Conclusions 

The EG/VA graft copolymer is a suitable carrier for the formulation of solid 

dispersions with hot-melt extrusion. A suitable operating window was found to process 

both the pure copolymer and a mixture of carrier and the model drug miconazole with the 

micro-compounder used in this study. This lab scale extruder has fixed basic design in 

contrast with larger scale equipment which often posses a modular design and the ability 

to introduce mixing elements. Yet miconazole mixed with this micro-compounder is in 

the amorphous state in the solid drug dispersion containing up to 10% w/w miconazole as 

shown by X-ray diffraction. Investigation of the Tg revealed that the drug mainly resides 

in the PEG fraction of the copolymer and not in the PVA fraction. No separate phase of 

miconazole could be detected, but DSC is only able to detect separate phases from a 

domain size exceeding 30 nm [24]. 

1H NMR transverse magnetization relaxation (T2 relaxation) method was used to 

analyze the phase composition and molecular mobility of the copolymer. Four different 

T2 relaxations could be detected (listed from short to long relaxation times):  

(1) rigid amorphous and crystalline fraction  

(2) semi-rigid amorphous fraction with largely restricted chain mobility  

(3) mobile amorphous fraction  

(4) highly mobile fraction with chain mobility which is typical for rubbery materials. 

 These phases should not be understood as four distinct phases, but rather as 

heterogeneity in chain dynamics in the amorphous PEG and PVA fractions due to the 

absence of sharp borders between different phases as expected for graft copolymers. The 
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crystallinity of the PVA fraction was estimated to be 45% ±10% w/w and hot-melt 

extrusion causes a slight increase in PVA crystallinity.  

The partitioning of miconazole drug molecules in the different phases of the 

copolymer was studied by high-resolution 13C NMR spectroscopy. The T1
H and T1

H 

revealed that miconazole is molecularly dispersed in the melt-extruded EG/VA; the 

average cluster size was determined at approximately 1.6 nm.  
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Poor solubility of new chemical entities is a well know problem for the past few 

decades. Several formulation strategies have been proposed to overcome this. Despite the 

unbalance between significant research efforts and the few successful marketed 

formulations, the solid dispersion technology still holds a key position among the various 

formulation strategies to increase the aqueous solubility/dissolution rate and thereby the 

bioavailability of poorly soluble compounds.  

The bottleneck for the formulation of solid dispersions is often the compatibility 

of the carrier(s) and drug, with respect to processability, performance and stability. The 

commonly used polymers today were listed in the introduction of this thesis (chapter I) 

and it is clear that all of them have advantages and disadvantages. Unfortunately none of 

them can serve as an overall carrier for the formulation of all drugs as a solid dispersion 

and the list is rather limited.  

In this thesis we investigate the potential of a new carrier for the formulation of 

solid dispersions, poly(ethyleneglycol-g-vinylalchol) (EG/VA). Preliminary results 

published by Janssens et al. [1,2] show that it is possible to improve the dissolution rate 

and solubility of itraconazole after both hot-melt extrusion and spray-drying with this 

copolymer, but more understanding is necessary before this copolymer can be considered 

as a useful carrier for the formulation of solid dispersions. 

VII.1 Phase behavior of the copolymer  

A first important step is to understand the phase behavior of this copolymer. Since 

drug molecules prefer to reside in amorphous domains of polymers, understanding of the 

co-existence of crystalline and amorphous domains is important for the further 

interpretation of mixtures of drug with the copolymer.   

XRPD and (M)DSC are common methods for crystallinity determination. 

Analysis revealed that the copolymer consists of two semicrystalline fractions, a PEG 

fraction (Tg = -57 °C and Tm = 15 °C) and a PVA fraction (Tg = ca. 45 °C and 

Tm = 212 °C), partly invalidating the statement of the manufacturer that the PEG part acts 

as an internal plasticizer [3,4]. For sure, the PEG fraction forms at least partly a separate 

semicrystalline fraction in the copolymer since a distinctive glass transition and melting 

temperature could be determined. Although the glass transition of pure PVA is reported to 

be higher than 45°C, this cannot be linked directly to plasticizing behavior of the PEG 

parts in this copolymer. The fact that the PVA-grafts are chemically linked to the PEG- 
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backbone probably results in a restriction of their mobility and thereby influences the 

glass transition temperature.  Later the hypothesis of two completely separate 

semicrystalline fractions was confirmed by low-resolution 1H NMR relaxometry. The 

amount of rigid material at room temperature corresponded closely to the amount of PVA 

in the copolymer, proving a high degree of phase separation of PEG and PVA fractions. 

Determination of the percentage of crystallinity of the two phases could not be 

done by MDSC or XRPD. For the PEG fraction this is rather irrelevant as both the glass 

transition temperature and the melting point are below room temperature, resulting in a 

molten/ruber-like PEG fraction at relevant temperatures. A possible procedure to 

determine the amount of crystalline PVA in the copolymer could have been by the 

recalculation of the specific enthalpy of fusion. However this is not possible due to the 

little structural information given about the copolymer. Though 75 % of the copolymer 

consists of PVA parts, no information is available about the chain length of the grafts. 

Additionally the total molecular weight of the copolymer is stated by the manufacturer to 

be 45000 Da, but since this is determined by gel permeation chromatography, where 

linear polymers are used as a reference, the accuracy is questionable. On top of this, cold 

crystallization is likely to occur during the MDSC experiment, but difficult to determine, 

so accurate determination of the specific enthalpy of fusion was impossible with the 

methods used.  

Furthermore, the traditional bi-model description of the phase behavior 

(crystalline-amorphous) that is generally acceptable to describe semi-crystalline 

polymers, is too simple to describe the complexity of EG/VA’s morphology. Depending 

on the method used, the presence of a crystal-amorphous interface or rigid amorphous 

fraction can be detected as either crystalline or amorphous, hindering the accurate 

quantification of the crystalline and amorphous phases in the copolymer. Low-resolution 
1H NMR relaxometry provided a more detailed description of the phase composition of 

the copolymer and showed that approximately 45 ±10% w/w of the PVA fraction is 

crystalline. Hence, it can be concluded that substantial amount of the copolymer is in the 

amorphous/rubbery state to allow drug molecules to mix with either of the two fractions 

without the need to interfere with the crystalline domains.  

Unfortunately the determination of the glass transition temperatures can be used 

as an argument of bad stability prognosis, since the ‘Tg-50 °C’ rule is generally accepted 

[5]. This rule addresses the fact that glasses are by definition in a non-equilibrium state 
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(see also figure I-5) due to the presence of α-mobility at temperatures close to the glass 

transition temperature. This can lead to relaxation of the glass towards molecular 

conformations that are more favorable to form drug clusters that are amorphous and/or 

crystalline, leading to possible demixing of the drug. As a consequence amorphous (or 

semicrystalline) polymers have preferably glass transition temperatures well above room 

temperature, which is in contrast to what is observed with EG/VA. Nevertheless some 

studies observed crystallization to be linked to β-mobilty, instead of α- mobility [6,7]. β-

mobility is related to faster motions on the length scale of local molecular motions such 

as rotations of side chains and can be observed even far below the glass transition 

temperature. Apart from the antiplasticizing effect of the carrier in solid dispersions, it 

has been reported that hydrogen bonding plays a very important role in stabilizing glass 

solutions. A hydrogen bond between the drug and carrier can prevent or delay the drug to 

form internal hydrogen bonds, and so the formation of drug clusters can be possibly 

prevented [8,9].  

The PEG fraction can act as an H-acceptor, while the PVA fraction can act both as 

an H-donor and acceptor, and this makes interaction with a wide variety of small 

molecules theoretically possible. A preliminary study with commonly used plasticizers 

supported this hypothesis; depending on the molecule, mixing with one or both of the 

amorphous phases is possible. Since interactions between carrier and drug molecules is 

one of the important factors for the stability of a solid dispersions, the opportunity to mix 

with two chemically different phases in one carrier can be advantageous over polymeric 

carriers that exist of only one type of monomer.  

VII.2 Process ability of EG/VA 

Two manufacturing methods for producing solid dispersions were studied in this 

thesis; spray-drying as a solvent method and hot-melt extrusion as a melt method.  

Critical for using a polymer as an excipient for spray-drying is its solubility in 

different solvents or mixtures of solvents. The carrier is usually water soluble, but the 

drug molecules that are to be formulated as solid dispersions posses a low aqueous 

solubility. It has been shown that spray-drying from a single solution via a spray nozzle 

with a single inlet is preferable over spray-drying with two solutions simultaneously via a 

spray nozzle with two inlets [2]. EG/VA can be dissolved in different mixtures of 

solvents like H2O, ethanol and dichloromethane, so the possibility to find a common 
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solvent exists. Evaluation of three different spray-dried samples, from three different 

solvent mixtures showed that the solvents used had no detectable influence on the 

crystallinity of the spray-dried copolymer. However spray-drying induced amorphization 

of the PVA fraction of the copolymer, at least if the inlet temperature was 140 °C or 

lower. As a result a larger fraction of the PVA fraction can potentially mix with drug 

compounds.  

For hot-melt extrusion is important that the carrier used is processable at an 

operating temperature that is low enough to avoid temperature-dependent degradation of 

the incorporated drug, certainly when working with heat labile compounds. For this the 

glass transition temperature is often a critical characteristic in the case of amorphous 

polymers. PVP for example has a glass transition temperature of 155 °C and therefore has 

a limited applicability for hot-melt extrusion. EG/VA, on the other hand, is a semi-

crystalline copolymer, so deeper investigation of its operating window, with respect to the 

temperature was mandatory. Experiments showed that, depending on the type of extruder, 

it can be processed between 140 °C and 180 °C. Given this is a moderate to high 

operating temperature-window; an alternative approach was suggested as well. Spray-

drying induced amorphization of the copolymer and spray-drying pretreatment of the 

copolymer before using it as an excipient for hot-melt extrusion broadens its temperature 

operating window since it can lower the torque experienced by the extruder. Of course, 

when a drug is extruded together with the copolymer further softening of the material is 

possible, and even lower extrusion temperatures can be manageable, assuring acceptable 

operating temperatures for a variety of compounds.  

Hot-melt extruded samples showed higher crystallinity of the PVA fraction after 

production, since in these samples no glass transition of this fraction could be detected. 

There was a clear correlation between the torque experienced in the extruder and the 

crystallinity of the products. This pointed towards the effect of shear on the phase 

behavior of the PVA fraction of the copolymer. Nevertheless it was not only shear forces 

but also the applied temperature that induced the crystallization of the PVA fraction 

during the hot-melt extrusion process as proven by temperature controlled XRPD 

experiments described in chapter III. Later this was confirmed by low-resolution 1H NMR 

relaxometry in chapter VI, both annealing and hot-melt extrusion resulted in a slight 

increase in crystallinity. This increase in crystallinity was not as large as was expected by 

the difficulty to detect the glass transition of the PVA fraction after extrusion by MDSC. 
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Most likely the glass transition is less pronounced in the MDSC data due to differences in 

morphology and possibly the free volume in the amorphous phase after extrusion.  

Since this observed increase in crystallinity can lead to demixing of the drug and 

polymer during solidification after hot-melt extrusion, the benefit of applying forced 

cooling after hot-melt extrusion was explored. Normally extrudates are cooled at ambient 

temperature, for example on a conveyer belt, but the downstream equipment of extruders 

can be adapted hence forced cooling can be applied. Cooling rates that exceed 

1000 °C/min have been reported [10,11], but unfortunately even higher cooling rates were 

necessary to make EG/VA completely amorphous when cooled from the melt.  

So in conclusion we found that EG/VA can be processed with both hot-melt 

extrusion and spray-drying, although different morphologies occur. In order to investigate 

what effect the manufacturing method has on the solid solubility of a drug compound, 

both were compared for the manufacturing of solid dispersions with miconazole in 

chapter IV. 

VII.3 Solid dispersions with the model compound miconazole 

Miconazole was chosen as a model compound for mainly two reasons. Based on 

the chemical structure of miconazole it can form hydrogen bonds with the PVA fraction, 

possibly leading to stabilization of the formed solid dispersions. Second reason was that it 

has a glass transition temperature around 2 °C which is in between the two glass 

transition temperatures of EG/VA. In case the drug molecularly mixes with either of the 

fractions, a shift of one the glass transition temperatures of the copolymer can be 

expected. Comparison was made between two manufacturing methods, spray-drying and 

hot-melt extrusion, to study the effect on the kinetic miscibility of the model compound 

with EG/VA. MDSC and XRPD were used to study the phase behavior of the samples.  

Both manufacturing methods were found to be feasible. In the case of spray-

drying a common solvent was found; the copolymer was dissolved in water and the drug 

in ethanol before pouring the two solutions together prior to spray-drying. For the hot-

melt extrusion process a suitable operating temperature was set. Miconazole was fed to 

the extruder as a physical mixture with EG/VA and this clearly leads to softening of the 

material, since an extrusion temperature of 130 °C was feasible.  
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In none of the prepared samples a separate amorphous fraction of miconazole 

could be detected with MDSC. Surprisingly, miconazole mixed with the PEG fraction of 

the copolymer, not with the PVA fraction. At higher drug loads crystalline clusters of 

miconazole were formed (either the same or a different polymorph). Hot-melt extrusion 

however resulted in a higher degree of mixing compared to the samples prepared via 

spray-drying (21% w/w vs 12% w/w). Film casting showed to have an even lower 

capability to molecularly mix the drug with the carrier (<5% w/w), illustrating further the 

effect of the manufacturing method. 

EG/VA has PVA grafts that have the ability to form internal hydrogen bonds, 

certainly if the hydroxylation degree is high, as confirmed in chapter VI by high 

resolution 13C NMR. When spray-drying is used as a manufacturing method, the polymer 

and drug first need to dissolve in a common solvent.  If the internal hydrogen bonds are 

still present in the solution, the likelihood of the drug compound to form hydrogen bonds 

with these groups is restricted. Since originally, based on the molecular structure of the 

copolymer and the drug, interaction with the PVA fraction was expected, we tested the 

effect of heat-pretreatment of the solutions prior to spray-drying. The kinetic miscibility 

of the drug and the copolymer was indeed found to be higher when the solutions where 

pre-heated. However the underlying mechanism is probably different than via 

accessibility of the hydroxylgroups of the PVA chains for interaction with miconazole, 

since miconazole mixes with the PEG fraction of the copolymer, not the PVA fraction. 

However, heating the solutions most likely will affect the conformation of the polymer in 

solution. Hence, this approach may be applicable to other future carriers.  

Spray-drying of the copolymer before using it as an excipient for hot-melt 

extrusion can lead to a manufacturing benefit. To study the effect of this carrier-

pretreatment on the kinetic miscibility with the model compound, two series of solid 

dispersions were manufactured (with unprocessed and spray-dried copolymer as carrier). 

The same operating temperature was used for both series, to exclude the effect of the 

operating temperature on the kinetic miscibility, resulting in different operating torques. 

No additional benefit could be proven with respect to the kinetic miscibility of EG/VA 

with miconazole. Still this approach can be an alternative for other semi-crystalline 

copolymers that not soften enough to use as excipient for hot-melt extrusion. One critical 

remark must be enclosed; the spray-dried copolymer has a lower bulk density and 
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posseses poorer flow-properties than the unprocessed copolymer, which can hinder the 

feeding of the material in the hopper of the extruder.  

Overall both manufacturing methods were able to produce acceptable solid 

dispersions. Because hot-melt extrusion showed to have a higher kinetic miscibility 

(chapter IV) we upscaled this process in a next step, to extend the understanding of its 

applicability. This study also contributes to the field, because little is published about 

upscaling of the hot-melt extrusion for pharmaceutical applications and the process is 

challenging because of the differences in design, as explained in the introduction of 

chapter V.  

For this study we used a more recent version of the DSM micro-compounder. This 

version was equipped with software that could register the torque experienced during the 

process and the temperatures with seven different thermocouples, including one in the 

melt inside the extruder. The same model compound was used, but a higher operating 

temperature (170 °C) and screw speed (200 rpm). The temperature was raised compared 

to the previous study because this extruder had a different operating window, again 

emphasizing the importance of knowing the operating window for each type of equipment 

and product.  The result was a higher kinetic degree of mixing of the drug with the 

polymer, compared to the samples produced with the other model of the micro-

compounder. Demixing was only observed from 47% w/w miconazole and did not only 

occur by the formation of crystalline clusters of miconale but also by the formation of 

amorphous clusters. Since the design of the extruder and mixing screws were the same as 

in the previous study, most likely the difference can be attributed to the differences in 

operating temperature and screw speed. The ssNMR study in chapter VI showed that with 

increasing temperature the strength of the hydrogen bonds between the PVA chain 

fragments decreased. This most likely attributed to a higher kinetic mixing of the drug 

and polymer after production at higher extrusion temperatures.  

Close monitoring of the temperature in the melt of the processed material during 

the extrusion process is crucial, since this can differ from the temperature set at the barrel 

of the extruder. This was observed in both types of extruders, but the difference was 

larger in the pilot scale extruder. Therefore the melt temperature is more efficient to 

compare, than the barrel temperature. In the pilot scale extruder, mixing elements likely 

induce higher shear forces and subsequently a higher temperature inside the barrel, and 
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when comparing the two processes, the temperature that is endured by the material is of 

more importance than the temperature endured by the machine.  

The upscaling was challenging, but comparable results were obtained as described 

in chapter V. Because not only the kinetic miscibility is important, the samples were 

reanalyzed to monitor demixing over time. It was clear that samples with a higher drug 

load demix (even after 24 h storage at -26 °C). The demixing occurred faster and more 

pronounced in the samples prepared with the lab scale extruder, showing that there is a 

slight difference in the mixing capability of both types of extruders, although results were 

comparable after 15 days of storage. This shows that a lab scale extruder is a useful tool 

to find a suitable operating window for the production of solid dispersions by hot-melt 

extrusion, certainly in the early development stage, where little amount of material is 

available.  

Demixing of the drug was observed over time in both types of extruders. After 15 

days the samples with ca. 30% w/w miconazole showed demixing. Therefore high-

resolution 13C NMR spectroscopy was used to study the partitioning of miconazole drug 

molecules in the different phases of the copolymer. Based on the proton spin-lattice 

relaxation times the average cluster size of miconaozle in an extruded sample prepared 

with the micro-compounder with 10% w/w of drug could be determined to be 1.6 nm, 

which points to a molecularly dispersed system.  

VII.4 Final conclusions and perspectives 

The number of carriers that can be used today for the formulation of solid 

dispersions is rather limited and the search for new materials is still ongoing (e.g. the 

launch of Soluplus® by BASF one year after the start of this research project). For many 

years the strategy of ‘trial and error’ for the formulation of solid dispersions has been 

used, but nowadays there is a trend towards a more rational approach. The capability of 

EG/VA to improve the solubility and dissolution rate of itraconzole was proven before, 

suggesting its solubilizing and stabilizing properties. Nevertheless deeper understanding 

was mandatory, to make a more rational formulation approach possible.  

Investigation of the phase behavior of EG/VA revealed that this carrier has two 

chemically different amorphous fractions to mix with a wide variation of drugs. Different 

stability profiles are to be expected, depending on which phase is involved in mixing. Its 

potential to form hydrogen bonds is an advantage with respect to physical stability. Both 
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hot-melt extrusion and spray-drying has shown to be suitable production techniques for 

the formulation of solid dispersions with this carrier. Although a lot of effort has been 

done to define the general operating window of this carrier, this has to be studied in detail 

for each specific formulation, as differences in kinetic solubility can be a result of 

operating parameters, but a general framework is given by the research results in this 

thesis.   

Since hot-melt extrusion has shown to increase the crystallinity of the PVA 

fraction, further investigation was mandatory. If a drug molecule prefers to mix with this 

fraction, possible demixing upon processing via hot-melt extrusion can be expected, 

because of the reduction of the amorphous content in this fraction by shear and heating. 

This could lead to lower maximum drug loading of the formulation. However ssNMR 

revealed that the increase in crystallinity is not as high as to be expected from the DSC 

data, but its impact is still relevant.  

Though adequate initial formulations were produced with the model compound 

miconazole, stability studies showed fast demixing for the formulations with higher drug 

loads, suggesting that the thermodynamic solid solubility was exceeded at higher drug 

load. It was remarkable that miconazole does not prefer the PVA fraction, after either 

production method. To get more insight in the spatial organization of the copolymer and 

how small organic molecules distribute in the different phases, small angle X-ray 

scattering experiments are currently ongoing. The modeling of SAXS patterns will allow 

us to make electron density profiles of different samples (like pure copolymer, extruded 

copolymer and extruded copolymer in the presence of miconazole) in function of 

temperature. Hence deeper insight in the structural organization of the copolymer upon 

cooling from the melt and drug distribution will result.   

Besides the findings about the applicability of EG/VA in the formulation of solid 

dispersions, some more general contributions to the field were made. We showed that 

heating of the solution before spray-drying can affect the resulting solid dispersion. For 

hot-melt extrusion we suggested that spray-drying of a semi-crystalline polymer before 

using it as an excipient for hot-melt extrusion can potentially expand its operating 

window. The latter can expand the applicability of semi-crystalline carriers in the 

formulation of solid dispersions, with respect to processability, especially for heat-labile 

compounds.  
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At last we showed that a lab scale extruder, with simple design and an internal 

circulation channel, can be useful to find a suitable operating window for the production 

of solid dispersions at a larger scale. Although it is challenging, matching the process 

conditions is manageable. Further research is necessary with respect to the difference in 

design, like for example the influence on the mixing behavior when the kneading paddles 

are altered.  

Although the results presented in this thesis show that EG/VA has potential as a 

carrier for the formulation of solid dispersions, the search for new polymeric carrier 

systems should continue. Substituted PVA with triethyleneglycolmonethylether was 

suggested by Orienti et al. before [12], but not much research was conducted. PVA has 

interesting characteristics but its solubility in organic solvents is rather low, making it less 

suitable for spray-drying. The organic modification of this polymer with more 

hydrophobic groups would expand its solubility and make it more feasible to interact with 

poorly soluble compounds which are often more hydrophobic. Of course this is not 

straightforward, because the effect of such a modification on the phase behavior (e.g. 

effect on glass transition temperature) is not easy to predict. PEG-based polymers that 

have less crystalline characteristics are still attractive as well, as emphasized by the 

launch of Soluplus®.    
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Samenvatting 

In hoofdstuk I van deze thesis werd een algemeen overzicht gegeven over vaste 

dispersies als een formulatie-strategie voor het verhogen van de 

oplossnelheid/oplosbaarheid van slecht oplosbare geneesmiddelen. De meest frequent 

gebruikte carriers werden hier kritisch beschreven. Bijkomend werd een korte 

beschrijving gegeven van het copolymeer poly(ethyleenglycol-g-vinylalcohol) (EG/VA) 

en het model geneesmiddel miconazole, dat gebruikt werd in dit project. 

In het tweede hoofdstuk werden de doelstellingen beschreven. Het hoofddoel was 

het onderzoeken de toepasbaarheid van EG/VA als een nieuwe en potentiële carrier voor 

de formulatie van vaste dispersies. Hiervoor was onderzoek naar verschillende 

deelfacetten noodzakelijk. 

Een eerste belangrijke stap was het begrijpen van het fasegedrag van dit 

copolymeer voor, tijdens en na standaard productiemethoden voor vaste dispersies, zoals 

sproeidrogen en hot-melt extrusie (hoofdstuk III). In het eerste deel van dit hoofdstuk 

werd gemoduleerde differentiële scanning calorimetrie (MDSC) en Röntgen poeder 

diffractie (XRPD) gebruikt om dit in kaart te brengen. De resultaten toonden aan dat 

EG/VA bestaat uit twee semikristallijne fracties: een polyethyleenglycol (PEG) fractie 

(Tg = ca. -57 °C en Tm = 15 °C) en een polyvinylalcohol (PVA) fractie (Tg = ca. 45 °C en 

Tm = 212 °C). Sproeidrogen resulteerde in amorfisatie van de PVA fractie (als de 

temperatuur van de inkomende lucht lager is dan 140 °C), terwijl hot-melt extrusie bij 

verschillende temperaturen de kristalliniteit van deze fractie verhoogde. De PEG fractie 

van het copolymeer bleef in beide gevallen onveranderd. Omdat de verhoging van de 

kristalliniteit van de PVA fractie mogelijks kan leiden tot ontmenging van het 

geneesmiddel en het polymeer tijdens de afkoeling na hot-melt extrusie, werd onderzocht 

of deze fractie amorf kon gemaakt worden door het toepassen van “quench-cooling”. 

High Performance DSC en ultra-fast chip calorimetrie werden gebruikt om het 

copolymeer gecontroleerd af te koelen vanuit de smelt aan zeer hoge snelheden. De PEG 

fractie van het copolymeer was reeds volledig amorf na afkoelen aan 300 °C/s, maar om 

de PVA fractie volledig amorf te maken was een koelsnelheid van minstens 3000 °C/s 

nodig. Deze afkoelsnelheid is praktisch niet haalbaar met de momenteel 

gecommercialiseerde koelingaccessoires van een hot-melt extruder. 
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Weekmakers zijn, net zoals geneesmiddelen, vaak kleine organische moleculen. 

Omdat het uiteindelijke doel het maken is van vaste dispersies met dit copolymeer en 

zulke kleine organische moleculen, onderzochten we eveneens het menggedrag van het 

copolymeer met drie verschillende weekmakers in hoofdstuk III. De resultaten toonden 

aan dat afhankelijk van het type en de concentratie van de component er een verschillende 

affiniteit voor amorfe fractie kan zijn. Dit suggereert dat ook geneesmiddelen potentieel 

verschillende affiniteiten zullen hebben voor de ene of de andere fractie van het 

copolymeer. Dit kan leiden tot verschillen in fysische stabiliteit, afhankelijk van welke 

fractie betrokken is bij het mengen.  

Omdat in hoofdstuk III werd aangetoond dat EG/VA zich leent tot verwerking via 

zowel sproeidrogen als hot-melt extrusie, onderzochten we het effect van de 

productiemethode op de kinetische mengbaarheid van een geneesmiddel met EG/VA in 

hoofdstuk IV. Miconazole werd gekozen als modelgeneesmiddel. Eveneens werd 

onderzocht wat het effect was op de kinetische mengbaarheid als de oplossingen die 

gebruikt worden voor het sproeidrogen eerst verwarmd werden. Ook werd getest of het 

sproeidogen van het copolymeer, alvorens het als excipient te gebruiken voor extrusie 

met het geneesmiddel een voordeel kon bieden. Ook hier werden MDSC en XRPD 

gebruikt om de verkregen vaste dispersies met verschillende concentraties aan 

geneesmiddel te analyseren. Miconazole mengde met de PEG fractie van het copolymeer 

of kristalliseerde als dezelfde of een andere polymorf dan het startmateriaal. De 

kinetische mengbaarheid was hoger voor de vaste dispersies die bereid werden 

vertrekkende van de verwarmde oplossingen. Toch resulteerde hot-melt extrusie in een 

nog hogere kinetische mengbaarheid. Het gebruik van gesproeidroogd polymeer als 

excipient voor hot-melt extrusie gaf geen verder voordeel wat betreft de mengbaarheid, 

maar de torsie die de schroeven van de extruder ondervonden tijdens de productie was 

wel aanzienlijk lager. Dit zou ertoe kunnen leiden dat een lagere extrusietemperatuur 

gebruikt kan worden, wat voordelig kan zijn wanneer men hitte-labiele geneesmiddelen 

via deze weg zou willen verwerken. 

In hoofdstuk III & IV werd een laboratoriumschaal extruder gebruikt. Deze 

extruders zijn eenvoudiger van design dan de toestellen die gebruikt worden voor 

productie op grote schaal. Hun schroefgeometrie is relatief eenvoudig en ze hebben een 

intern circulatiekanaal, terwijl de productie- en pilootschaal extruders een continue 

doorvoer hanteren en een modulaire schroefgeometrie hebben (waardoor o.a. speciale 
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mengelementen kunnen geïntegreerd worden). Desondanks de verschillen in design werd 

hierover nog maar weinig gerapporteerd in de literatuur. In hoofdstuk V werd getracht om 

het extrusieproces op te schalen van laboratoriumschaal tot pilootschaal. Hiervoor werd 

hetzelfde modelgeneesmiddel miconazole gebruikt en twee series van vaste dispersies 

werden bereid. Hiervoor werden de productieparameters zo goed mogelijk op elkaar 

afgestemd (verblijftijd, extrusietemperatuur en rotatiesnelheid). De stalen werden 

onmiddellijk na productie geanalyseerd en ook opnieuw na 24h en 15 dagen bewaring bij 

-26 °C. De kinetische mengbaarheid van de stalen geproduceerd met de 

laboratoriumschaal extruder was lichtelijk hoger dan de stalen geproduceerd met de 

pilootschaal extruder. De vaste dispersies met hoog geneesmiddelengehalte waren 

onstabiel en ontmengden. Deze ontmenging gebeurde sneller bij de stalen geproduceerd 

met de laboratoriumschaal extruder, maar na 15 dagen waren de resultaten vergelijkbaar. 

Dit toont de waarde van de laboratoriumschaal extruder aan.  

In hoofdstuk VI werden 1H en 13C kernspinresonantie (NMR) methoden gebruikt 

om het fasegedrag van EG/VA, de mengbaarheid van het modelgeneesmiddel miconazole 

in EG/VA en de verdeling ervan tussen de PEG en PVA amorfe fracties na hot-melt 

extrusie in meer detail te bestuderen. De kristalliniteit van de PVA fractie van het 

onverwerkt copolymeer kon hiermee worden bepaald en bedroeg 45% ± 10% w/w. Na 

hot-melt extrusie verhoogde dit percentage slechts licht. De bi-modale beschrijving van 

het fasegedrag (kristallijn-amorf) werd in dit hoofdstuk verfijnd door het gebruik van de 

transversale relaxatietijd via 1H NMR (T2 relaxatie). Vier T2 relaxatiecomponenten 

konden beschreven worden en deze werden toegewezen aan volgende fracties: (1) rigide 

amorfe en kristallijne fracties, (2) semi-rigide amorfe fracties met een beperkte 

ketenmobiliteit, (3) mobiele amorfe fractie, (4) zeer mobiele fractie. Deze fracties mogen 

niet begrepen worden als vier duidelijk gescheiden fasen, maar eerder als heterogeen 

mengsel van polymeerketens met een verschillende mobiliteit. Het is typisch voor graft 

copolymeren dat de grenzen tussen deze gebieden niet strikt afgelijnd zijn. Hoge-resolutie 
13C NMR spectroscopie werd gebruikt om de verdeling van miconazole in het 

copolymeer in detail te bepalen. Via de bepaling van de longitudinale relaxatie kon de 

gemiddelde clustergrootte van miconazole in de geëxtrudeerde vaste dispersies berekend 

worden. Deze clusters hadden een grootte van ongeveer 1.6 nm, wat duidt op moleculaire 

verdeling van het geneesmiddel.  
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In het laatste hoofdstuk (hoofdstuk VII) werden de belangrijkste bevindingen 

samengevat. De verschillende observaties werden besproken en met relevante literatuur in 

verband gebracht. Tot slot werden enkele kritische bemerkingen geformuleerd en de 

richting voor verder onderzoek aangegeven.  
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Summary 

A general background about solid dispersions as a strategy to improve the 

solubility and dissolution rate of poorly soluble compounds is provided in chapter I. 

Commonly used carriers for the manufacturing of solid dispersions were listed and 

discussed. In addition, a short description of the copolymer poly(ethyleneglycol-g-

vinylalcohol) (EG/VA) and the model drug miconazole used during this research project 

was given. 

In chapter II the general objectives of this project are described. In short, we 

investigated the potential of EG/VA as a new carrier for the formulation of solid 

dispersions. Therefore different aspects needed to be addressed. 

A first important step is to understand the phase behavior of this copolymer 

before, during and after processing via spray-drying and hot-melt extrusion (chapter III). 

In the first part of this chapter we used modulated differential scanning calorimetry 

(MDSC) and X-ray powder diffraction (XRPD). The results showed that EG/VA consists 

of two semi-crystalline fractions: a polyethylene glycol (PEG) fraction (Tg = ca. -57 °C 

and Tm = 15 °C) and a polyvinylalcohol (PVA) fraction (Tg = ca. 45 °C and 

Tm = 212 °C). Spray-drying induced amorphization of the PVA fraction (if the inlet 

temperature was 140 °C or lower), while hot-melt extrusion increased the crystallinity of 

the same fraction, as a result of both shear forces and increased temperature. In both cases 

the PEG fraction is not influenced. Since this observed increase in crystallinity can 

potentially lead to demixing of the drug and polymer during solidification after hot-melt 

extrusion, the benefit of applying forced cooling after hot-melt extrusion was explored in 

a second part of this chapter. With high Performance DSC and ultra-fast chip calorimetry 

we applied controlled quench cooling from the melt at different cooling rates. The PEG 

fraction was amorphous after cooling at 300 °C/s, but to make the PVA fraction 

completely amorphous a cooling rate of at least 3000 °C/s was necessary, indicating that 

applying normal forced cooling after extrusion in order to make the extrudates completely 

amorphous will be insufficent.   

Because the ultimate goal is to mix this copolymer with small organic molecules 

like drug molecules, we also investigated the mixing behavior of three different 

plasticizers in chapter III. Depending on the type and the concentration of the 

compounds, a different preference for one of the two amorphous phases occurred. This 
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suggested that also different drug molecules may preferentially mix with one of the two 

amorphous phases of EG/VA during solid dispersion manufacturing, hence leading to 

different physical stability profiles, depending on which amorphous phase is involved in 

mixing. 

Since chapter III showed that EG/VA could be processed by both hot-melt 

extrusion and spray-drying, we investigated the effect of the manufacturing method on 

the kinetic miscibility of a drug and EG/VA in chapter IV. Miconazole was chosen as 

model drug. Additionally the effect of heat pre-treatment of solutions used for spray-

drying and the use of spray-dried copolymer as excipient for hot-melt extrusion was 

investigated as well. Again MDSC and XRPD were used to study the phase behavior of 

the resulting solid dispersions with different drug-polymer ratio’s. Miconazole either 

mixed with the PEG fraction of the copolymer or crystallized in the same or a different 

polymorph as the starting material. The kinetic miscibility was higher for the solid 

dispersions obtained from solutions which were pre-heated compared to those spray-dried 

from solutions at ambient temperature. Hot-melt extrusion resulted in an even higher 

degree of mixing. Here the use of the spray-dried copolymer did not show any benefit 

concerning the kinetic miscibility of the drug and copolymer, but it resulted in a 

remarkable decrease in the torque experienced by the extruder allowing extrusion at lower 

temperature and torque. The latter could be an advantage when working with heat labile 

compounds.   

The results for hot-melt extrusion in chapter III & IV were obtained after 

extrusion with a lab scale extruder with simple screw design and an internal circulation 

channel. Extruders used for production at large scale have a different design as they work 

via continuous throughput and have a modular screw design, which allows the 

introduction of mixing elements in the screw configuration. Because of the difference in 

design and few literature reports, we tried to scale up the extrusion process in chapter V. 

The same model drug was chosen and two series of solid dispersions were made with a 

lab scale and a pilot scale extruder. Efforts were made to match the operating parameters 

as close as possible (residence time, extrusion temperature and screw speed). The samples 

were analyzed with MDSC straight after production and after exact 24 h and 15 days of 

storage at -26 °C. The kinetic miscibility of the samples prepared with the lab scale 

extruder was slightly higher than the samples prepared with the pilot scale extruder. As 

the solid dispersions with high drug load were unstable over time, demixing occurred, 
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slightly faster for the samples prepared with the lab scale extruder. After 15 days, the 

levels of molecular mixing were comparable, pointing to the predictive value of samples 

prepared on laboratory scale. 

In chapter VI the phase behavior of EG/VA, miscibility of the model drug 

miconazole in EG/VA and the partitioning of miconazole between PEG and PVA 

amorphous phases after hot-melt extrusion were studied into more detail with solid-state 
1H and 13C NMR methods. The crystallinity of PVA fraction of the copolymer as received 

by the manufacturer was here determined to be 45% ± 10% w/w and hot-melt extrusion 

causes only a slight increase in PVA crystallinity. The bi-modal description of the phase 

behavior (crystalline-amorphous) was refined in this chapter by the use of 1H NMR 

transverse magnetization relaxation (T2 relaxation) methods. Four T2 relaxation 

components could be described, which were assigned to: (1) rigid amorphous and 

crystalline fractions (2) semi-rigid amorphous fraction with largely restricted chain 

mobility (3) mobile amorphous fraction (4) highly mobile fraction with chain mobility 

which is typical for rubbery materials. These phases should not be understood as four 

distinct phases, but rather as heterogeneity in chain dynamics in the amorphous PEG and 

PVA fractions due to the absence of sharp borders between different phases as expected 

for graft copolymers. The partitioning of miconazole molecules in the different phases of 

the copolymer was studied by high-resolution 13C NMR spectroscopy. The T1
H and T1

H 

revealed that miconazole is molecularly dispersed in the melt-extruded EG/VA; the 

average cluster size was determined at approximately 1.6 nm.  

In chapter VII a general discussion is provided of the most important findings 

described in this thesis. The different observations are discussed and linked to relevant 

literature. Finally some critical remarks and perspectives were postulated.  

 

 


