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Abstract 

Amorphous solid dispersions (ASDs) can be a successful approach to 

improve the apparent solubility and hence the bioavailability of poorly 

water-soluble drugs, specifically BCS class II ingredients. However, it 

has been reported that an increase in active pharmaceutical ingredient 

(API) loading can lead to a decrease in the API release rate from the 

formulation, due to recrystallisation in vitro/vivo, often driven by 

crystalline seeds in random locations in formulation. Up to now, it has 

been difficult to fabricate ASD tablets with controlled distribution of 

crystalline seeds in various positions of the formulation to study the 

release of APIs, because conventional tabletting methods do not easily 

afford precise spatial control of these impurities during tablet 

manufacturing. Consequently, fabrication of such solid dosage forms 

spiked with crystalline impurities may be possible by employing three-

dimensional (3D) printing technologies due to their ability to control 

numerous parameters during the printing process.  

Therefore, we aim to investigate the dissolution behaviour of the API from 

ASD tablets by fabricating two basic ASD model tablets (pure ASD and 

spiked) by employing one of the 3D printing techniques in which the 

effect of spatial location of crystal seeds can be systematically controlled 

and evaluated to understand drug release mechanisms from such type 

of dosage forms and offer recommendations. 

The present thesis investigates the dissolution behaviour of two basic 

ASD model tablets i.e. pure ASD and amorphous tablets spiked with 
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crystalline seeds, which is a tablet manufactured as compartment with 

an outer shell (amorphous or spiked) and an inner core (amorphous or 

spiked), fabricated utilising fused deposition modelling (FDM) 3D printing 

technique. A well-documented low water-soluble drug i.e., felodipine 

(FELD) was selected once and used as a model drug throughout the 

present thesis. Also, polyvinyl alcohol (PVA), which is one of the most 

commonly used thermoplastic polymers with the FDM 3D printer, was 

selected as the main polymer with which to fabricate the two basic ASD 

formulations. The steps that were taken towards fabricating the model 

tablets were detailed in chapter 3, 4, and 5. Starting in chapter 3 by 

predicting the miscibility of FELD with two polymers, namely PVA, and 

Soluplus®, utilising the Flory-Huggins theory and the melting point 

depression approach (dissolution endpoint) to select the drug loadings 

which then used to manufacture the printer feedstocks utilising hot melt 

extruder (HME). For the FELD-PVA system the miscibility was calculated 

for the first time in the present work. The FELD has shown complete 

miscibility with both polymers, PVA and Soluplus®, for all the drug-

polymer compositions (5%- 75%) at temperatures above 140°C. In 

contrast, The FELD was predicted to be miscible with both polymers for 

drug loadings lower than 10% (w/w) at room temperature. Moreover, the 

composition phase diagrams for both systems, FELD-PVA and FELD-

Soluplus®, were successfully constructed. Accordingly, different drug 

loadings, including 10% (metastable zone), and 50% (unstable zone), 

were selected for the formulation of the FDM 3D printer feedstocks and 

model tablets in chapter 4.  
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In chapter 4, the selected drug loadings were successfully used to 

manufacture the FDM 3D printer feedstocks utilising HME. It was 

possible to fabricate the pure ASD model tablets with different 

geometries utilising the FDM 3D printer due to the high temperature 

(above 160°C) used during both process, the formulation of the printer 

feedstocks using HME and fabrication of the model tablets utilising the 

FDM 3D printer. In contrast, it was challenging to manufacture spiked 

model tablets with controlled spatial distribution of crystalline seeds 

during the model tablets fabrication process. Thus, relative humidity (RH) 

storage conditions were used as an approach to achieve equilibrium 

(crystallinity) in the manufactured materials in order to fabricate the 

spiked model tablets. 

In chapter 5, we successfully manufactured the FDM 3D printer drug 

loaded feedstock utilising HME. Then, the manufactured printer 

feedstock was used to fabricate different compartment model tablets i.e., 

fresh shell- fresh core (control), fresh shell- aged core, aged shell- fresh 

core, and aged shell- aged core (control), utilising the FDM 3D printer 

and 75% humidity. The crystallinity % of the FELD in the spiked models, 

fresh shell-aged core, aged shell- fresh core, and aged shell- aged core, 

was quantified using DSC and found to be about 6%. The spiked model 

tablets were fabricated for the first time in the present work. The 

dissolution performance of the different model tablets was investigated 

utilising USP dissolution apparatus I (basket). The FELD release from 

the fabricated formulations has shown a sustained release (SR) for a 

period of 10 hours in two pH media, pH 2 and pH 6.8. In both media, the 
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observed dissolution of the FELD from the fabricated model tablets was 

ranked as fresh shell-fresh core > fresh shell-aged core > aged shell-

fresh core > aged shell-aged core. The obtained dissolution profiles from 

the utilised spiked formulations suggested that the model tablets 

fabricated with a fresh shell-aged core have shown drug release close to 

that obtained from the model tablets fabricated as a pure amorphous 

tablet. Accordingly, this result suggests that the fresh outer shell of the 

fabricated model tablets may have dissolved, and the release was 

predominantly controlled by the outer shell rather than the spiked inner 

core. In contrast, the obtained dissolution of the aged shell-fresh core 

model tablets has shown FELD drug release close to that obtained for 

the control fabricated as aged shell-aged core model tablets, which 

suggests that the drug release was predominantly controlled by the 

spiked outer shell rather than the fresh inner core due to the induced 

crystallinity in the outer shell with time. 

The FDM 3D printing technique is promising as a fabrication process to 

build better ASD test model tablets with controlled spatial distribution and 

amount of crystalline seeds than the conventional tabletting method in 

order to investigate why ASD tablets fail dissolution testing. Following 

this work, the FDM 3D printing technique can be considered for future 

development of ASD tablets in the industry to build model tablets with 

defined amount and location of crystalline seeds to understand the 

dissolution behaviour from these formulations.  
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1. Chapter 1: Introduction 

1.1. Poorly Soluble Active Pharmaceutical Ingredients (APIs) 

The oral route remains the most favourable and frequently utilised route of 

drug delivery due to the high patient compliance, ease of administration, 

flexibility in the design of dosage form, and cost-effectiveness [1]. 

Conversely, inadequate bioavailability is the main challenge associated with 

the oral route of administration. There are different factors that can influence 

the oral bioavailability of the APIs, including the rate of dissolution, aqueous 

solubility, permeability of APIs, and first-pass metabolism. The most 

important factor to accomplish sufficient bioavailability and the desired 

pharmacological response for orally administered APIs, specifically low 

water-soluble ingredients, is the aqueous solubility [2]. The API molecule 

must go through different steps to reach the site of action with a sufficient 

quantity, such steps including the API should be dissolved in the 

gastrointestinal (GI) liquids, and then absorbed across the membrane of the 

GI into the systematic circulation. The absorption step is both dissolution 

rate and solubility limited for low water-soluble ingredients [2].  

Unfortunately, the majority of the new chemical entities (NCE), about 80%- 

90%), developing from the pharmaceutical development pipelines (PDP) are 

characterised by poor solubility and limited dissolution profile and 

consequently may lead to low bioavailability [3]. As a result, the 

pharmaceutical industries need to generate new formulations to accomplish 
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the desired in-vivo efficacy as well as sufficient oral bioavailability [4]. 

Enhancing the concentration of the API in the GI fluids is one way to boost 

the bioavailability of the low water-soluble ingredients. Enhancing the water 

solubility, the rate of the dissolution, or a blend of both can lead to increasing 

the API concentration in the GI fluids. Changing the crystalline solids into 

amorphous is presented as an example to increase the dissolution 

characteristics of poorly water-soluble ingredients [5]. A crystalline material 

is characterised by three-dimensional long-range order, which is lost in the 

amorphous materials. Consequently, the API molecules energy barriers to 

go to into solution is reduced.       

In order to understand the physicochemical and biopharmaceutical features 

of APIs, the APIs can be classified into four categories by the biopharmaceutics 

classification system (BCS) depending on the solubility (hydrophilic and 

hydrophobic drugs) and the permeability of the API in the gastrointestinal 

tract (GI). 

1.2. Biopharmaceutical Classification System (BCS) and the 

Developability Classification System (DCS) 

The APIs have been distributed into four classes according to the 

Biopharmaceutics Classification System (BCS),: Class I- High solubility, 

high permeability, Class II - Low solubility, high permeability Class III - High 

solubility, low permeability Class IV - Low solubility, low permeability (Figure 

1.1)  [6].  
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Based on this system, class I are the most favourable candidates to proceed 

to the clinical trials due to their high solubility in addition to their high 

permeability characteristics. The poor solubility of low water-soluble APIs in 

the gastrointestinal (GI) fluids frequently leads to insufficient bioavailability, 

particularly for class II APIs. Depending on the BCS, the bioavailability may 

be boosted by improving the solubility and dissolution rate of the API in the 

GI liquids. The bioavailability of class III ingredients (high soluble, low 

permeable) is dependent on the permeability rate since their solubility is 

most likely high. Class IV ingredients are characterised by poor solubility as 

well as poor permeability, which make them unfavourable candidates for 

drug development. Thus, there is a growing interest in formulation 

approaches to enhance the solubility and dissolution of BCS class II, and IV 

ingredients [7]. 

 

Figure 1.1. Biopharmaceutics Classification System (BCS) [8]. 
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The BCS classification system was modified by Dressman and Butler in 

2010, in which they used 500 mL as realistic dissolution volume in the GI 

tract rather than 250 mL which was used by Amidon et al. [9]. With the BCS 

as the starting point, the developability classification system (DCS) was 

presented as the modified system for oral drugs [9]. Whereas the BCS is 

established as a regulatory categorisation for bio-equivalence assurance, 

the DCS more effectively classifies APIs depending on factors that influence 

oral absorption. Consequently, the DCS offers a more effective 

categorisation method for the problems associated with oral product 

development.  

Two essential modifications of the DCS from the BCS were introduced, 

including the addition of two sub-classes for class II compounds and the 

establishment of the solubility limited absorbable dose (SLAD) concept 

(Figure 1.2) [9]. Depending on the idea that solubility and permeability are 

compensatory for class II ingredients, the SLAD is illustrated by the border 

between class 2a and class 2b [10].  

For dissolution of rate-limited ingredients (class IIa), because of the 

compensatory nature of high permeability on low solubility, a crystalline API 

maybe designed to accomplish the full oral absorption from a solid dosage 

form without the use of complex solubilisation technologies [10]. However, 

for this specific class, the release and absorption of the API from a typical 

formulation will depend on different factors i.e., area of the surface, 

wettability and size of the particle [10]. For solubility-limited ingredients, 
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class IIb, formulation of the API as a solubilised form is a pre-requisite to be 

absorbed at the absorption site. Thus, class IIb remains a major challenge 

to manufacturers [10]. 

 

Figure 1.2. BCS modification for more realistic fluid volumes available in the 

GI tract and the compensatory nature of permeability on low solubility 

(alterations from the BCS to DCS are shown in red). Figure adapted from- 

[9]. 

1.3. Solubility and Dissolution Rate 

Dissolution rate and aqueous solubility are important features to take into 

account during the development of APIs for oral administration. Solubility 

can be defined as “the amount of a solute that gets dissolved in a solvent 

when equilibrium is achieved between the solute and the excess of 

undissolved material”. Dissolution is defined as “the rate/or extent at which 
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the molecules or ions transferred from solid-state and dissolve in a solvent 

and form a solution” [11]. Solubility can be changed by changing the 

chemical structure of an API molecule i.e., salt formation, and pro-drug 

strategies, whereas utilising strategies, such as complexation, and reduction 

of the particle size, can change the dissolution rate.  

The Noyes-Whitney equation has described the relationship between 

dissolution rate and solubility (Equation 1.1) [12]. 

 

 𝒅𝒙/𝒅𝒕 = 𝑪 (𝑺 − 𝒙) (1.1) 

   

Where S represents the substance solubility or the concentration of its 

saturated solution, x represents the concentration at the expiration of time t, 

and C a constant. Then, the Noyes-Whitney equation was developed by 

Nernst-Brunner and the development showed that the dissolution rate 

depends on both, the exposed surface area and the solubility of the 

substance (Equation 1.2) [13]. 

 

 𝐝𝐜/𝐝𝐭 = 𝑲𝑫𝐀 (𝐂𝐬 − 𝐂𝐭) (1.2) 

   

Where dc/dt is the dissolution rate of drug, KD is the diffusion coefficient 

(dependent on the dissolution constant and the stirring rate), A is the solid 



Chapter 1: Introduction 

7 
 

surface area, Cs is the drug solubility, Ct is the concentration of the drug 

dissolved at time t. It is evident from the equation that the rate of dissolution 

is proportional to the solid surface area and the drug solubility, with respect 

all other factors being constant. As a consequence, the low water-soluble 

compounds will be characterised by a limited dissolution rate and 

inadequate bioavailability. Thus, a review of the present formulation 

strategies to overcome the problems of the low water-soluble APIs is 

detailed in the next sections.     

1.4. Strategies to Overcome Problems of Poorly-Water Soluble 

Active Pharmaceutical Ingredients  

Different strategies that tend to improve the bioavailability of poorly water-

soluble APIs, specifically BCS class II APIs, are divided into two main 

categories which are either to enhance the dissolution rate or solubility of 

low water-soluble ingredients, such strategies includes: the formation of salt 

[14], prodrug [15], particle size reduction [16], cyclodextrins [17], and 

amorphisation and amorphous solid dispersions [5]. 

1.4.1. Salt Formation  

Salt formation, which is an example of the crystal modification techniques, 

is one of the most frequently employed ways in the pharmaceutical industry 

to enhance the dissolution features of the low water-soluble basics or acidic 

APIs [14]. The resulted enhancement in dissolution rate of salt relative to its 

free base or free acid under the pH environment of the GI tract is because 
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of the greater solubility of the free API in the pH microclimate of the aqueous 

dissolution layer encompassing the solid created by the counterion [18] [19]. 

For instance, the sodium salt form of tolbutamide is known to dissolve 5,000 

times faster in acidic pH media relative to its free acid [20]. 

Moreover, strongly acidic salts of chlorpromazine and ranitidine (weakly 

basic drugs) have improved dissolution profiles in the GI tract media relative 

to their free base forms [21]. However, this strategy is not appropriate for 

un-ionisable APIs. Furthermore, salts can precipitate inside the GI tract after 

oral administration and form aggregates, hence diminishing the 

enhancement in the bioavailability [14]. 

1.4.2. Pro-drugs 

Using pro-drugs, which is a strategy involves chemically functionalising an 

API with a hydrophilic group, such as a phosphate ester group, will enhance 

the solubility compared to the pure drugs.  [22]. Since the pro-drug strategy 

utilises chemicals with low or no pharmacological activity, the inert 

substance undergoes biotransformation in vivo to produce an active 

metabolite after oral administration [23]. For instance, fosamprenavir has 

been produced from phosphorylated amprenavir [22]. However, pro-drug 

formulation has challenges such as the cost and time for production, 

pharmacokinetic, toxicological, and physicochemical assessment [23]. 

1.4.3. Particle Size Reduction  

Particle size reduction can increase the surface area of the powder and 

therefore the dissolution rate and the solubility as per Nernst-Brunner 
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equation. Moreover, decreasing the particle size can result in increased 

wetting properties of the particles through decreasing of its surface 

roughness [24]. For instance, when griseofulvin particle size was decreased 

from 10 to 2.7 µm, its amount in the blood was found to be about double 

[25]. Particle size reduction can be achieved by utilising a milling technique 

[26]. There are different limitations with this strategy including the creation 

of cohesive and charged particles which can rapidly aggregate. Also, 

reduction in particle size can result in amorphisation and/or polymorphic 

transformation, which are considered as unstable forms that might cause 

stability problems over time in the final products [27]. 

1.4.4. Cyclodextrins  

The use of cyclodextrins is another technique that is utilised to boost the 

solubility and bioavailability of the low water-soluble ingredients. In addition, 

they are employed as taste-making. Cyclodextrins are cyclic 

oligosaccharides comprising a water-soluble (hydrophilic) outer surface and 

a hydrophobic central cavity, which is capable of forming complexes with 

hydrophobic and weakly water-soluble APIs [28]. However, there are some 

limitations of cyclodextrins including nephrotoxicity after parenteral 

administration, and GI tract diarrhoea [29].   

1.4.5. Amorphisation and Amorphous Solid Dispersions 

(ASDs) 

Changing the drug crystalline forms to amorphous form is one of the most 

commonly utilised strategies to enhance the dissolution characteristics of 
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low water-soluble APIs [5]. Typically, improvement in dissolution rate will 

lead to an enhancement in oral absorption and bioavailability. 

Since ASD is the main focus of the current thesis, ASDs strategy will be 

discussed in more detail in the following sections. However, it is important 

to start with a brief discussion about the formation and physical stability of 

the amorphous form before commencing a full discussion about ASDs. 

1.5. Amorphous Materials 

1.5.1. Formation and Physical Stability of the Amorphous Form 

As mentioned earlier in section (1.1) the three-dimensional long-range order 

is lost in the amorphous form in comparison to the crystalline phase [30]. 

Figure 1.3 shows a schematic free-energy temperature diagram [31]. 

Figure 1.3 displays that, once the temperature is enhanced, the crystal free 

energy is significantly reduced until the temperature of melting (Tm) of the 

crystal is reached. When the Tm is reached, the crystal goes through a 

spontaneous change to the liquid form. Depending on the cooling rate of the 

formed liquid, the liquid phase will change to the crystal if the formed system 

is cooled slowly below its Tm and there is an adequate time for crystal 

nucleation and crystal growth. In contrast, the system will keep the liquid 

phase features (supercooled liquid) in case the system is quickly cooled and 

the crystallisation step is avoided. Also, the supercooled liquid viscosity 

increases with further cooling of the system. Consequently, the unstable 

glassy state will be formed, as it appears as a distinct discontinuity in the 
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free-energy temperature phase diagram (Figure 1.3). The glass transition 

temperature (Tg) is defined as a temperature below which amorphous solids 

exists as a solid material, and above this temperature, it changes to a liquid 

material [32]. Thus, one method of preparing the amorphous form is 

basically by melting the crystalline form of an API and then quench cool the 

melt to a temperature under its Tm and the Tg [30].  

 

Figure 1.3. A schematic of free-energy temperature phase diagram [31]. 

 

Moreover, Figure 1.3, represents that  the glassy state of the amorphous is 

in a higher free energy in relative to the crystalline form at all temperatures. 

Consequently, the amorphous phase will undergo spontaneous 

crystallisation over time to change to more stable state (crystalline form). 

Thus, due to this re-crystallisation, the advantage of utilising the amorphous 
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form to increase the dissolution rate of poorly water-soluble APIs will be lost. 

It was reported by Aso et al. that the mobility of the molecule and re-

crystallisation tendency of the amorphous, for numerous pharmaceutical 

compounds, significantly enhances above the Tg [33]. Therefore, Tg is an 

important sign of an amorphous form physical stability.  

As stated earlier, improving the dissolution properties of poorly water-

soluble compounds, especially class II APIs, is the main advantage of the 

amorphous form relative to the crystalline form because the amorphous form 

does not possess a three-dimensional long-rang order. However, due to the 

physical instability of the amorphous materials, they have a tendency to 

rapidly re-crystallise to more stable form (crystal form) during manufacturing, 

storage, or during the dissolution process [34], which may lead to 

unpredictable bioavailability. Consequently, nucleation inhibitors that 

decrease the system molecular mobility i.e., polymers, can be utilised to 

stabilise the system by resisting the re-crystallisation process and improve 

the dissolution properties [35]. 

1.6. Amorphous Solid Dispersions (ASDs) 

Nearly three decades ago, many researchers and pharmaceutical scientists, 

guided by George Zografi, began exploiting the solubility benefit of the 

amorphous forms of APIs in solid dispersions [36]. Among the several types 

of solid dispersions, ASDs have presented to be successful and significantly 

enhances the apparent solubility of the poorly water-soluble drugs, 
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especially BCS II API [37] [38] [39]. ASD is defined as a group of solid 

products comprising at least two different components, commonly a 

hydrophobic drug and a hydrophilic inert carrier matrix [40]. Numerous 

polymers and formulation techniques were extensively reported in the 

literature to stabilise and manufacture ASD formulations.  

Thus, the next sections (1.6.1 and 1.6.2) are a brief discussion about the 

most commonly used polymers and the most frequently utilised techniques 

to manufacture ASDs. 

1.6.1. Common Polymers Utilised to Formulate ASDs 

Numerous polymers are used to prepare ASDs utilising different 

manufacturing techniques. Polymer plays an essential role in stabilising the  

amorphous form of a drug and attaining solubility benefit [5][41]. The most 

commonly employed carriers for the preparation of ASDs are cellulose 

derivatives such as hypromellose acetate succinate (HPMCAS), 

hydroxypropyl methylcellulose (HPMC), hydroxypropyl methylcellulose 

phthalate (HPMCP), and methylcellulose. Moreover, polyvinylpyrrolidone 

(PVP) and poloxamers can be employed as carriers for ASD as shown 

below in (Table 1.1) [42] [43]. Recently, polyvinyl alcohol (PVA, synthetic, 

biodegradable polymer) has been utilised for the preparation of ASD through 

3D printing fabrication methods due to its printable ability [44].  

The polymer carrier is not only added to boost the solubility and the 

dissolution of the APIs; also, they are added to maintain the solid-state 

physical stability of the API by decreasing its molecular mobility and 
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enhancing its glass transition temperature (Tg) [45]. Moreover, polymer has 

been used to retain supersaturation solution in the GI tract for an adequate 

period to maximise the absorption at the site [45]. There are different 

examples of the marketed products as ASDs as listed below in (Table 1.1).  

Table 1.1. Different examples of FDA-approved medicines manufactured as 

ASDs [46]. 

Product 

Name 

API Polymer Maximum API 

Dose per 

Tablet or 

Capsule (mg) 

API Tm 

(°c) 

Solid 

Dispersion 

Preparation 

Method 

Year of 

Approval 

Cesamet Nabilone PVP 1 160 - 1985 

Sporanox Itraconazole HPMC 100 160 Spray drying 1992 

Prograf Tacrolimos HPMC 5 128 Spray drying 1994 

Kaletra Lopinavir/riton

avir 

PVP/VA 200/50 125/122 Melt extrusion 2005 

Onmel Itraconazole HPMC 200 166 Melt extrusion 2010 

Novir Ritonavir PVP/VA 100 122 Melt extrusion 2010 

Zotress Everolimus HPMC 0.75 115 Spray drying 2010 

Intelence Etravirine HPMC 200 265 Spray drying 2008 

Incivek Telaprevir HPMCAS 375 246 Spray drying 2011 

 

1.6.2. Manufacturing of Amorphous Solid Dispersions 

In the early 1960s, the concept of solid dispersions of low water-soluble 

drugs in the inert carrier was becoming popular. Accordingly, different 

methods were reported to manufacture the ASD, such as hot melt extrusion 
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(HME), and spray drying, which are the two main techniques to manufacture 

of ASD as evident above in (Table 1.1) [47]–[49]. 

 

HME is a method of mixing an API with a thermoplastic polymer and/or with 

a binder and then heating the mixture above its Tg or above the melting point 

of all the ingredients used in the mix until softening. The dispersion results 

mainly from high shear mixing between the dug and the polymer [50]–[53]. 

Typically, the drug-polymer blend is processed with a twin-screw extruder 

or a single-screw extruder at a high rotational speed. Then, the blend is 

concurrently melted and homogenised. After that, the mix is extruded and 

shaped to the desired product [54]. In this method, the drug-polymer blend 

is only exposed to a high temperature for about 1 min [55].  

HME is preferred over spray drying in the manufacturing of ASD 

formulations because HME is a single process, more environmentally 

friendly (solvent free process), and shorter time in relative to the spray drying 

method [50]–[53] [56]. The main disadvantage with HME method is that it is 

contraindicated in processing of heat sensitive materials because it might 

cause thermal degradation of the materials during manufacturing process 

[52]. 

Different drug-polymer systems have been manufactured using a HME 

process, for example itraconazole with HPMC [57], and felodipine with PVA 

[58]. The HME method will be discussed in more detail in chapter 2, section 

(2.2.1.1).  
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Spray drying technique is one of the most frequently used methods in the 

formulation of ASD. In this method, the required API, and a polymer, are 

dispersed in an appropriate solvent. Then, the solvent is evaporated from 

the formed solution to transform it into a solid mass [59]–[61].  

Spray drying is used in several pharmaceutical operations, such as 

encapsulation, pulmonary dosage form development, and in granulation 

[59]. ketoconazole ASD with polyvinylpyrrolidone K25 was prepared by 

spray drying method [62]. Spray drying process is suitable for processing 

thermo sensitive materials relative to the HME, which is an inappropriate 

technique for the formulation of thermosensitive materials [52]. Regardless 

of this advantage, there are many limitations for this technique, including the 

usage of solvent that results in long time needed for the formulation 

production, hazard and cost, in the case of using organic solvents during 

production. Also, the residual solvent might become entrapped in the 

product, which might result in a stability issue [63].  

Even though there are different polymers and techniques which can be used 

to manufacture homogenous and stable ASD formulations, it is important to 

predict the solubility and miscibility between the drug and the polymer prior 

to the manufacturing process to select the appropriate method of 

manufacture and appropriate drug-polymer compositions. 
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1.6.3. Physical Stability of ASDs 

Formulation of a homogenous single phase ASD is important to maintain 

supersaturation in the dissolution medium to enhance the absorption and 

the bioavailability of the dispersed drug [43]. Typically, a single phase ASD 

is made when a single Tg is achieved between the drug and the polymer 

[43]. It was mentioned earlier in section (1.6.1) that the presence of polymer 

in ASD results in maintaining the solid-state physical stability of the API by 

inhibiting the solid-state crystallisation [45] [64]. Moreover, the polymer is 

used to retain supersaturation state in the GI tract for an adequate period to 

maximise the absorption at the site by inhibiting the solvent-mediated 

crystallisation [45] [64]. However, this is not necessarily the case within the 

presence of moisture [65]. Moisture might result in re-crystallisation of the 

active in the ASD by the plasticising effect of water (Tg reduction) due to the 

low Tg of water (about -134 °C) [66]. Temperature is another factor that may 

worsen the stability of ASDs. For example, storage of ASD at a temperature 

higher than its Tg may results in re-crystallisation of the API [67]. ASDs 

stability is the interest of several researchers, such as Healy [68] [69], Guy 

Van den Mooter [70], Ann Newman [43], Lynne Taylor [71], and many others 

[69]–[73].    

Miscibility between the drug and polymer is presented as a valuable aspect 

in predicting the stability of the ASD formulations [58] [59]. Miscible system 

means a single Tg is produced between API and polymer which can be 

determined utilising a DSC method [78].  It is important to predict the 
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miscibility of a drug-polymer mixture in order to select the appropriate API 

loading, the suitable carrier, and the appropriate procedure to manufacture 

a homogenous and stable ASD system [76]. Consequently, numerous 

approaches have been noted in the literature [53] [175]–[177] to predict the 

miscibility of a binary drug-polymer system. For example, the melting point 

depression method (MPD) [76] [69], [81]–[83], and solubility parameters 

calculation approach [53] [175]–[177]. Also, the Flory-Huggins interaction 

parameter is another prediction model that is used for the prediction of a 

binary drug-polymer system [76]. Prediction of a drug-polymer binary 

system miscibility will be discussed in more detail in chapter (3). 

The presence of the polymeric carrier in the ASD formulations can affect 

drug release mechanisms from these formulations. Thus, the next section is 

a summary about different release mechanisms from polymeric matrix 

devices. 

1.6.4. Mechanisms of Drug Release from Polymeric Matrix 

Devices  

In many therapeutic situations, there can be an advantage in delivering the 

pharmacological agent over a sustained period rather than as a bolus dose. 

Examples of this requirement include patients receiving pain relief or who 

experience adverse effects when full doses are administered in immediate-

release preparations. In other situations, the active drug may be acid labile, 

so the dosage form must be capable of passing through the acidic 

environment of the stomach, only releasing its contents once in the small 
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intestine. Other drugs may require mucoadhesion or simply taste-masking; 

in many of these cases, polymeric formulations can be of substantial 

importance. 

There are several different mechanisms through which drug release can 

occur, and the dominant release mechanism is generally determined by the 

design of the polymer. Some polymer types are designed to swell while other 

types are eroded. More complex multi-component systems can also 

produce biphasic drug release, with more than just a single release type. In 

contrast, some polymer formulations can release their therapeutic payload 

by passive diffusion or osmotic processes. Each of these mechanisms is 

visited in turn here. 

 

Polymers containing combinations of hydroxyethyl cellulose and sodium 

carboxymethyl cellulose have been shown to swell and float, which is of 

particular value if the therapeutic payload is to be released in the stomach 

[84]. In this example, the active drug is physically constrained within the 

polymer matrix and is unable to leave until the dosage form is exposed to 

gastric solution. Over the course of several hours, the polymer then swells, 

generating pores that are large enough to allow the passage of drug.  

The kinetics of drug release from polymers such as those described by Chen 

et al, are not only affected by the rate of swelling of the polymer, but also by 

the dissolution profiles of the drug in question [84]. Chen et al tested three 

model drugs, noting that the freely water-soluble drug metformin was 
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released from the polymer primarily under diffusion, whereas the less 

soluble drug ciprofloxacin and the slightly soluble esomeprazole were 

subject to anomalous diffusion [84]. 

 

Arguably, diffusion is a key process in all of the mechanisms through which 

drugs are released from polymeric dosage forms. In each case, processes 

such as swelling or erosion expose the drug to the environment external to 

the polymer, but it is the rate of diffusion that can ultimately affect the rate of 

drug release into that environment.  

The diffusion equation is a parabolic partial differential equation derived from 

Fick’s laws of diffusion, and it describes the behaviour of particles such as 

drug molecules which are subject to the random movements and collisions 

[85]. In essence, the process of diffusion describes the net movement of 

molecules from an area of high concentration, such as inside the polymer 

dosage form, to an area of lower concentration, such as the target area, in 

line with a concentration gradient [85]. 

 

The erosion of a polymer dosage form involves its gradual disintegration 

either as a result of physical or chemical processes occurring in the body, 

such as acidic or enzymatic processes or persistent peristaltic motions, or a 

combination thereof. The kinetics of polymer erosion can be complex, with 

surface erosion and bulk erosion often taking place simultaneously, which 

may be the case if the polymer is ingested. Rate of surface erosion changes 
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gradually as the active surface area decreases, while bulk erosion is a 

function of the overall volume of the polymer, which also decreases over 

time [86]. Polyesters such as poly lactic acid (PLA) is example of a bulk 

eroding polymer, whereas polyorthoester and polyanhydrides are examples 

on surface erosion [88] [89]. 

 

Osmosis refers to the spontaneous movement of a solvent, usually water, 

through a semipermeable membrane towards an area with higher solute 

concentration; the movement of solvent brings about an equalisation of 

solute concentrations on either side of the membrane [89] [90]. 

The osmotic process can be harnessed in drug delivery through the 

production of a tablet that presents an osmotic pump. In such designs, 

osmosis drives water into the tablet, which then effectively pushes the drug 

out of the tablet at a predictable rate [91]. This mechanism requires a dosage 

form with an internal osmotic pressure that is created by use of a suitable 

osmotically active excipient and semipermeable polymer excipients. Control 

of the rate at which water enters the tablet results in a known rate of 

dissolution, and output of the drug occurs through a hole in the membrane 

created with a laser. For example, Sapna et al. prepared an osmotic device 

to control the release of the 60mg pseudoephedrine HCl utilising a 

semipermeable membrane of cellulose acetate over period of 12 hours [92]. 

Procardia XL® (Nifedipine) and Ditropan XL® (oxybutynin chloride 5, 10 mg) 

are other examples of drug release from osmotic devices [93]. 
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As mentioned earlier, the main aim of manufacturing a physically stable 

homogenous ASD system is to improve the bioavailability of the low water-

soluble APIs. However, due to the metastable nature of amorphous APIs, 

they have a tendency to crystallise. Consequently, this benefit is lost as the 

dissolution will slowly convert to that of the crystalline counterpart. 

Crystallisation of amorphous APIs can occur throughout manufacturing, 

storage or inside the body during contact with the gastrointestinal fluids 

leading to formulations failure [7].  

1.6.5. Possible Failure Modes in ASDs 

Improving the dissolution and the oral bioavailability are the main 

advantages with utilising ASD as a strategy to overcome the problems 

associated with low water-soluble ingredients, specifically BCS class II APIs, 

in comparison to their crystalline counterparts. However, ASD formulations 

are thermodynamically unstable and have a tendency to crystallise with time 

as mentioned in the previous sections.  

The instability of the ASD formulations, which is maybe the greatest 

challenge with these formulations, is highly dependent on their thermal 

history, i.e. which method of preparation has been utilised to produce the 

ASDs and what is the glass state produced? For instance, it has been 

reported by Mahmah, et al. that the physical stability of the ASDs could be 

significantly influenced by the technique utilised, solvent evaporation or heat 

melt, to produce the formulations [94].  Also, different characteristics of glass 

would be produced through using solvent evaporation technique as a 
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fabrication process depending on different factors such as how fast the 

solvent is removed and the amount of residual solvent [94][95]. Moreover, 

the glassy products may relax over time; therefore, the freshly prepared 

glass properties may be different from the aged glassy product [95][96].  

In addition, before distribution of the ASDs to the consumers, they undergo 

further manufacturing processes and exposure to storage conditions. For 

example, compaction, and milling during the formulation process may 

generate defects and cracks, which may cause phase changes in the ASD 

matrix, leading to dissolution failure [97]. Furthermore, the strength of the 

activity or interaction of the API with the carrier may change due to moisture 

exposure during product storage [98].  

Re-crystallisation of ASDs may occur due to the amorphous-amorphous 

phase separation (AAPS) [99]. AAPs is a condition in which amorphous 

phases of a drug-rich and a polymer-rich regions coexist and is believed to 

be a sign to re-crystallisation step [100].  

The crystallisation step may occur during the manufacturing process, during 

storage, and during contact with an aqueous medium, which may lead to 

dissolution failure [7]. For example, Tres, et al. [101] have studied the 

dissolution behavior of felodipine with copovidone VA64 (5% and 50% w/w) 

amorphous solid dispersions utilising Raman mapping during the dissolution 

process to study the impact of increasing the drug loading on the dissolution 

performance. They found that the 5% dispersions were completely dissolved 

after 280 minutes.  
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On the other hand, API releases form the 50% dispersions was extremely 

low, and the compacts did not dissolve after 1705 minutes. Multi Curve 

Resolution (MCR) Raman mapping, XRPD, and classical Raman 

characterisation revealed that felodipine re-crystallised after an initial loss of 

copovidone from the extrudates, which led to a release dynamics dependent 

on high hydrophobicity and poor water solubility of felodipine (Figure 1.4) 

[101].  

 

Figure 1.4. Recrystallisation of the API from ASD tablet during the 

dissolution process [101]. 

 

It was stated by Craig that the release of the APIs from the ASD formulations 

may be categorised as drug-controlled or polymer-controlled, depending on 

the drug-polymer compositions and the chemical nature of the compounds 

used in the formulation [102]. Numerous processes are included during the 

dissolution step of the ASD formulations [101]. The behaviour of the solvent, 

the generation of micro and nanoparticles suspended in the dissolution 

medium, and the nucleation and crystallisation of the API in the solid-state 
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and/or from a super-saturated solution. All the above mentioned factors can 

severely affect the whole dissolution profile [103]–[106]. Because of the 

several processes included the dissolution behaviour of the ASD 

formulations remains complicated and difficult to understand. Subsequently, 

different approaches have been reported to give a clear idea about the API 

release from the ASD formulations during the dissolution process. Such 

approaches have included UV imaging [107]–[109], ATR-FTIR [110]–[112], 

and Raman spectroscopy [4] [7] [101].  

For example, Hulse et al., have utilised UV imaging to compare the 

dissolution rates of indomethacin (α and γ forms) [107]. The rate of the 

dissolution ratio between the α form upon the γ form was found to be about 

1.7. Moreover, in another research, the amlodipine besylate dissolution 

performance of three different solid forms, including dihydrate, free base, 

and amorphous, was monitored employing the UV imaging [108]. The 

amorphous form re-crystallisation into the monohydrate form was indicated 

utilising UV imaging combined by Raman spectroscopy. In addition, the 

dissolution of the amorphous of both sodium salt and free acid of furosemide 

in relative to the corresponding crystalline forms was studied utilising UV 

imaging [95]. The transformation of the amorphous acid into crystalline acid 

was indicated by Raman spectroscopy.  

Also, Raman spectroscopy was utilised in different studies to monitor 

physio-chemical transitions during dissolution process of many 

pharmaceuticals [4] [7] [101].  For instance, in-situ Raman spectroscopy was 
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also utilised by Savolainen, et al., to monitor indomethacin solid phase 

transition during dissolution [7]. It was shown that amorphous indomethacin 

dissolution rate was decreased due to the re-crystallisation of the drug into 

the α form. Moreover, real-time in-situ Raman mapping was employed by 

Tres, et al., to study the solvent-mediated phase transformations of  

bicalutamide with copovidone VA64 [4]. The dissolution behaviour was 

tested as a function of the drug loading (5% and 50% w/w). The information 

from the spatially time-resolved Raman maps obtained utilising MCR 

showed that the amorphous bicalutamide present in the 50% drug-loaded 

extrudate undergoes simultaneous conversion into metastable low-energy 

polymorphic form I and polymorphic form II [4].  

In addition, attenuated total reflection (ATR) FT-IR was utilised by Kazarian 

and Chan to image ibuprofen-PEG ASD crystallisation process during 

dissolution in water [10] [96]. Combining FT-IR with ATR spectroscopy 

produced an approach with high spatial resolution and high chemical 

specificity. In another study,  a combined compaction and flow-through cell, 

which was built by the same group, was utilised to investigate the dissolution 

of a tablet comprised of HPMC and caffeine [111]. Improving the images 

quality due to the good contact between the ATR surface and the sample, 

and a more controlled penetration of water into the compact were the main 

advantages of the specially designed flow cell. In another study conducted 

by the same group, a UV detector was linked to the combined compaction 
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and flow-through cell, which is similar to the typical dissolution test, to 

quantify the nicotinamide amount released from HPMC tablets [98].  

Although there are several publications and reviews on the subject, the 

mechanisms pertaining to both the observed improvements and failure in 

dissolution remain to be understood. Current methods of understanding why 

formulations fail dissolution testing use tablet samples in which the spatial 

distribution of material is uncontrolled. However, if we can control the 

distribution and position of the crystals within the tablet and build better 

model test tablets, maybe we can then look at a testing hypotheses about 

how the micro-structure of a tablet affects the drug release mechanisms 

from ASD tablets. 

So far, it is challenging to fabricate ASD tablets with controlled distribution 

of crystalline seeds in various positions of the dosage form to test the 

release of the APIs utilising conventional tabletting methods, such as single 

punch press, rotary press, and tablet moulding, because conventional 

tabletting processes do not easily afford precise spatial control of these 

impurities during tablet formulation.  

3D printing techniques have been utilised in different studies [113]–[115] to 

fabricate tablets with complex geometries due to their ability to manage 

several factors throughout the printing process compared to the 

conventional tabletting methods. Moreover, 3D printing techniques have the 

ability to fabricate a tablet without using an excipient, commonly a drug and 

a polymer are used during the fabrication process. For example, Saviano, 
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et al. have used FDM 3D printer to fabricate different drug-loaded tablets 

utilising ciprofloxacin hydrochloride as active and PVA as polymer [116]. 

Consequently, 3D printing techniques could potentially be utilised in the 

present thesis to fabricate better test model tablets compared to the typical 

tabletting methods in order to investigate the drug release mechanisms from 

ASD tablets. 

Thus, the next section will deliver a brief discussion about the use of 3D 

printing technologies and their applications in the medical field, with more 

focus on utilising 3D printing techniques for the fabrication of pharmaceutical 

products for research.  

1.7. Three-Dimensional (3D) Printing Techniques 

Recently, 3D printing techniques have been implemented in pharmaceutical 

research and fabrication of tablets (Table 1.2) [114]. These techniques can 

control different variables during the printing process in comparison with the 

conventional tablet manufacturing methods [113]–[115]. 3D printing is a 

process where the raw material, in a powder form, liquid, or solid filament, 

is deposited layer by layer to construct a physical 3D object. In the 3D 

printing system, the material to be printed is created by utilising a computer-

aided-design (CAD) software and then exported as a file for printing. Next, 

this file splits the 3D object into a sequence of layers; after which, the object 

is printed layer by layer [117].  
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Table 1.2. A summary for the fabrication of tablets using 3D printing in the 

pharmaceutical research [113] 

 

  

Dosage 

form 

3D 

technique 

API Summary References 

Tablet, ER  

 

Powder bed 

inkjet 

(Fochif Co.) 

Acetaminophen Manufactured tablets to achieve near zero-order release utilising radial 

gradients of different rate regulating excipients and impermeable top and 

bottom EC. 

[118] 

Tablet, ER  

 

Powder bed 

inkjet 

(TheriForm/ 

Pseudoephedri

ne HCl 

An outer rate-limiting shell material controlled water-soluble API release. 

No sensitivity to pH and hydrodynamics was displayed in vitro 

experiments. Level A IVIVC for near-zero-order release was shown in 

vivo tests. 

[115] 

Orally 

disintegrati

on tablet 

 

 Levetiracetam ODT with rapid dissolving (510 s) that requires a little amount of water 

about 515 mL, and with up to 1 g of water-soluble API was prepared. 

Printer with high saturated fluid was employed on outer edges, top, and 

bottom to enhance ODT hardness. 

[119] 

Tablet, ER 

 

Powder bed 

inkjet 

(Fochif Co.) 

Acetaminophen Tablets with doughnut-shape and with impermeable top and bottom to 

generate zero-order release from sides were manufactured. 

[120] 

Tablet 

IR/ER 

bilayer 

Extrusion 

3D printer 

Guaifenesin Two pastes of IR and ER preparations extruded into double layers 

tablets. When compared to the commercial products, lower friability, 

hardness, and slightly faster release profiles were observed. 

[121] 

Tablet, 

IR/SR  

 

FDM 

(Fab@hom

e) 

Pravastatin, 

atenolol, 

ramipril, 

aspirin, 

hydrochlorothia

zide 

A similar paste to the above work was prepared. IR release profiles 

reached for two APIs, including aspirin and hydrochlorothiazide. While 

the rest exhibited SR release profiles.  

[122] 

Tablet  

 

FDM 

(RegenHU 

3D Printer) 

Fluorescein The API was impregnated by incubation with PVA filaments at 0.29% 

drug-loading. SR tablets were fabricated with 0 to 100% infill density 

(slower release from the tablet was observed with more infill due to less 

porosity). 

[123] 

Tablet FDM 

(RegenHU 

3D Printer) 

MR 5-ASA, 4-

ASA 

Because of poor solvent solubility during the incubation process, only 

0.06% drug-loading was accomplished for 5-ASA. Because of high 

temperature (210 °C) used during the printing process, most of 4-ASA, 

about 50%, was decomposed.  

[44] 

Tablet, ER 

 

FDM 

(Makerbot 

Replicator® 

2) 

Prednisolone 

(2–10 mg) 

The API was saturated by incubation with PVA filaments at 1.9% drug-

loading; thus, the theoretical dose of strength 88.7–107% was achieved. 

Most of the drug in the final produced tablet was amorphous. 

[124] 

Tablet FDM 

(Makerbot 

Replicator® 

2) 

Acetaminophen The impact of different parameters was examined during this study, 

including surface area to volume ratio, surface area, and weight of tablet 

on dissolution of varying geometries.  Higher volume-to-surface ratios 

showed faster release rates. Less variation in release suggesting 

erosion-mediated release from PVA matrix was shown by constant 

weights. 

[125] 

Tablet, IR 

and MR  

 

FDM 

(Makerbot 

Replicator® 

2X) 

Acetaminophen

, CAF 

Drug-loaded PVA filaments of each drug were manufactured using HME. 

Then, these filaments were utilised to formulate FDC with a multi-layered 

tablet for immediate release and tablet-in-tablet (DuoCaplet) for the 

delayed release. 100% infill density, 0% friability, and high hardness 

tablets were successfully manufactured.  Comparable to a Size 4 

capsule, the tablet model showed the ability to create more rounded 

features to make swallowing easier. Amorphous solid dispersion of 

APAP and PVA formulated during HME process. 

[126] 
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1.7.1. Applications of 3D Printing Techniques in Different 

Fields 

3D printing technology was first utilised to fabricate dental implants and 

custom prosthetics in the early 2000s [127][128]. Since then, the 

applications of this technology in the medical field have increased 

significantly. Currently, several published reviews explain the use of the 3D 

printing technology to fabricate different models such as a jawbone, 

eyeglasses, vascular networks, cell culture, stem cells, tissues, blood 

vessels, ears, bones and organs. Moreover, it used for the fabrication of 

novel dosage forms and drug delivery devices (Figure 1.5) [129][130].  

 

Figure 1.5. Different applications of 3D printing techniques in medicine 

[131]. 
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1.7.2. 3D Printing for Commercial Pharmaceutical Products  

3D printing has advantages in the fabrication of dosage forms over the use 

of the conventional tabletting methods, such as the capability to 

manufacture dosage forms with complex drug-release profiles, and high 

reproducibility, [114]. For example, Wang, et al., used SLA to manufacture 

drug-loaded 3D printed tablets with sustained-release profiles (Figure 1.6) 

[132]. In their study, polyethylene glycol diacrylate (PEGDA) was employed 

as a monomer, and diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide was 

utilised as a photo-initiator, while, paracetamol (acetaminophen) and 4-

aminosalicylic acid (4-ASA) were selected as model APIs. They successfully 

fabricated extended-release paracetamol and 4-ASA tablets containing 

three different loading (35 %, 65 %, and 90 %) of PEGDA.  

 

Figure 1.6. Images of 3D fabricated tablets loaded with (A) paracetamol and 

(B) 4-ASA. From top to bottom: tablets containing 35% PEGDA, 65% 

PEG300, 65% PEGDA, 35% PEG300, 90% PEGDA, and10% PEG300 

[132]. 
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1.7.3. The Recent Technologies in 3D Printing 

Nowadays, several types of 3D printers are available on the market. 

However, the most common technologies used in medicine are 

stereolithography (SLA), fused deposition modelling (FDM), selective laser 

sintering (SLS), inkjet 3D printing technology, and extrusion-based 3D 

printing technique  (Table 1.3) [55][135]. The next sections include a brief 

discussion about the most common commercially available 3D printing 

techniques. 

Table 1.3. A summary of commonly established 3D printing methods with 

advantages and disadvantages of each technique [136]. 

Technique Starting 

materials 

Typical polymers principle Advantages Disadvantages 

SLA Liquid 

photopolymer 

Epoxy and/or 

acrylate-based resin 

Ultraviolet (UV) 

induced curing 

and laser scanning 

High printing 

resolution  

 

Limited materials, 

cytotoxicity, 

expensive 

FDM Filament Thermoplastics 

polymers, such as 

PCL, ABS, PLA, 

PVA, and nylon 

Extrusion and 

deposition 

Cheap, good 

strength, 

multi-material 

capability 

 

Clogging of the 

nozzle 

SLS Powder Polyamide powder, 

and PCL 

Temperature-

induced sintering, 

and laser scanning 

Good 

strength, 

easy cleaning 

of support 

materials  

Expensive, rough 

surface 

3D plotting 

(Extrusion 

based 3D) 

Liquid or paste PLA, PCL, and 

hydrogel 

UV-assisted curing 

or pressurised 

syringe extrusion, 

and heat 

High printing 

resolution, 

ability to 

process soft 

materials  

Low mechanical 

strength, and slow 

Inkjet 3D 

(drop on 

demand & 

continuous 

inkjet 

printing) 

Powder Any materials can be 

supplied as a 

powder; however, a 

binder is needed 

DOD binder 

printing process 

Cheap, multi-

material 

capability, 

and easy to 

clean support 

powder 

 

Binder clogging, 

and contamination 

The table was modified from Wang, Xin, et al. "3D printing of polymer matrix composites: a review and 

prospective.” 
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The technology relies on the concept that each layer is created by curing a 

photosensitive resin using a UV laser. After each layer is formed, the 

platform moves up and down by one-layer thickness. Then, the process is 

continued until the final shape of the product is achieved (Layer by layer 

process) (Figure 1.7). For example, Wang, et al., used a SLA 3D printer to 

print 4-aminosalicylic acid and acetaminophen extended-release tablets 

[132] [134].  

 

Figure 1.7. The basic principle of the stereolithography apparatus [137]. 

 

 

The FDM technology was developed by Crump of Stratasys; also, known as 

Fused Filament Modelling. In recent years, FDM is one of the most 

commonly utilised processes for tablet manufacture in the pharmaceutical 

research field [127]. Thermoplastic polymers such as acrylonitrile butadiene 
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styrene, PVA, PCl, and polylactic acid (PLA) are commonly used filaments 

with FDM technology [113]. In FDM, the thermoplastic materials (filaments) 

are fed through the printer feeding tube utilising drive wheels (rollers). Then, 

the rollers push up the loaded filaments towards the liquefier head. At this 

stage, the filaments are heated by temperature control units and converted 

into a semisolid state. After that, the semi-molten materials are extruded out 

of the nozzle and solidify in the wanted areas. Each layer is fabricated 

through the same steps. These steps are then repeated to fabricate the 3D 

object in a layer by layer process (Figure 1.8) [127].  

 

 

 

Figure 1.8. Schematic diagram of the FDM 3D printer working principles. 
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SLS technology was developed by Carl and Beaman, at the University of 

Texas-Austin, in 1980 [138]. SLS 3D printing is similar to inkjet printing. 

However, SLS utilises a high power laser beam to sinter powder materials 

to produce a 3D model [139], while the inkjet 3D printing uses binding 

materials to bind the powder particles together. In SLS, the powder of the 

first layer is dispersed equally onto a platform using a roller [139]. Then, the 

powder is heated to a temperature under the melting point of the powder 

[139]. After a cross-sectional profiles designated as steriolithography file, 

the laser beam is selectively scanned upon the powder to increase the 

temperature above the melting point and fuse the powder particles together 

[139]. When the first layer is fabricated, a second layer is added, distributed 

and sintered in the required place. These steps are then repeated until a 3D 

model is fabricated (Figure 1.9) [139]. An advantage of the SLS system, is 

that different materials can be used with this technology as shown above in 

(Table 1.3), for example, acrylonitrile butadiene styrene (ABS), resin, 

polyester[140], poly carbonate (PC), polyvinyl chloride (PVC), nylon, metal, 

and ceramic powders [141]. SLS fabricated models however can suffer from 

deformation because of the thermal heating produced by the laser and 

subsequent cooling [127][142].  
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Figure 1.9. Schematic diagram of the SLS 3D printer. 

 

 

Inkjet 3D printing technology is a powder-based technique. This technology 

has been used to print pharmaceutical formulations [143]. For example, Yu, 

Deng-Guang, et al., used powder bed inkjet (Fochif Co.) to fabricate tablets 

with a doughnut-shape with water-resistant top and bottom to generate zero-

order release from the sides [120]. In this process, a layer of solid particles 

(powder materials) with around 200 μm height and particle sizes ranging 

from 50-100 μm are collected together by a liquid printed material to 

fabricate a 3D model. The first layer of the powder is dispersed equally on 

the support stage by a roller. Then, the head of the inkjet printer prints liquid 

droplets and binds material onto the powder layer at chosen areas of 

solidification. Then, when the first layer is finished, the platform moves 

down, and a second layer of powder is dispersed and selectively combined  
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with the printed binding material. Then, the above mentioned steps are 

repeated until a 3D object is created (layer by layer process) [127]. Inkjet 

printers can have two different mechanisms, including drop-on-demand 

(DOD) inkjet printing and continuous inkjet (CI) printing [144]. The two types 

can generate drops of fluid with diameters in the range of 10 to 150 μm. (CI) 

printing droplets are generated continually by an electric charge imparted to 

them. The drop diameter in an inkjet printer is of approximately 100 μm. On 

the other hand, in (DOD) inkjet printers, droplets are generated only when 

they are needed.  

 

This is a process like the other 3D printing techniques, where the 3D model 

is fabricated on a layer by layer manner. Several materials such as 

hydrogels, thermoplastic materials, pastes, polymers, and hydrogels, can be 

extruded using a syringe tool (metallic or plastic), and then, dispensed via 

pneumatic, piston-driven, or screw-driven force on a building platform [135]. 

For example, Shaban A, et al., have used fab@home model 2 extrusion-

based 3D printing to fabricate controlled release pharmaceutical bilayer 

tablets [121].  

1.7.4. 3D Printing Techniques Versus Conventional Tablet 

Production  

As a promising technology, 3D Printing techniques have several advantages 

in the fabrication of tablets over other manufacturing techniques. Compared 

to conventional tablet manufacturing processes, 3D printing offers a lot of 
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attractive qualities; for instance, the ability to achieve high drug-loading, 

decrease the amount of material wastage and manufacture dosage forms 

with complex drug-release profiles [114][115].  

Moreover, it may be applied to a range of API types, such as low water-

soluble peptides, proteins, and APIs with narrow therapeutic indices 

[114][115]. Furthermore, 3D printing has great promise for the future of 

manufacturing multi-prescribed medicines in one tablet. For example, 

Shaban A, et al. have utilised a 3D extrusion printer to fabricate a solid 

dosage form (Polypill), which contains five APIs. In their work, they used five 

compartmentalised APIs with two independently controlled and distinct 

release profiles to fabricate the Polypill. It shows that multiple drugs can be 

utilised to produce a single personalised tablet, which could possibly 

enhance adherence for patients who are taking different tablets at the same 

time. Furthermore, using 3D printers in the future could eliminate some 

steps in the tablet manufacturing pipeline procedure, including wet 

granulation, coating, dry granulation, compression of tablet, and powder 

milling, especially when there is a limited quantity of APIs at early stage of 

API development [145]. 

Consequently, due to the numerous advantages of the 3D printing 

techniques over the conventional tabletting methods, as detailed in previous 

sections, we want to utilise one of the 3D printing techniques to fabricate 

some model systems to understand how and why the distribution of the 

excipients in the tablet can lead to formulation failure. 
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Therefore, we aim to investigate the dissolution behaviour of the API from 

the ASD tablets by working towards and manufactruing two types of model 

tablets, pure ASD and spiked ASD, by employing one of the 3D printing 

techniques in which the effect of spatial location of crystal seeds can be 

systematically controlled and evaluated to understand drug release 

mechanisms from such type of dosage forms and offer recommendations. 

1.8. Aims and Objectives 

The general aim of the current thesis is to investigate the dissolution 

behaviour of the API from the ASD tablets by working towards formulating 

two basic formulations (pure ASD and spiked ASD) of model tablets, by 

employing one of the 3D printing techniques in which the effect of spatial 

location of crystal seeds can be systematically controlled and evaluated to 

understand drug release mechanisms from these formulations and offer 

recommendations. 

In the present thesis the following objectives will be detailed:  

• To predict the miscibility of the active (FELD) with the polymers (PVA 

and Soluplus®) through the calculation of the F-H interaction 

parameter (𝑥), solubility parameters calculation method, and Gibb’s 

free energy of mixing for the drug-polymer systems. 

• To construct the composition phase diagram of the drug-polymer 

system in order to determine which drug-polymer compositions and 
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conditions will produce stable ASD and which compositions and 

conditions will produce ASD spiked with crystalline materials.   

• To manufacture the printer drug-loaded feedstocks based on the 

calculations obtained from the previous step using HME, which will 

be used to fabricate the model tablets. Also, to design, optimise, and 

fabricate different drug-free and drug-loaded tablets with different 

geometries utilising the FDM 3D printer in order to evaluate the ability 

of the printer on controlling different parameters during the printing 

process.  

• To use SEM and a digital calliper to study the morphology and 

dimensions of the fabricated model tablets before and after 

optimisation of the printing parameters.  

• To utilise DSC, FTIR, XRPD, and Raman to investigate the drug-

polymer interaction and formation of ASD as well as to detect 

possible crystallinity % in the manufactured materials. 

• To manufacture the drug-loaded model tablets, which have an outer 

shell (amorphous or spiked with crystalline material) and inner core 

(amorphous or spiked with crystalline material), using the FDM 3D 

printer as a fabrication technique based on the data obtained from 

the drug-polymer compositions phase diagram. 

• To investigate the drug release from the 3D printed model tablets and 

to evaluate the effect of the spatial crystallinity on the dissolution 
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behavior using dissolution testing United States Pharmacopeia 

(USP).  

• To use the drug release kinetics in order to understand the drug 

release mechanisms from the fabricated model tablets. 
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2. Chapter 2: Materials and Experimental 

Techniques 

This chapter aims to deliver an overview of the materials and the major 

experimental techniques utilised in the present thesis to predict the drug-

polymer solubility/miscibility, to prepare the FELD-PVA filaments, to 

fabricate the model tablets, to investigate the drug-polymer interaction and 

formation of ASDs, and Moreover, to study the dissolution behaviour of the 

API from the different fabricated model tablets. The theory of the utilised 

methods and the purposes for their use will be briefly discussed in this 

chapter. Complete experimental descriptions will be discussed in “Materials 

and methods" sections of Chapters 3, 4, and 5. 

2.1. Materials 

Felodipine (FELD), pale yellow crystals, was purchased from Carbosynth 

Limited (Compton, Berkshire, UK). Polyvinyl alcohol (PVA), synthetic, 

biodegradable, water-soluble polymer (2.85 mm diameter), and polylactic 

acid (PLA) (Black, 2.85 mm diameter) filaments were purchased from the 

Ultimaker (Lancashire, UK). Soluplus® was kindly gifted by BASF SE 

Pharma Ingredients & Services (Ludwigshafen, Germany). Sodium chloride 

(NaCl), potassium chloride (KCl), potassium phosphate monobasic 

(KH2PO4), sodium phosphate dibasic (Na2HPO4), hydrochloric acid (HCl), 
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sodium hydroxide (NaOH), and sodium lauryl sulphate (SLS), were provided 

by Sigma Aldrich (Gillingham, UK). 

2.1.1. Active Ingredient Used in this Project 

 

FELD (Figure 2.1), (4 RS)-4-(2,3-dichlorophenyl)-2,6-dimethyl-1, 4-

dihydropyridine-3,5-dicarboxylate, is known as a calcium channel blocker 

and is widely utilised in the treatment of hypertension and angina pectoris 

[146] [147]. It is a BCS class II API, which is characterised by low water 

solubility and high permeability. According to that, felodipine has poor 

dissolution as well as poor bioavailability after oral administration. Moreover, 

felodipine goes through extensive first-pass metabolism with a bioavailability 

of about 15% [148]. Low water solubility, which is approximately 19.17 mg/L 

at room temperature, is the main challenge in terms of the therapeutic 

application and efficacy of felodipine as an oral dosage form. Consequently, 

enhancement of its water solubility and dissolution is of therapeutic 

importance [149] [150]. Homogenous ASDs of felodipine with different 

polymers, such as PVP, copovidone, Soluplus, HPMCAS and PVA have 

been successfully formulated over a range of compositions (0-70% drug 

loading), indicating some enhancements in both dissolution performance 

and physical stability [73] [88] [141] [142]. According to the information 

available from these studies, FELD may be is an appropriate model drug for 

the current thesis. 
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Figure 2.1. Chemical structure of felodipine [10]. 

 

2.1.2. Carriers used in this Project 

 

PVA (Figure 2.2) is a synthetic, hydrophilic, and thermoplastic polymer 

[153]. Because PVA is chemically inert, biocompatible, safe, drug 

compatible, water-soluble, and has good swelling and mechanical 

properties, it is commonly employed for numerous pharmaceutical 

applications, including in transdermal delivery systems, controlled release 

formulations, implants, ophthalmic formulations, and tablet coatings [154]. 

Lately, PVA is extensively used as a polymer to fabricate tablets using 3D 

printing techniques due to its printable features (thermoplastic polymer). For 

example, Saviano, et al., successfully used PVA to fabricate a tablet loaded 

with Ciprofloxacin hydrochloride employing FDM as the 3D printing 

technique [116]. PVA was utilised in the present thesis as a polymer to print 

the different drug-loaded model tablets. 
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Figure 2.2. Chemical structure of PVA. 

 

 

Soluplus®, (Figure 2.3), is a graft copolymer that is consisting of three 

different homopolymers, i.e. polyvinyl caprolactam-polyvinyl acetate- 

polyethylene glycol (PCL-PVAc-PEG), and is considered as an amphiphilic 

copolymer, where PCL and PVAc are the hydrophobic part, whereas PEG 

qualifies as the hydrophilic component [155] [156]. Soluplus® has been 

reported in different literature [151] [157]–[159] to prepare ASD of poorly 

water-soluble API by hot-melt extrusion technology. Also, it was utilised as a 

surfactant to improve the aqueous solubility of poorly water-soluble drugs 

[160].  
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Figure 2.3. Soluplus® chemical structure [161]. 

 

2.2. Experimental Techniques 

2.2.1. Manufacturing of the Drug-Loaded Filaments 

 

HME technique was started as a processing technology in the plastic, 

rubber, and food industry in the early 1930s. In the 1970s, the use of the 

HME was expanded to the pharmaceutical industry and was used in the 

formulation, manufacturing, and development of pharmaceutical products 

[53], for example, implants [162], transdermal applications [163] and 

amorphous solid dispersion (ASD) to improve the bioavailability of poorly-

water soluble APIs [164] [165]. HME, as described previously in section 
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(1.6.2.1), is a fusion process utilised to formulate ASDs [50]–[53]. An 

extruder generally consists of three parts: the feed zone (the hopper), the 

compression zone (the screw), and the metering zone (the die) (Figure 2.4,-

a) [10]. After the feeding step, the material is forced through the extruder by 

the rotating screws (single, or twin) which are positioned inside a cylindrical 

heated barrel [10]. At this stage, the material is melted compressed, and 

homogenised due to both the temperature from the barrel wall and the 

rotating screws [10]. The material thickness can be controlled by stabilising 

the extrudate flow in the metering zone. The sections in the barrel are 

interchangeable in most extruders to allow several configurations to be 

utilised and hence more flexibility during formulation. Then, the molten 

product is forced through the die plate. Following the exit from the die, it is 

cooled and moulded into the desired shape [10] [166]. The HME technique 

has been reported in a number of different studies as a suitable fabrication 

tool to produce ASD formulations [8] [167]–[169]. 

A benchtop single screw HME (Noztek Touch, Noztek LTD, West Sussex) 

(Figure 2.4, b) was utilised in this project to prepare different drug-loaded 

filaments (10%, 25%, and 50% FELD-PVA w/w), which were been used to 

fabricate the model tablets. This HME is equipped with two temperature-

controlled barrels (T1 and T2) with a maximum of 300 C° for both zones, 

one screw, and a motor with 40 rpm. Moreover, it has two interchangeable 

extrusion nozzles (1.75 mm, and 3.00 mm) and a fan to cool the produced 

materials.   
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Figure 2.4. Single screw extruder instrument, a) Schematic diagram of the 

HME components, b) photographic image of the Noztek single screw HME 

utilised in the current thesis. 

2.2.2. Fabrication of the Drug-Loaded Model Tablets 

 

As detailed in chapter 1, section (1.7.3.2). The FDM 3D printing instrument 

Ultimaker 2+ (Ultimaker, Netherlands) (Figure 2.5) was utilised in this 

research project to fabricate several drug-free and drug-loaded model 

tablets with different geometries, which have been used for the dissolution 

study.  

 

a) 

b)  



Chapter 2: Materials and Experimental Techniques 

49 
 

 

Figure 2.5. A photographic image (left) and a schematic diagram (right) of 

the Ultimaker2+ FDM 3D printer. 

2.2.3. Characterisation Techniques 

 

Scanning electron microscopy (SEM) is a powerful magnification tool that 

uses an electron beam instead of visible light to produce a high-resolution 

image [170]. As a result, SEM offers higher resolution, better magnification 

control, and larger depth of field (DOF) than the typical light microscope 

[170]. SEM spatial resolution can reach as low as 50-100 nm. Also, due to 

the use of a larger DOF with SEM in comparison to light microscopy, it allows 

more of a sample to be in focus at one time [170].  

In the SEM, the produced focused beam interacts with the atoms on a 

sample surface, which generates different signals of various energy that 

contains information on the sample’s composition and topography. An 
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electron optical column is used in the SEM to produce a focused beam. The 

SEM is composed of an electron source, anode, electromagnetic lens, 

scanning coil, sample stage, TV scanner and different detectors. The 

detectors can include secondary scatter electron detector (SED), 

backscatter electron detector (BSED), and X-ray detectors (Figure 2.6, a) 

[170] [171].  

Utilising the SEM can provide various information about the material under 

study such as sample morphology, crystalline structure, and chemical 

composition. The SED is used to obtain morphological and topographic 

information about the sample. The BSED is useful to distinguish between 

numerous components. X-ray signals detected during the procedure are 

characteristic of the elements in the sample and could be used to determine 

the specimen chemical composition. Furthermore, the SEM can generate 

3D images of the sample in black and white [170] [171]. 

A Scanning Electron Microscope SEM (XL30, Philips) fitted with an Oxford 

Instruments INCA EDX microanalysis system (Figure 2.6, b), was utilised 

to characterise the microstructure of manufactured filaments, and printed 

drug-free, and drug-loaded model tablets. 
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Figure 2.6. A schematic diagram of the SEM components (a), and a 

photographic images of the Scanning Electron Microscope (SEM) and 

display system (b). The figure was adapted from [170].  

a) 

b) 
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DSC is one of the most widely used thermal analysis techniques in the 

characterisation of a variety of materials, including crystalline and 

amorphous pharmaceutical materials [172]. DSC can be used to measure 

thermal changes in a material as a function of time and temperature. In the 

DSC, both the sample and the reference are subjected to nearly the same 

temperature during the experiment. The changes in the material can be 

determined by measuring the changes in the heat flow related to the heating 

of a sample relative to heat flow to a reference material (Figure 2.7, a).  

In case of endothermic event, heat is absorbed by the sample; thus, heat 

flow to the reference is lower than that to the sample. In contrast, the 

exothermic transition takes place when the heat flow to the reference is 

higher than the heat flow to the sample (in this case, the sample releases 

energy).  

Moreover, DSC is capable of measuring numerous thermal changes related 

to a sample when it is heated or cooled in a controlled manner. The thermal 

transition that occurs in a material under study could be due to a chemical 

reaction or a physical transformation. Different physical transformations, 

such as exothermic, endothermic, and polymorph conversion, which are 

related to a change in enthalpy, can be detected utilising the DSC. 

Therefore, the DSC is a useful technique to provide fundamental information 

about the crystalline structure of a material. Furthermore, it could be used to 

investigate the changes in the heat capacity that happen during solid-state 
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transformation by measuring the heat flow when the sample is heated or 

cooled in a controlled manner. Consequently, it is a useful thermal technique 

to determine the glass transition temperature (Tg) of amorphous materials 

[170] [172]. 

A TA discovery Q 2000 differential scanning calorimetry (DSC) instrument 

equipped with a refrigerated cooling unit (TA Instruments, New Castle, 

Delaware) (Figure 2.7, b) was utilised in this project to thermally analyse 

the model drug FELD and the polymers (PVA, and Soluplus®). Moreover, it 

was used to analyse the FELD-PVA, FELD-Soluplus® compositions and the 

prepared drug-loaded filaments and model tablets. In this aspect, the DSC 

was used to detect the Tg and the melting point of the crystalline FELD, PVA, 

and Soluplus®. In addition, it was utilised to determine the melting point 

depression of the different FELD-PVA and FELD-Soluplus systems used in 

this study, which were used to calculate the F-H interaction parameter (ꭕ). 

Moreover, the DSC was used to investigate drug-polymer interactions and 

formation of ASD of the manufactured filaments as well as the fabricated 

model tablets. Also, it was employed to determine and quantify the 

crystallinity of the aged samples.  
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Figure 2.7. Schematic diagram of the DSC principles (a), Photographic 

images of the discovery DSC, cooling unit, and the TRIOS software interface 

(b). 

  

b) 

a) 
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Raman spectroscopy is a commonly employed method to observe 

rotational, vibrational, and other low-frequency modes in a sample under 

study [173]. The vibrational energy range typically used is 3500-50 cm-1 for 

Raman spectroscopy [170]. Raman spectroscopy has the ability to measure 

the Raman scattering, which is a phenomenon discovered by C. V Raman 

in 1928 [174]. It relies upon the inelastic light-scattering process between 

incident light (monochromatic light) and an irradiated ingredient [175]. 

Scattering occurs when the incident light (typically from a laser source) hits 

a sample. In this step, the light interacts with the substance molecules and 

polarises the electron cloud to form a short-lives state called (virtual state). 

Since the virtual state is unstable, the photons are immediately scattered to 

another relatively stable state [176]. Different scattering events are 

produced during the light-sample interaction, including, elastic scattering 

(Rayleigh scattering) and inelastic scattering (Raman scattering). In 

Rayleigh scattering, when the photons collapse to the ground state, the 

scattered light and the incident light have the same energy level and thus 

there is no change in the wavelength and photon frequency (Figure 2.8, a) 

[176] [177]. 

In Raman scattering, the scattered photons fall to a new energy level 

different from the ground state (initial level), energy transfer occurs, i.e., the 

photon gains or loses some amount of energy, resulting in the laser photon 

being shifted down or up, which provides information related to the 



Chapter 2: Materials and Experimental Techniques 

56 
 

vibrational process in the system [176]. Raman scattering is directly related 

to the vibrated molecules [170]. Raman scattering (inelastic scattering) can 

be classified into two types including, Stokes Raman scattering and anti-

Stokes Raman scattering. In Stokes Raman scattering, when the photons 

are excited from the ground state to the virtual state, they fall back to higher 

energy level rather than falling to the initial state, a new photon with less 

energy and longer wavelength is released (Figure 2.8, b). The difference in 

wavelength between the released photon and the incoming photon is called 

Raman shift. In anti-Stokes Raman scattering, photons fall back from the 

excited state to the ground state after being irradiated by the monochromatic 

light and thus the scattered photon is characterised by higher energy and 

shorter wavelength than the incoming photon (Figure 2.8, c) [170]. 

A Raman spectrometer is composed of three primary parts: an excitation 

source, a detector, and a sampling apparatus, in which a laser source acts 

as an excitation source, a microscope acts as a sampling apparatus, and a 

charged coupled device (CCD) acts as a detector. In the spectrometer, 

gratings are used to spatially split the different wavelengths. Moreover, the 

optical filter is utilised to remove the Rayleigh scattering [170].  
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Figure 2.8. Schematic representations of the Raman and Rayleigh 

scattering processes: (a) Rayleigh scattering, (b) Stokes Raman scattering, 

and (c) Anti-Stokes Raman scattering. The figure was inspired from [178]. 

 

A confocal Horiba-Jobin-Yvon LabRAM system (Horiba-Jobin-Yvon Ltd., 

Middlesex, UK), (Figure 2.9), was utilised in this work. This instrument is 

equipped with four different laser excitation capabilities including A) NIR 

(785 nm), B) red (660 nm), C) green (532 nm), and D) UV (325 nm). In this 

work, characterisation of all the samples was performed by using a 785 nm 

laser. The detector that was used in this study is a 1024-pixel silicon charge-

coupled device detector (CCD).  

The Raman spectroscopy was employed in this work to determine the 

Raman spectra of the raw materials, including crystalline FELD, quenched 

cooled FELD, PVA polymer, and different FELD-PVA physical mixtures. 

Moreover, it was utilised to characterise the prepared drug-loaded filaments 

(10%, 25%, and 50% FELD-PVA w/w) and the fabricated model tablets of 



Chapter 2: Materials and Experimental Techniques 

58 
 

the same compositions to determine the formation of the ASD. In addition, 

it was utilised to determine the distribution of the FELD in the 3D fabricated 

model tablets. Also, it was used to characterise the freshly printed and the 

aged model tablets to differentiate between the crystalline and the 

amorphous forms of the FELD within the fabricated tablets.  

 

Figure 2.9. Photographic image of the Raman instrument (confocal Horiba-

Jobin-Yvon LabRAM system). 
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ATR-FTIR spectroscopy is a rapid and non-destructive absorption 

technique, and it is commonly utilised to analyse samples in liquid, 

semisolid, and solid states with minimal sample preparation [170]. FT-IR is 

utilised generally to probe the middle infrared range from 400-4000 cm-1 

[170]. FT-IR spectra offer information on the rotational and vibrational 

changes within the molecules under analysis. The general regions in which 

several types of FT-IR vibrational bands are found can be divided into two 

main regions, including a) the fingerprint region, and b) the group frequency 

region. For the fingerprint region, the infrared spectrum can be found in the 

1450-600 cm-1 region. This region is usually complicated and it is hard to 

allocate all the absorption peaks for the material under study [170]. In 

contrast, for the group frequency region, the infrared spectrum can be found 

in the 4000-1450 cm-1 region. Bands in the group frequency region usually 

have reasonable separation and are related to diatomic units stretching 

vibrations [170]. This region is useful for structure elucidation and organic 

compound identification [170].    

FT-IR spectroscopy technique is widely utilised to differentiate between solid 

forms, such as salts, solvates, polymorphs, and amorphous forms [170]. 

Moreover, it also utilised for raw material identification and qualification, 

quantitative analysis of material compositions, and phase transformation 

analysis at controlled humidity and temperature [170]. Recently, ATR-FTIR 
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spectroscopy has been widely applied to generate chemical imaging during 

the dissolution process. For example Chan et al., have used ATR-FTIR 

spectroscopy to study solid dispersions of nifedipine (BCS class II drug) in 

poly(ethylene glycol) (PEG) and dissolution in water [179].  

In ATR-FTIR, an infrared beam is passed onto an optically dense crystal, 

which has a high refractive index, at an angle greater than the critical angle; 

thus, total internal reflection occurs [180]. Then, this internal reflection 

generates an evanescent wave which extends beyond the crystal surface 

into the sample in contact with the crystal [180]. This evanescent wave 

penetrates on a few microns (0.5 µm - 5 µm) of the sample under analysis 

[180]. After that, when the sample absorbs energy in the infrared spectrum 

regions, the evanescent wave will be altered or attenuated (Figure 2.10) 

[181].  

 

An ATR-FTIR spectrometer (Agilent Technologies FTIR, Cary 360, Santa 

Clara, CA, USA) (Figure 2.10) was utilised in this research project to obtain 

the spectra of the crystalline FELD, PVA, as received, the FELD-PVA 

physical compositions. In addition, it was used to characterise the prepared 

filaments, and the fabricated model tablets (fresh and aged) to assess the 

formation of the ASD and, hence, to determine the formation of the crystals 

in the aged model tablets.  
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Figure 2.10. Photograph image of the ATR-FTIR (Agilent Cary 360 FTIR), 

and schematic diagram of the ATR-FTIR principles.  

 

 

XRPD is a technique utilising X-ray diffraction that allows the operator to 

characterise the solid-state properties of pharmaceutical material such as 

amorphous, crystalline, or a mixture, in powder form [170]. Classically, these 

various materials can be easily distinguished by XRPD, since an amorphous 

form does not possess long-range order and shows diffuse diffraction (broad 

Bragg peaks), whereas, in contrast, a solid crystalline material has an 

ordered structure, which shows sharp, distinct diffraction peaks at different 

diffraction angles [170]. 

XRPD has shown great ability for the quantification, and fingerprinting of the 

amorphous pharmaceutical formulations [182]. It is commonly used for ASD 

solid-state characterisation [183]. Table 2.1 illustrates different applications 

of XRPD in ASD characterisation [183]. XRPD utilises X-ray diffractometers 
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to collect data of pharmaceutical materials. An X-ray diffractometer is 

consists of an X-ray source, sample holder, and a detector (Figure 2.11) 

[170]. In XRPD, an X-ray source generates a divergent monochromatic 

beam. Then, the divergent beam bombards target material and produces a 

divergent diffraction beam. Thereafter, the diffracted beam is focused on the 

detector, which records and processes the generated X-ray signal and 

converts them to a count rate, which is then output to a device such as a 

computer monitor [170] [184].  

 

Figure 2.11. Schematic diagrams of the essential components of the XRPD. 

The figure was inspired from [170].  

An X'Pert PRO (PANalytical, Almelo, Netherlands) XRPD was used in the 

current thesis to obtain the x-ray patterns of the crystalline FELD, and the 

PVA. Moreover, it was employed to determine the formation of the ASD of 

the manufactured filaments as well as the 3D fabricated model tablets. 

Furthermore, it was used to detect the crystallinity of the aged model tablets.     
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Table 2.1. A summary of the applications, advantages, and disadvantages of XRPD in ASD characterisation [183]. 

Technique Applications Advantages Disadvantages Reference 

XRPD ˗ Differentiating between 

crystalline and amorphous forms 

˗ Evaluating degree of crystallinity  

˗ investigating phase 

transformation such as 

dehydration, hydration, 

polymorph conversion, and the 

crystallisation of amorphous 

materials 

˗ Quantitively analysing the 

polymorph, amorphous forms, 

and hydrates, content in a 

crystalline material    

˗ Small sample size 

˗ Easy to use 

˗ Qualitative and 

quantitative 

˗ Very little sample 

preparation  

˗ Non-destructive 

technique  

˗ No chemical 

structure 

information 

˗ Less sensitive than 

Raman and FTIR(> 

5% crystallinity) 

[185] 

[186] 

[187] 

[188] 
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2.2.4. In-Vitro Drug Release Study 

 

Dissolution studies are mainly conducted to study various drug products for 

different purposes, for instance, batch to batch product quality assessment, 

and to guide new formulation development. Furthermore, it is utilised to 

monitor API performance and quality after certain changes in formulation, 

method, location, and scale-up process [170]. It is usually used to evaluate 

drug release profiles of API from products such as tablets, transdermal 

patches, and capsules. For a conventional dissolution study, a dosage form 

is placed in a dissolution vessel which has a fixed volume of dissolution 

medium in a specific USP dissolution apparatus and operated at a certain 

agitation rate. Then, the quantity of drug dissolved in the medium is 

investigated by using different instruments such as high-performance liquid 

chromatography (HPLC) or UV spectrophotometric. The dissolution 

experiment data is usually plotted as percentage drug released as a function 

of time, which is commonly called a dissolution profile. Dissolution 

experiment is usually designed to fit the products release profiles, either 

controlled release or immediate release [170]. 

Dissolution testing is a time-dependent process, which involves several 

physical alterations such as the disintegration of tablets or capsules to their 

primary particles, drug molecules movement from the solid surface, and the 

API molecules diffusion across the diffusion layer that is adjacent to the solid 

surface [170].  
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A successful dissolution testing depends on suitable process development. 

For example, selecting an appropriate dissolution medium for the study, 

medium volume, apparatus type, rate of stirring, and method of analysis. 

Identifying an appropriate dissolution apparatus and a suitable dissolution 

medium are the most critical steps associated with a dissolution experiment 

[170].  

There are seven types of the US Pharmacopoeia (USP) dissolution 

apparatuses that are available to study several dosage forms as illustrated 

in (Table 2.2). Apparatus I (basket apparatus), and apparatus II (paddle 

apparatus), are both commonly utilised in quality control assessment of 

capsules and tablets with delayed, extended, and immediate release 

features. Furthermore, both apparatuses have a simple design and both 

methods employ a large volume of dissolution media (500–1000 mL). 

Apparatus III (reciprocating cylinder), and apparatus IV (flow-through cell 

apparatus), are both considered to have hydrodynamics which are 

mimicking gastrointestinal tract (GIT) physiological conditions. Testing 

immediate-release (IR) and extended-release (ER) pharmaceutical oral 

dosage forms are mostly applicable with dissolution apparatus III. Whereas, 

Apparatus IV is commonly used for poorly water-soluble APIs and ER oral 

dosage products. Apparatus V (paddle over disk) and Apparatus VI (cylinder 

apparatus) are both apparatuses which are utilised to examine transdermal 

dosage forms. Apparatus VII (reciprocating holder) is appropriate to 
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evaluate non-disintegrating oral modified release pharmaceutical dosage 

forms [170].  

In this research project, USP dissolution (Dis8000, Copley Scientific Limited, 

UK) apparatus I, (Figure 2.12) was utilised to investigate the FELD drug 

release form the fabricated 3D printed model tablets including fresh and 

aged model tablets (controls and formulations). After that, the concentration 

of the FELD in the dissolution medium was analysed by UV vis spectroscopy 

(Cary, 50 Bio, Australia). 

 

Figure 2.12. Photographic image of a dissolution apparatus (Dis8000, 

Copley Scientific Limited, UK).   
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Table 2.2. Official dissolution apparatus types and their applications [170]. 

Sr.No Official name Description Rotation 

speed (RPM) 

Uses 

1 USP Apparatus I Basket 50-120 Tablets, capsules, Floating dosage forms, and chewable tablets 

2 USP Apparatus II Paddle 25-100 Tablets, capsules, and enteric forms 

3 USP Apparatus III Reciprocating 

cylinder 

6-35 Beads, pellets, soft gelatin capsules, suppositories, and 

implants 

4 USP Apparatus IV Flow-through cell ______ Suppositories, modified-release tablets, implants, Soft gelatin 

capsules, and poorly soluble drugs 

5 USP Apparatus V Paddle over disk 25-50 Transdermal dosage form 

6 USP Apparatus VI Cylinder apparatus ______ Transdermal dosage form 

7 USP Apparatus 

VII 

Reciprocating holder 30 Extended-release drug products, and transdermal dosage form 
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3. Chapter 3: Utilising the Flory-Huggins 

Theory to Predict Felodipine Miscibility 

in Polyvinyl Alcohol (PVA) and 

Soluplus®  

3.0. Novelty in this Chapter 

Recently, the temperature-composition phase diagram based on the 

Flory-Huggins theory, has been presented as a pre-formulation tool for 

polymer selection to gain insight to drug-polymer interactions and to 

decide an API loading in the polymer [151]. In the present study, the 

miscibility of FELD with PVA was estimated for the first time using the F-

H interaction parameter, χ, that was calculated from the DSC data 

utilising the melting point depression endset (Tend) approach [76] [62] 

[74]–[76]. Also, the F-H theory-based temperature composition phase 

diagram of the FELD-PVA system was successfully constructed for the 

first time in the present study.      

3.1. Introduction 

As previously mentioned in chapter 1, incorporation of APIs, specifically 

BCS class II ingredients (low water-soluble/high permeable), into a 

polymer matrix to formulate solid dispersions is a promising method to 

improve the dissolution behaviour of the low water-soluble APIs [21] 

[163] [164]. Moreover, ASDs have shown an ability to sustain an API in 
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the amorphous state during manufacturing and storage. However, as 

soon as the API concentration in the polymeric matrix exceeds a 

particular drug-polymer ratio, the API will tend to re-crystallise, leading to 

low bioavailability [8] [69] [166]. 

Several hydrophilic carriers (polymers) have been successfully utilised to 

improve oral bioavailability through either increasing the API 

concentration and/or improving the API dissolution rate [67] [181] [182]. 

Each polymer possesses several physical and chemical features, such 

as melting temperature (Tm), molecular weight, functional groups, and 

glass transition temperature (Tg). Thus, every polymer has a distinctive 

ability to inhibit the API re-crystallisation at a particular drug-polymer ratio 

and to maintain the amorphous form in the dispersion at a particular drug-

polymer concentration [193].  

As previously discussed in chapter 1, different factors can affect the 

stability of the ASD, such as temperature and relative humidity [65]-[67]. 

Therefore, these properties have to be considered during the selection 

of appropriate API/polymer combinations to prepare a homogenous one 

phase ASD system in order to maintain supersaturation during 

dissolution and long-term stability [43].  

Lately, thermodynamic models, which were originally established for 

polymer-solvent and polymer-polymer systems, have been successfully 

utilised to predict drug-polymer solubility and miscibility in the polymeric 

matrix [68] [71] [72] [73] [75] [187]–[189]. The term solubility is defined 

as the ability of a polymer to dissolve a crystalline API. In contrast, the 



Chapter 3: Determination of the Felodipine Miscibility Limits in PVA and Soluplus® 

70 
 

term miscibility can be defined as the ability of an amorphous API to mix 

with an amorphous polymer producing one-phase system [64] [71]. ASD 

systems are considered to be stable only below the solubility limit of the 

API in the polymer without any concern for the API re-crystallisation [197]. 

However, due to the limited solubility of most drugs in the commonly used 

polymers, the preparation of ASDs is generally restricted to only very low 

dose APIs [197]. Thus, because the miscibility is always greater than the 

solubility of the API in a particular polymer, certain works are invested to 

predict the drug miscibility with the polymer [197]. Under the limit of 

miscibility, only significant temperature and/or compositions variations 

can destabilise drug-polymer system toward drug re-crystallisation [197]. 

Thus, it is important to estimate the drug-polymer miscibility in order to 

choose the appropriate drug loading, the suitable polymer, and the 

proper method to manufacture a homogenous single-phase ASD system 

[76]. Thermodynamic modelling enables the free energy of mixing 

between the polymer and the API to be estimated with regards to 

temperature and compositions of the formulation. This approach, 

depending on Flory-Huggins theory [198], enables construction of 

composition-temperature phase diagrams. The composition-temperature 

phase diagram, which separates the drug-polymer binary system in to 

three regions, i.e. stable, metastable, and unstable zones, helps the 

formulation scientist to select proper processing conditions and drug-

polymer compositions during ASD formulation [197].   

Consequently, different approaches have been reported in the literature 

[53] [175]–[177] to estimate the drug-polymer miscibility for numerous 
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ASD systems. Such strategies include the use of differential scanning 

calorimetry (DSC) experimental data to calculate the Flory-Huggins 

interaction parameter χ using the endset (Tend) melting point depression 

(MPD) method, which may be used to construct drug-polymer binary 

phase diagrams [62] [76] [74]–[76]. Moreover, the solubility parameters 

calculation method was used to estimate the drug-polymer miscibility [53] 

[175]–[177]. For example, Tian et al. have successfully estimated 

solubility/miscibility of two ASD systems, namely felodipine (FELD)-

hydroxypropyl methylcellulose (HPMC) and FELD-Soluplus® systems 

utilising both the DSC endset MPD method, and the solubility parameter 

calculations approaches [76]. They found that the interaction parameter 

χ of the FELD-HPMC is slightly positive, indicating immiscibility between 

the drug and the polymer. Moreover, they found that the interaction 

parameter χ of the FELD-Soluplus systems is slightly negative, which 

indicates that the FELD-Soluplus® system is a miscible system [76]. In 

another study, Marsac et al. used the MPD and the solubility parameters 

methods to estimate the F-H interaction parameters, χ, for two drugs, 

namely felodipine and nifedipine with polyvinyl pyrrolidone (PVP). The 

derived F-H interaction parameter, χ, from the MPD method were 

negative indicating that mixing was favourable for both systems [199]. 

Also, Baghel et al., has investigated different ASD systems of cinnarizine 

and dipyridamole in polyacrylic acid (PAA) and (PVP) at different drug 

loadings, utilising practical and theoretical examinations related to drug-

polymer miscibility, including solubility parameter method and the MPD 

approach based on the F-H theory in the presence of moisture and effect 
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of drug loading on F-H interaction parameter [80]. The composition 

dependent F-H interaction parameter, χ, and the miscibility were 

predicted utilising moisture and thermal analysis in their study. 

Dipyridamole-PVP, dipyridamole-PAA, and cinnarizine-PAA systems 

demonstrated mixing at the molecular level for all the utilised drug 

loadings, while cinnarizine-PVP showed immiscibility for drug loadings 

over 50% (w/w) [80].  

Consequently, in the present piece of work, we intended to examine the 

strength of FELD interactions with two polymers, namely PVA and 

Soluplus®. Moreover, we also estimated the miscibility limits of FELD 

with both polymers (PVA and Soluplus®) through the calculation of the 

F-H interaction parameter, χ, using both the DSC melting point 

depression (MPD) method and solubility parameters approach.  

3.2. Aims and Objectives 

As mentioned in chapter 1, section (1.7), we intended to predict the 

miscibility limits of one low water-soluble ingredient, which is FELD, in 

two polymeric carriers, including PVA and Soluplus®, in which below this 

limit we can formulate a homogenous one phase ASD tablet and above 

it, we can produce a tablet spiked with crystalline seeds. 

This aim can be achieved through the use of the solubility parameter 

calculations method to estimate the miscibility of the FELD with the PVA 

and Soluplus®. Also, the DSC was utilized to determine the MPD for the 

FELD-PVA and FELD-Soluplus® systems. Then, to calculate the F-H 

interaction parameter χ from the DSC data utilising the MPD endset (Tend) 
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approach. Next, Gibb’s free energy of mixing of the different FELD-PVA 

and FELD-Soluplus® compositions was predicted. After that, to construct 

the composition phase diagram for both systems. This procedure can be 

utilised as a road map to guide the selection of suitable drug/polymer 

compositions and to optimise the processing conditions to formulate two 

different formulations (homogenous one phase ASD and spiked SD), 

which will be used later as model systems to test the impact of 

crystallinity on the drug release behaviour using the USP dissolution 

apparatus.    

3.3. Materials and Methods 

3.3.1. Materials 

As detailed in chapter 2, section (2.1) 

3.3.2. Methods 

 

Prior to the thermal analysis experiments, the FELD-PVA, and FELD-

Soluplus® with different drug loadings, including (5/95, 10/90, 20/80, 

25/75, 35/65, 50/50, and 75/25) (FELD/PVA w/w %), and (20/80, 25/75, 

35/65, 50/50, and 75/25) (FELD-Soluplus® w/w %) were physically 

mixed using a mortar and pestle to achieve the maximum physical 

uniformity between the drug and the polymer. 

 

The melting point of the crystalline FELD and the dissolution-end point 

(Tend) of the different drug-polymer compositions were determined 
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utilising TA discovery Q 2000 differential scanning calorimetry (DSC) 

instrument equipped with a refrigerated cooling unit (TA Instruments, 

New Castle, Delaware). A minimum amount of the previously prepared 

samples were weighed within the size range of 5-10 mg. After that, the 

measured samples were sealed in new Tzero aluminium hermetic pans 

and sealed with a hermetic lid. The heating rate was 10 °C/min and 

nitrogen gas was as a purge gas with a flow rate of 50 ml/min. All the 

samples were heated from 25-200 °C. Then, the thermogram of each 

sample was recorded using TRIOS data analysis software (n=1). 

 

Similar compositions as used in section (3.3.2.1) were used to determine 

the Tg of the raw materials, FELD-PVA, and FELD-Soluplus® systems. 

The same method, as detailed in section (3.3.2.2), was used to measure 

the Tg of the mixtures; however, a heat/cool/heat cycle was utilised in this 

case to detect the Tg of the different drug-polymer compositions. All 

samples, including the pure drug, were heated to 200 °C at 10 °C/min 

followed by cooling cycles to 0 °C at 10 °C/min. After that, the samples 

were immediately heated up to 200 °C at 10 °C/min. Then, the Tg mid-

value was detected from the second heating cycle [77] (n=1).   
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Gibb’s free energy changes of mixing a drug-polymer binary system may 

be expressed according to the F-H theory as in (Equation 3.1): 

 

 ∆𝐆𝐦𝐢𝐱 = ∆𝐇𝐦𝐢𝐱 − 𝐓∆𝐒𝐦𝐢𝐱 (3.1) 

 

Then, Gibb's free energy of mixing may be expressed as a function of 

the F−H interaction parameter χ as in (Equation 3.2) [76]: 

 

∆𝐆𝐦𝐢𝐱 = 𝐑𝐓 (
𝛗𝐝𝐫𝐮𝐠

𝑵𝑨
𝐥𝐧  𝛗𝐝𝐫𝐮𝐠

+
 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 

𝑵𝑩
 𝐥𝐧𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫

+ 𝛘𝐝𝐫𝐮𝐠−𝐩𝐨𝐥𝐲𝐦𝐞𝐫 ∗

𝛗𝐝𝐫𝐮𝐠 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 ) 

(3.2) 

 

Where φ is the volume fraction of the drug and the polymer, 𝑁 is the drug 

or polymer molecular volume, χ is the F−H interaction parameter, R is 

the universal molar gas constant, and T is the temperature. In a drug-

polymer blend, 𝑁𝐴 may be defined as the drug molecular size, in which 

𝑁𝐵= m𝑁𝐴, where m is the ratio of the volume of a polymer chain to drug 

molecular volume (Equation 3.3) [76].  

 𝐦 =

𝐌𝐰𝐩𝐨𝐥𝐲

𝛒𝐩𝐨𝐥𝐲

𝐌𝐰𝐝𝐫𝐮𝐠

𝛒𝐝𝐫𝐮𝐠

 (3.3) 
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Where Mwpoly is the molecular weight of the solvent (polymer), Mwdrug is 

the molecular weight of the solute (API), the ρpoly, and ρdrug are the 

density of polymer and drug respectively. The drug and the polymer 

densities utilised in the present chapter were obtained from the literature 

[82] [200]. 

Thus, the free energy of mixing for a drug-polymer binary system may be 

written alternatively as in (Equation 3.4) [76]: 

 

∆𝐆𝐦𝐢𝐱 = 𝐑𝐓 (𝛗𝐝𝐫𝐮𝐠 𝐥𝐧  𝛗𝐝𝐫𝐮𝐠 +
 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 

𝐦
 𝐥𝐧𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫

+ 𝛘𝐝𝐫𝐮𝐠−𝐩𝐨𝐥𝐲𝐦𝐞𝐫 ∗

𝛗𝐝𝐫𝐮𝐠 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 ) 

(3.4) 

 

Where φ is the volume fraction of the drug and the polymer, χ is the F−H 

interaction parameter, R is the universal molar gas constant, T is the 

temperature, and m is the ratio of the volume of a polymer chain to drug 

molecular volume, as shown previously in (Equation 3.3) [76]. 

 

The values of the F-H interaction parameter, χ, of the drug-polymer blend 

may be predicted using MPD data obtained from DSC experiments in the 

current chapter utilising (Equation 3.5) [25] [26].  
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(
𝟏

𝐓𝐦𝐦𝐢𝐱
−

𝟏

𝐓𝐦𝐩𝐮𝐫𝐞
)=−

𝐑

∆𝐇𝐟𝐮𝐬𝐢𝐨𝐧
[ 𝐥𝐧𝛗𝐝𝐫𝐮𝐠 + (𝟏 −

𝟏

𝐦
) 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 +

 𝛘𝐝𝐫𝐮𝐠−𝐩𝐨𝐥𝐲𝐦𝐞𝐫𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 
𝟐] 

 

Where φ is the volume fraction of the drug and the polymer, Tmmix is the 

melting point of the crystalline drug in the drug/polymer mixture, Tmpure 

is the melting point of the pure drug, R is the universal molar gas constant, 

and ΔHfusion is the heat of fusion of the pure drug. m is the ratio of the 

volume of a polymer chain to drug molecular volume and can be obtained 

from (Equation 3.3) [76]. 

Consequently, the calculated χ values derived from the MPD data at 

temperature close to the FELD melting point were employed in equation 

(3.4) to construct the plot of Gibb’s free energy of mixing as a function of 

temperature and composition [71]. However, the F-H interaction 

parameter χ values obtained from the MPD approach are applicable only 

at the FELD melting point temperature and cannot be employed to 

estimate the drug-polymer miscibility at temperatures below the FELD 

melting point. It has been shown that F-H interaction parameter, χ, 

changes with composition and temperature [196] [201]. In comparison to 

the effect of the temperature on the F-H interaction parameter χ, the 

effect of the composition on χ is considered negligible; hence, the 

temperature dependence of the χ can be extrapolated using (Equation 

3.6) [76]: 

 (3.5) 
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 𝛘𝐝𝐫𝐮𝐠−𝐩𝐨𝐥𝐲𝐦𝐞𝐫  = 𝐀 +
𝐁

𝐓
 (3.6) 

 

Where A is referred to as the non-combinational (entropic) contribution 

to the F-H interaction parameter χ, while B/T is referred to as the 

enthalpic contribution [202]. By plotting χ versus 1/T, a linear relationship 

was obtained in the present study for FELD-PVA, and FELD-Soluplus® 

systems, which allowed calculation of constant “A” (intercept) and “B” 

(slope). Consequently, the obtained values of constant “A” and “B” 

allowed us to calculate the χ at temperatures lower than the FELD 

melting point (147 °C). Then, the F-H interaction parameter χ obtained 

from equation (3.6) at different temperatures were used in equation (3.4) 

to predict Gibb’s free energy of mixing as function of temperature and 

compositions for both systems (FELD-PVA, and FELD-Soluplus®) in the 

temperature range of 25 °C to 140 °C.  

Also, the F-H interaction parameter χ can be determined at room 

temperature using the solubility parameters approach [76]. In this chapter, 

the solubility parameters approach was used to calculate χ and to 

compare it with the χ that was calculated at room temperature using 

equation (3.6). Moreover, it was used to predict the miscibility of the 

FELD-PVA and FELD-Soluplus® systems. The solubility parameters 

values for the API (FELD) and the carriers (PVA and Soluplus®) used in 

the present chapter were obtained from the literature and used to 

calculate χ at room temperature using (Equation 3.7) [201]: 
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  𝛘 =
𝐕𝟎

𝐑𝐓
(𝛅𝐝𝐫𝐮𝐠 + 𝛅𝐩𝐨𝐥𝐲𝐦𝐞𝐫)

𝟐
 (3.7) 

 

Where V0 is the volume of lattice site, δ is the solubility parameter of the 

drug and the polymer, R is the universal gas constant, and T is the 

absolute temperature [76]. 

 

The solid-liquid transition curve (solubility) of the drug-polymer mixtures 

was obtained by employing the χ values obtained from the MPD data at 

different temperatures in equation (3.5) allowing the Tmmix of each drug-

polymer composition to be predicted [19] [24]. Moreover, the spinodal 

curve (miscibility) of the drug-polymer mixtures was predicted using 

Equation 3.8, which can be obtained by equating the second derivative 

of Gibb’s free energy to zero, equation (3.4), and combining it with 

equation (3.6) as follows [196]: 

 

 
𝛘(𝐓) =

𝟐𝐁

(
𝟏

𝛗𝐝𝐫𝐮𝐠
) + (

𝟏

𝐦 − (𝟏 − 𝛗𝐩𝐨𝐥𝐲𝐦𝐞𝐫)
) − 𝟐𝐀

 
(3.8) 

 

Where A is the non-combinational (entropic) contribution to the F-H 

interaction parameter χ, while B is the enthalpic contribution [202], φ is 

the volume fraction of the drug and the polymer, and m is the ratio of the 

volume of a polymer chain to drug molecular volume.  
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The Tgmix of the FELD-PVA and FELD-Soluplus® systems were 

predicted using the Gordon-Taylor equation for two components as 

expressed in (Equation 3.9) [203]: 

 

  𝐓𝐠𝒎𝒊𝒙 =
𝐰𝟏𝐓𝐠𝟏 + 𝐊𝐰𝟐𝐓𝐠𝟐

𝐰𝟏 + 𝐊𝐰𝟐
 (3.9) 

 

Where w1 and w2 are the weight fraction of drug and polymer 

respectively, Tg1 and Tg2 is the glass transition temperature of drug and 

polymer respectively, while K can be calculated using the Tg and 

densities, ρ, of each component as represented in (Equation 3.10):  

 

 𝐊 ≈
𝛒𝟏𝐓𝐠𝟏

𝛒𝟐𝐓𝐠𝟐
 (3.10) 

 

The obtained solid-liquid transition curve (Tmmix) and the spinodal curve 

(miscibility) for both systems were plotted as a function of drug weight 

fraction and temperature. Then, this information accompanied by the 

predicted Tgmix obtained using equation 3.9 [203] and 3.10 along with the 

experimental Tgmix of both systems obtained using DSC in the present 

study were used to construct the composition phase diagrams for the 

FELD-PVA and FELD-Soluplus® systems [76].  



Chapter 3: Determination of the Felodipine Miscibility Limits in PVA and Soluplus® 

81 
 

3.4. Results and Discussion 

3.4.1. Drug-Polymer Miscibility Utilising Solubility 

Parameters Approach 

The difference in the solubility parameters between the model drug and 

the carriers was utilised to estimate the miscibility of two systems [204] 

[205]. It has been reported that ingredients with a difference in solubility 

parameters lower than ~ 7 (MPa)1/2 are most likely to be miscible, while 

ingredients with solubility parameters differing by more than ~ 10 

(MPa)1/2 are more likely to be immiscible [206].  

Table 3.1 below illustrates that the reported solubility parameters for 

FELD was found to be 24.39 (MPa)1/2 whereas the values reported for 

PVA and Soluplus® were 30.50 and 31.22 (MPa)1/2 respectively.  

Depending on the reported data for PVA and Soluplus®, and the 

obtained data for FELD in Table 3.1, the difference in the solubility 

parameters was found to be 6.11 and 6.83 (MPa)1/2, for the FELD-PVA 

system and FELD-Soluplus® system respectively.  According to this rule, 

FELD is expected to be miscible with both polymers as ΔSP<7 (MPa)1/2.  

Even though the solubility parameters method is considered the easiest 

way to calculate χ and does not need any experiment, it has been 

reported that calculated χ using the solubility parameters approach can 

fail in prediction of drug-polymer miscibility [199].  This is may be because 

of the solubility parameters limitations, especially when dealing with 

drug-polymer systems including highly directional bonds (e.g., hydrogen 

bonding) or long-range interactions (e.g., ionic interactions) [81] [207]. 
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Also, the solubility parameters approach does not consider possible 

exothermic mixing as the determined F-H interaction parameter χ is 

always positive [195]. Thus, alternate methods, such as MPD method, 

have been noted in the literature [76] [69], [81]–[83] to estimate the F-H 

interaction parameter χ and to predict drug-polymer miscibility.  

Table 3.1. Physical properties for FELD, PVA, and Soluplus®. 

Materials 

Molecular 

weight 

(g/mol) 

Density 

(g/cm3) 

molecular 

volume 

(cm3/mol) 

solubility 

parameter 

(MPa)1/2 

ΔSP in 

(MPa)1/2 

(SPdrug - 

SPpolymer) 

ΔHfusi

on 

(kJ/mol

) 

Tm (°C) 

FELD 384.25 a [76] 1.28 a [82] 300.19b 24.39 a [76] ___ 30.45 c 147.82 c 

PVA 38160 1.30a [200] 29354 b 
30.50 a 

[208]  

6.11 

___ ___ 

Soluplus® 

115000 a 

[76] 

0.99 a [76] 116161.62 b 31.22 a [76] 6.83 

___ ___ 

a Data reported in the literature, b Data obtained by dividing the molecular weight by density, and 

c Value obtained in the present work using DSC. 
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3.4.2. Thermal Analysis 

 

Figure 3.1. DSC thermograms of FELD-PVA mixtures prepared using different drug loadings, from top to bottom (crystalline FELD, 

75%, 50%, 35%, 25%, 20%, 10%, 5% FELD-PVA w/w %). (Endo Up in the thermogram).  
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Figure 3.2. DSC thermograms of FELD-Soluplus® mixtures prepared using different drug loadings, from top to bottom (crystalline 

FELD, 75%, 50%, 35%, 25%, and 20% FELD-Soluplus® w/w %). Area in the box is the magnification of the melting endotherm of 

the 20% (FELD-Soluplus® w/w). (Endo Up in the thermogram). 
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Figure 3.1 and Figure 3.1 show DSC thermograms obtained for the 

FELD, as received, FELD-PVA, and FELD-Soluplus® mixtures prepared 

using different drug loadings (w/w %). Firstly, the melting point (Tend) of 

the crystalline FELD was obtained using DSC in the current experiment 

and it was found to be 148 °C [76]. Also, the Tg of the FELD was obtained 

from the second heating and it was found to be 46 °C (Appendix Figure- 

1). From the figures shown above, it is clear that there is a significant 

indication of melting point depression of FELD as a function of polymer 

addition, which is suggesting a substantial degree of mixing at the drug 

melting temperature. It is clear that the melting endset for mixing of the 

drug and the polymers in the liquid state decreased when the fraction of 

PVA or Soluplus® increased [76].   

Further investigation into the miscibility between the FELD and the 

polymers was conducted by using the MPD data to calculate the F-H 

interaction parameter χ for FELD with both carriers.  
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3.4.3. F−H Interaction Parameter ꭕ and Gibb’s Free Energy 

of Mixing  

 

Figure 3.3. Flory-Huggins interaction plot utilised to determine the F-H 

interaction parameter χ values for the FELD-PVA system (a) and the 

FELD-Soluplus® system (b) utilising equation 3.5 (n=1). 
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Figure 3.3, a and b show that By plotting of (1/Tmmix− 

1/Tmpure)*(ΔHfus/−R) − ln(φdrug) − (1−1/m)φpolymer versus φpolymer
2, a linear 

plot for the different drug-polymer systems was obtained, and the values 

of χ were estimated from the slope of the plotted graphs. Depending on 

the MPD method, a positive value of χ is indicative of weak interactions 

between drug-polymer molecules and, hence, low miscibility [209]. In 

contrast, a negative value of χ is a suggestion of strong drug-polymer 

interactions and, thus, high miscibility [209]. In our work, the obtained 

values of χ were found to be negative for both systems (- 0.21, r2= 0.97 

for FELD-PVA and -0.45, r2= 0.98 for FEDL-Soluplus®), indicating that 

FELD is miscible with both polymers at a temperature close to the melting 

point of the drug for all the studied compositions.  

This result is consistent with the predicted miscibility of FELD-Soluplus® 

system that was previously recorded by Tian, et al [76]. They found that 

the interaction parameter χ of the FELD-Soluplus® system is negative (- 

0.37), indicating that the FELD-Soluplus® system is a miscible system 

[76].  Also, this result is consistent with the predicted miscibility of FELD 

with both carriers (PVA and Soluplus®) using the solubility parameters 

method, as both polymers are predicted to be miscible with the drug. The 

data used to determine the F-H interaction parameter, χ, values for the 

FELD-PVA system and the FELD-Soluplus® system can be found below 

in (Table 3.2 and 3.3). 

However, it would be difficult to use this information to predict the level 

of drug-polymer miscibility at a lower temperature, i.e., storage 

temperature. Consequently, with constructing an appropriate 
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compositions phase diagram, one could be able to determine the 

miscibility and if crystallisation would occur at lower temperatures. 

In the next section, we plotted the χ values obtained from the MPD data 

against 1/Tm to determine the F-H constants A and B.  
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Table 3.2. Data used to estimate the F-H interaction parameter χ values for the FELD-PVA system. 

FELD-PVA 
weight 
fraction 

Tmmix Tmmix 
(Kelvin) 

φdrug φpolymer R ΔHfus m Term 1= 
(1/Tmmix − 
1/Tmpure) 

Term 2= 
(ΔHfus/−R) 

Term 3= 
ln(φdrug) 

Term 4= 
(1−1/m)φpolymer 

chi (1/Tmmix − 1/Tmpure) × 
(ΔHfus/−R) − ln(φdrug) − 

(1−1/m)*φpolymer 

φpolymer2 

1.00 147.80 420.80 1.00 0.00 8.3 30450 98 0.000000 -3669 0.00 0.00 0.00 0.00 0.00 

0.75 145.50 418.50 0.74 0.26    0.000013  -0.31 0.26 -0.69 -0.05 0.07 

0.50 143.80 416.80 0.48 0.52    0.000023  -0.73 0.51 -0.31 -0.08 0.27 

0.35 142.20 415.20 0.33 0.67    0.000032  -1.10 0.66 -0.26 -0.12 0.44 

0.25 140.50 413.50 0.24 0.76    0.000042  -1.44 0.76 -0.26 -0.15 0.58 

0.20 139.80 412.80 0.19 0.81    0.000046  -1.67 0.80 -0.26 -0.17 0.66 

0.10 139.02 412.02 0.09 0.91    0.000051  -2.37 0.90 -0.23 -0.19 0.82 

0.05 138.30 411.30 0.05 0.95    0.000055  -3.07 0.94 -0.22 -0.20 0.91 
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Table 3.3. Data used to estimate the F-H interaction parameter χ values for the FELD-Soluplus® system. 

 

 

FELD-
Solplus 
weight 
fraction 

Tmmix 

(°C) 
Tmmix 

(Kelvin) 
φdrug φpolymer R ΔHfus m 

Term 1= 
(1/Tmmix − 
1/Tmpure) 

Term 2= 
(ΔHfus/−R) 

Term 3= 
ln(φdrug) 

Term 4= 
(1−1/m)φpolymer 

chi 

(1/Tmmix − 1/Tmpure) 
× (ΔHfus/−R) − 

ln(φdrug) − 
(1−1/m)φpolymer 

φpolymer2 

1.00 147.80 420.80 1.00 0.00 8.30 30450 387 0.000000 -3669 0.00 0.00 0.00 0.00 0.00 

0.75 144.30 417.30 0.74 0.26    0.000020  -0.31 0.26 -1.05 -0.07 0.07 

0.50 139.80 412.80 0.48 0.52    0.000046  -0.73 0.52 -0.63 -0.17 0.27 

0.35 136.73 409.73 0.33 0.67    0.000064  -1.10 0.66 -0.53 -0.24 0.44 

0.25 134.46 407.46 0.24 0.76    0.000078  -1.44 0.76 -0.49 -0.29 0.58 

0.20 133.20 406.20 0.19 0.81    0.000085  -1.67 0.81 -0.48 -0.31 0.66 
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3.4.4. Extrapolation of the F-H Interaction Parameter ꭕ 

 

Figure 3.4. Alteration of the F-H interaction parameter χ as a function of 

temperature for FELD-PVA and FELD-Soluplus® systems. The linear 

line represents the best experimental data fit to equation (3.6). 
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Figure 3.4 shows the χ plotted versus 1/Tm. A linear relationship was 

detected between the F-H interaction parameter, χ, and 1/ Tm for the 

FELD-PVA system in the composition range of 5-25 %(w/w) with R2 value 

of 0.92, whereas a linear relationship was determined between χ and 

1/Tm for the FELD-Soluplus® system in the composition range of 20-50 

% (w/w) with a determination coefficient (R2) value of 0.96.  

On the other hand, a non-linear relationship was detected for the FELD-

PVA system at drug loadings greater than 35% (w/w), and a non-linear 

relationship was observed for the FELD-Soluplus® system at drug 

loadings greater than 50 % (w/w). The deviation from the linearity at high 

drug loadings during extrapolation of the χ against 1/ Tm for different drug-

polymer systems was previously reported in the literature [76] [79]. From 

the plotted graphs, we were able to obtain the F-H constants A (intercept) 

and B (slope), which allowed us to estimate the F-H interaction 

parameter χ at lower temperatures using equation (3.6). Data used to 

extrapolate the F-H interaction parameter χ against 1/Tm for FELD-PVA 

and FELD-Soluplus® systems is shown below in (Table 3.4, and 3.5). 

Table 3.4. Data utilised to extrapolate χ for FELD-PVA system. 

FELD-PVA 
weight fraction 

Tm (°C) Tm (Kelvin) 1/T x103 (K-1) chi (χ) 

1.00 147.80 420.80 2.38 0.00 

0.75 145.50 418.50 2.39 -0.69 

0.50 143.80 416.80 2.40 -0.31 

0.35 142.20 415.20 2.41 -0.26 

0.25 140.50 413.50 2.42 -0.26 

0.20 139.80 412.80 2.42 -0.26 

0.10 139.02 412.02 2.43 -0.23 

0.05 138.30 411.30 2.43 -0.22 
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Table 3.5. Data used to extrapolate χ for FELD-Soluplus® system. 

FELD-Solplus 
weight fraction 

Tm (°C) Tm (Kelvin) 1/T x(103 K-1) chi (χ) 

1.00 147.80 420.80 2.38 0.00 

0.75 144.30 417.30 2.40 -1.05 

0.5 139.80 412.80 2.42 -0.63 

0.35 136.73 409.73 2.44 -0.53 

0.25 134.46 407.46 2.45 -0.49 

0.20 133.20 406.20 2.46 -0.48 

 

For more investigation on the miscibility between the FELD and the 

polymers, we used equation (3.4) along with the values obtained for the 

F-H interaction parameter χ using  MPD method and equation (3.6), as 

summarised in (Table 3.6), to study the alteration in Gibb’s free energy 

of mixing during mixing of FELD with the polymers at temperature close 

to the melting point of the drug [80].  

Table 3.6. The F-H interaction parameter χ values obtained using MPD 

method and the χ values obtained using equation (3.6) at 140 °C.  

a Determined from the slope of the plotted graph of the χ values obtained for FELD-PVA and FELD-Soluplus® 

systems (figure 3.3 a and b) .b χ values calculated using equation (3.6) at 140.00 °C. 

 

 FELD-PVA system FELD-Soluplus® system 

ꭕa -0.21 -0.45 

ꭕb -0.26 -0.62 
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Figure 3.5. A plot of ΔGmix/RT as a function of the FELD volume fraction 

for FELD-PVA and FELD-Soluplus® systems. The open symbols show 

data calculated using the interaction parameter χ obtained from MPD 

method (Table 3.6, ꭕa), while the filled symbols show data using the 

interaction parameter χ obtained from equation (3.6) at 140°C (Table-

3.6, ꭕb).   
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Figure 3.5 shows the change in Gibb’s free energy upon mixing of the 

FELD with the PVA and Soluplus® at 140°C. Depending on the drug 

composition and χ values, Gibb’s free energy of mixing for a binary 

system can be either positive, promoting instability and phase separation 

or negative, which is indicating of miscibility and system stability [80]. 

Due to the negative values of the χ, as shown in (Table 3.6), used to plot 

the graph, Gibb’s free energy of mixing, as expected, was concaved 

towards the negative value with all the drug loadings for both systems, 

which suggests that the mixing is thermodynamically favourable between 

the FELD and both carriers (PVA and Soluplus®) for all the compositions 

at a temperature close to the melting point of the model drug. Thus, these 

results suggest that it would be possible to formulate miscible ASD of 

FELD-PVA and FELD-Soluplus® systems at a temperature equal to or 

higher than 140°C utilising HME.  

The F-H interaction parameter, χ, values for both systems were also 

determined using the solubility parameters approach at 25 °C. The 

values of the F-H constants (A and B) and the calculated values of the 

F-H interaction parameter χ are summarised below in (Table 3.7). 
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Table 3.7. Determination of the A and B constants using the linear 

regression analysis of experimental DSC data and the interaction 

parameter ꭕ, calculated using MPD approach and solubility parameters 

method at 25 °C. 

 
FELD-PVA system FELD-Soluplus® system 

A - 9.14 - 10.14 

B 3667.6 3930.2 

χ a 3.17 3.05 

χ b 3.81 5.65 

 a Determined through extrapolation of melting point depression data at 25 °C.  b Calculated using van 

Krevelen solubility parameter method at 25 °C. 

 

Regardless of the method employed to calculate the F-H interaction 

parameter χ at 25 °C, the obtained values were positive for the FELD 

with both carriers. This information suggests limited miscibility occurred 

between the FELD-PVA or FELD-Soluplus® systems at storage 

temperature (25 °C).  

For more understanding on the phase behaviour of the ASD, we 

investigated the effect of the F-H interaction parameter χ on Gibb’s free 

energy of mixing at different temperature profiles by plotting the 

(ΔGmix/RT) against the FELD volume fraction. 
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3.4.5. Determination of Miscibility  

 

 

 

 

 

 

 

 

Figure 3.6. A plot of ΔGmix/RT as a function of the FELD volume fraction 

for a) FELD-PVA and b) FELD-Soluplus® systems at different 

temperatures (25, 50, 80, 100, 120, and 140 °C). 
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Abu-Diak et al., have previously reported that Gibb’s free energy of 

mixing of a drug-polymer binary system is significantly affected by values 

of the F-H interaction parameter, χ [210].  

Figure 3.6 (a and b) illustrate a plot of changes in Gibb’s free energy of 

mixing as a function of temperature and drug compositions for FELD with 

PVA and Soluplus®. As discussed previously in section (3.4.3), the 

negative value of Gibb’s free energy of mixing is an indicative of 

miscibility, whereas the positive value is an indicative of immiscibility and 

phase separation at specific drug-polymer compositions [80]. 

Consequently, Gibb’s free energy of mixing of the FELD-PVA and FELD-

Soluplus® systems, as shown in (Figure 3.6, a and b), are negative only 

with drug φ <0.094 at storage temperature (25 °C), suggesting similar 

miscibility and stability for both systems at 25 °C.  

In addition, both systems have revealed immiscibility and possible phase 

separation for the drug φ higher than 0.094 as estimated by Gibb’s free 

energy of mixing at the storage temperature. However, with increasing 

temperature, the FELD-Soluplus® has shown higher miscibility with the 

model drug than the FELD-PVA system.  

As illustrated in the graphs, the miscibility of the FELD-Soluplus® system 

has increased as Gibb’s free energy of mixing turns out to be negative 

for the drug φ <0.24 at 50 °C, while Gibb’s free energy of mixing became 

negative for the drug φ <0.19 in case of FELD-PVA system at the same 

temperature. Moreover, Gibb’s free energy of mixing of the FELD-

Soluplus® system is negative with all the drug compositions at 
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temperature above 80 °C indicating miscibility and stability at elevated 

temperatures as shown in (Figure 3.6, b).  

In contrast, Gibb’s free energy of mixing of the FELD-PVA system 

changed to a negative value only when the temperature exceeded 100-

°C for all the drug compositions as revealed in (Figure 3.6, a). This result 

is consistent with the previous results, in which the miscibility of the 

FELD-Soluplus® system is higher than the miscibility of the FELD-PVA 

system. The predicted miscibility values for FELD with both polymers are 

summarised below in (Table 3.8).  
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Table 3.8. Predicted miscibility of the FELD-PVA and FELD-Soluplus® 

systems. 

Maximum values FELD-PVA system FELD-Soluplus system 

Miscibility of FELD  

(wt %) at 

25 C° 10 10 

50 C° 19 24 

80 C° 68 94 

100 C° 100 100 

 

Understanding how Gibb’s free energy of mixing changes as a function 

of temperature for FELD-PVA and FELD-Soluplus® systems allows the 

solid-liquid transition curve (solubility) and the spinodal curve (miscibility) 

of the FELD with both carriers to be plotted as a function of the FELD 

weight fraction and temperature. This information was combined with the 

glass transition temperatures to construct the composition phase 

diagram as detailed below.   
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3.4.6. Construction of the Compositions Phase Diagram 

  

 

Figure 3.7. Binary phase diagram of, a) FELD-PVA system, and b) 

FELD-Soluplus® system.   
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A phase diagram can offer a fair estimation by which we can better 

understand the behaviour of the solute (FELD) within the solvents (PVA 

and Soluplus®). Moreover, it allows prediction of the phase behaviour 

(stability and phase separation) of the ASD as a function of changes in 

the composition or temperatures. Also, it can identify the drug-polymer 

binary system phase boundaries [19] [80]. Using the phase diagram to 

estimate the drug-polymer phase boundaries may offer detailed 

information on the appropriate drug-polymer compositions, and the 

required temperature to produce ASD formulations utilising HME [76].  

Figure 3.7 Illustrates the composition phase diagrams of the FELD-PVA 

system (a) and FELD-Soluplus® system (b). We constructed the 

composition phase diagrams of the model drug (FELD) with two 

polymeric carriers, namely PVA and Soluplus® using a combination of 

DSC experimental data (MPD method) and the F-H theory.  

As shown in the graph, above the solid-liquid curve (solubility curve), the 

drug-polymer mixtures are expected to remain thermodynamically stable 

with respect to the insignificant changes in the system. Below the solid 

curve and above the miscibility curve (spinodal curve), the metastable 

zone exists. In this zone, the drug-polymer compositions, at specific 

loadings, have the ability to phase separate into two amorphous phases, 

including drug-rich phase and polymer-rich phase, without changing 

directly to the crystalline state, which may re-crystallise over time. 

Thus, the drug is expected to remain stable for small alterations in the 

system, but significant changes in the system will lead to re-
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crystallisation through a growth mechanism and nucleation. However, in 

the metastable region, the nucleation step will be kinetically impeded until 

a significant energy barrier is overcome, specifically when the drug-

polymer mixture temperature is under the Tg curve of the system. Below 

the spinodal curve, the API is present in the carrier in an unstable state, 

where spontaneous crystallisation is expected to occur without any 

significant kinetic barrier [76] [80].  

However, it is important to report that all the drug-polymer compositions 

used to measure the Tg of the mixtures have shown complete miscibility 

by showing only a single Tg, and no melting endotherm was detected 

between the drug and the polymers after the second heating cycle 

(Appendix Figure 2, a and b). This is an indication of the ability of both 

polymers to diminish the re-crystallisation process and to produce a 

homogenous one phase and stable ASD system at a particular 

temperature and drug loading.  

It is clear from the (Figure 3.7, b) that the FELD-Soluplus® system 

temperature-composition phase curves have shifted towards high 

compositions range, which is indicating higher solubility and miscibility of 

the FELD in the Soluplus® compared to the FELD-PVA system. The high 

solubility and miscibility observed here with the FELD-Soluplus® system 

are consistent with the result reported by Tian et al., for the same system 

[76].  

According to the results obtained from the predicted miscibility limit using 

Gibb’s free energy of mixing and the constructed temperature-
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compositions phase diagrams of the FELD with PVA and Soluplus®, it 

should be possible to formulate the homogenous ASD and the spiked 

formulation using a particular drug-polymer composition and 

temperature.  

Consequently, in the current thesis, we selected the FELD-PVA system 

to fabricate the filaments and the model tablets. The selection of the PVA 

as a carrier for this work was based on its advantages over the Soluplus® 

during the printing process as the PVA is ready 3D printable, especially 

with the FDM 3D printer. Moreover, it is may be possible to manufacture 

drug loaded printer feedstocks without adding of excipients i.e. 

plasticiser, during the production of the filaments and printing of the 

tablets using the PVA polymer compared to the Soluplus® [58]. 

Consequently, two different loadings were selected to formulate the 

filaments based on the information obtained from the FELD-PVA graph 

(Figure 3.7, a). These loadings were 10% (located in the metastable 

zone), and 50%, which is located below the miscibility curve (unstable 

zone).  

3.5. Conclusion 

In this chapter, we have successfully predicted the miscibility limits of the 

FELD-PVA and FELD-Soluplus® systems utilising two approaches, 

including a quantitative approach (MPD method) and a qualitative 

method (solubility parameters) in combination with the F-H interaction 

parameter χ. Moreover, we successfully determined the temperature 

dependence of F-H interaction parameter χ for both systems. Also, we 
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successfully constructed Gibb’s free energy of mixing (ΔGmix) and the 

temperature-composition phase diagrams for both systems. Regardless 

of the method utilised to determine the F-H interaction parameter χ, the 

relative rank of the miscibility estimated were consistent, in which the 

miscibility of the FELD in Soluplus® is greater than that in the PVA. In 

addition, the predicted miscibility rank obtained using Gibb’s free energy 

of mixing (ΔGmix) and the temperature-composition phase diagrams have 

shown similar ranking. The constructed composition phase diagrams 

have clearly identified the phase boundaries for both systems, indicating 

a metastable zone and an unstable zone. Due to the increasing interest 

in utilising HME to produce ASD formulations, the construction of the 

temperature-composition phase diagrams allows scientists to easily 

identify the required temperature and drug loading to formulate ASDs. 

Accordingly, two different loadings were selected, i.e. 10%, and 50% 

(FELD-PVA w/w), to be used to formulate the filaments utilising HME in 

the next chapter.
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4. Chapter 4: Formulation of Felodipine-

Polyvinyl Alcohol Printer Feedstocks 

and Model Tablets Fabrication  

4.0. Novelty in this Chapter 

Different FELD-PVA printer feedstocks with 10%, 25%, and 50% of FELD 

loading were manufactured utilising HME without adding of plasticiser. 

Moreover, the manufactured filaments were used to fabricate drug- 

loaded model tablets with different geometries utilising the FDM 3D 

printer in the present work.     

4.1. Introduction 

As discussed in chapter 1 and 2, FDM 3D printing technique is a low-cost 

manufacturing method, recently explored to manufacture implantable 

systems [211]–[213], medical devices [214], capsular devices [215], 

innovative tablets [216], and dosage forms fabricated as multi-layer 

device [217]. Also, as detailed in chapter 2, FDM 3D printer utilises 

filaments, which are usually commercially available thermoplastic 

polymers i.e. PLA and PVA, to fabricate the final products. However, in 

order to fabricate personalised dosage forms loaded with an API, there 

are two main methods i.e. soaking method, and HME [116].  

The HME method is a procedure where pressure and heat are employed 

to melt the thermoplastic filament and then force the molten material 
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through a- die, under controlled conditions [218]. The HME method has 

been recently utilised by the pharmaceutical industry to formulate drug 

delivery systems, and oral dosage forms, especially in combination with 

FDM 3D printing technology for advanced drug formulations [116]. The 

soaking process involves soaking of the thermoplastic filament in a 

saturated solution of drug in order to allow the drug to diffuse into the 

polymer [219]. Although the soaking method is easier and less expensive 

than the HME process, it may lead to lower and not very reproducible 

amounts of drug in the filament [116]. 

Therefore, in the present chapter, we have utilised HME to manufacture 

different drug-loaded feedstocks for the FDM 3D printer, which will be 

used in chapter five to fabricate the model tablets i.e. pure ASD and 

amorphous tablets spiked with crystalline seeds utilising the FDM 3D 

printer. The spiked models, which are ASD tablets manufactured as 

compartment with an outer shell (amorphous or spiked with crystalline 

materials) and an inner core (amorphous or spiked with crystalline 

materials), will be utilised in the present project to investigate the effect 

of the tablet micro-structure on the drug release mechanisms from these 

formulations utilising a USP dissolution apparatus I. 

In order to manufacture the final product (the compartment model 

tablets), we need firstly to evaluate the impact of using different materials 

on the printing parameters during the tablet fabrication process. For 

example, the effect of using different drug loadings on the flexibility of the 

manufactured filaments should be evaluated in comparison to utilising 

drug free filaments. Also, evaluating the ability of the FDM 3D printer to 
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fabricate tablet with a complex geometry utilising both the drug-loaded 

formulated feedstocks and commercially available filaments. Moreover, 

we need to investigate whether it is possible to use the FDM 3D printer 

to manufacture a pure ASD, and a spiked model tablets using the 

manufactured drug-loaded filaments based on the calculated miscibility 

values of FELD-PVA system as presented in chapter 3.  

Consequently, we have used the FDM 3D printer in this chapter to 

fabricate different tablets with several geometries and dimensions using 

the formulated drug loaded filaments and two commercially available 

filaments, namely PLA and PVA.  

PLA is a widely utilised polymer to fabricate implant devices utilising FDM 

3D printing technology [210] [211]. In contrast,  PVA, as detailed in 

chapter 2, section (2.1.2.1), has already been utilised for the production 

of drug loaded filament using HME and fabrication of oral dosage forms 

utilising the FDM 3D printer [116] due to its good thermal stability with a 

melting point that can vary from 180°C- 225°C [222] [223] depending on 

the molecular weight. However, PLA polymer was utilised in the current 

thesis as a starting printing material because it is the default printing 

material with the FDM 3D printer software. 

Thus, we started the fabrication process by utilising PLA filament as a 

default material and by using the default printing parameters to fabricate 

the first PLA tablet. The same printing parameters that were used to print 

the PLA tablet were then used to print different tablets using PVA, which 

is the main polymer utilised through the current thesis due to all the 
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reasons stated here and previously in chapters 1 and 2. However, it was 

important to modify the printing parameters in order to fabricate a model 

tablet using PVA with better morphology than that printed using PLA. 

Then, the optimised printing parameters along with the formulated drug-

loaded filaments were used to fabricate the drug-loaded model tablets 

using the FDM 3D printer. 

The morphology and dimensions of the manufactured filaments and 

fabricated model tablets were studied utilising SEM and a digital calliper. 

Also, we used several techniques with different limits of detection, as 

reported in the literature [224], including DSC, ATR-FTIR, Raman 

spectroscopy, and PXRD in order to investigate drug-polymer 

interactions, the formation of ASD, and percentage of crystallinity in the 

manufactured drug-loaded filaments and model tablets.  

4.2. Aims and Objectives 

As mentioned in chapter 1, section (1.7), the main aim of this chapter is 

to prepare different drug-loaded filaments, and to fabricate several drug-

free and drug-loaded model tablets with different geometries in order to 

evaluate the ability of the printer to control different parameters during 

the printing process. Moreover, to investigate and to detect the formation 

of ASD and crystallinity percentage for both the formulated drug-loaded 

filaments and the fabricated model tablets.   

This aim can be achieved by firstly designing and fabricating different 

drug-free tablets using the plain polymers, default printing parameters, 

and optimised printing parameters. After that, to manufacture drug-
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loaded filaments using HME and then use the manufactured filaments 

and the previously optimised parameters to fabricate several drug-loaded 

model tablets utilising the FDM 3D printer. Then, to investigate the 

structure and the dimensions of the prepared filaments, the fabricated 

drug-free, and drug loaded model tablets utilising SEM and digital calliper 

before and after optimisation of the printing parameters. Furthermore, to 

investigate the possible drug-polymer interaction using different 

techniques, including DSC, FTIR, Raman spectroscopy, and PXRD, in 

order to detect the formation of ASD and possible crystallinity within the 

formulated filaments and 3D printed drug-loaded model tablets.  

4.3. Materials and Methods 

4.3.1. Materials 

As detailed in chapter 2. 

4.3.2. Methods 

 

The amorphous form of FELD was prepared by heating the drug (as 

received) in an oven to 180°C, which is above the obtained FELD melting 

point using DSC (148 °C), as reported in chapter 3. After complete 

melting of the sample, it was quickly cooled to -20 °C to obtain the FELD 

amorphous form [101]. FTIR and Raman spectroscopy both confirmed 

the formation of the amorphous form within the limit of detection (FTIR 1-

2%, and Raman <1% of crystalline components) [224]. 
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Prior to the extrusion process, two batches of FELD-PVA powder (10%, 

and 50% of FELD loading), were weighed and transferred into a mortar. 

In this step, 30 g total powder weight was used for each batch. Then, the 

physical mixtures were geometrically titrated using a mortar and a pestle 

for five minutes. 

Initially, the extruder was started to produce the 10% (FELD-PVA w/w) 

filament. The temperature was fixed at 170 °C on both temperature 

regions, T1, barrel 1 temperature, and T2, barrel 2 temperature, see 

Figure 2.4 (chapter 2). Then, 15 g of the prepared powder was fed to 

the extruder hopper. After that, the screw speed was fixed at 10 RPM to 

allow proper mixing of the powder at the end of the screw (T2). Next, the 

screw speed was increased to 35 RPM to produce the filament. Next, 

while the HME running at 35 RPM, the remaining amount of the powder 

(15 g) was added to the HME hopper. Similar steps that were used to 

produce the 10% of FLED loading filament were also utilised to 

manufacture the 50% of FELD loading filament. However, due to the use 

of a higher amount of drug with the 50% filament in comparison to that 

used with the 10% filament and due to the plasticising effect of the drug 

on the polymer, the temperature was reduced to 160°C during the 

formulation process of the 50% drug-loaded filament.  

 

In the beginning different model tablets were designed using open-

source online software (www.tinkercad.com) (Figure 4.1). Then, the 

designed files were exported as STL files, and they were imported to 

Cura Ultimaker software version 2.6.2 (Ultimaker, Netherlands). 

http://www.tinkercad.com/
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Figure 4.1. Schematic illustration of the different tablet designs with 

different dimensions utilised in this chapter to fabricate different drug-free 

and drug-loaded model tablets. a, b, c, and d used to fabricate drug-free 

tablets, while e, f, g, h utilised to fabricate drug-loaded tablets.  

 

Initially, the FDM Ultimaker 2+ 3D printer was utilised to print the drug-free 

model tablets. The model tablets were fabricated utilising the default 

settings of the software for the PLA filament as follows: type of printer: 

FDM Ultimaker 2+; type of filament: PLA; resolution: standard; 

temperature of nozzle: 200 °C; temperature of building plate: 10 °C; 

speed of extruder 20 mm/s while extruding and 120 mm/s while 

travelling; infill density: 100%; infill pattern: line; height of the layer: 0.10 

mm; wall thickness: 1.05 mm; top/bottom thickness: 0.80 mm; build plate 
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adhesion type: brim; width of the brim: 0.80 mm. No supports were 

utilised in the printed models. The diameter of the nozzle used in this 

work is 0.40 mm.  

Subsequently, the created files were saved as gcode file type and 

transferred to the printer using a SanDisk memory card. Thereafter, the 

printing process was established as follows:  

I. The prepared filament was inserted to the filament holder and then 

loaded to the Ultimaker 2+ printer feeder using the rollers.  

II. The rollers pushed the loaded filament through the filament tube 

until it reached the printer head.   

III. The printing head heated the loaded filament and extruded it 

through the nozzle.  

IV. The printing stage transferred to the desired height (Z movement), 

as the inserted information in the gcode saved file.  

V. The printing head was moved to the desired printing site 

(according to information in the saved file) to fabricate the 

designed model (XY movement).  

VI. After the first layer was finished, the printing stage moved down 

slightly to allow printing of the next layer.  

VII. The printing nozzle printed the next layer.  

VIII. Step III and VII were repeated until the 3D object was completed. 

Then, the FDM 3D printer was utilised to fabricate different drug-loaded 

model tablets utilising similar parameters used during fabrication of drug-

free model tablets as detailed earlier in the current section. However, the 
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addition of the drug (FELD) led to the formation of a brittle filament, 

especially with 50% drug loading. Thus, further changes were applied 

during the printing of the drug-loaded model tablets. These changes were 

as follows temperature of nozzle: 195 °C; temperature of building plate: 

60 °C; speed of extruder 15 mm/s; infill density: 20 %; build plate 

adhesion type: none; width of the brim: none. The diameter of the nozzle 

used in this work is 0.60 mm.  

 

4.3.2.3.1. Scanning Electron Microscopy (SEM) 

A Scanning Electron Microscope SEM (XL30, Philips) fitted with an 

Oxford Instruments INCA EDX microanalysis system was utilised to 

characterise the microstructure of the manufactured filaments, and 3D 

printed tablets. Firstly, a conductive carbon tape (double-adhesive) was 

fixed on the surface of the sample stub. After that, the samples were 

mounted on the carbon tape stubs. Before the microscopic imaging, all 

the samples were placed in a vacuum sputter coater chamber (Leica EM 

SCD005 sputter coater) and coated with gold for 190 seconds utilising 

an accelerating voltage of 25 mA. Thereafter, they were fixed in the SEM 

specimen holder stage. Furthermore, the samples were tilted manually 

from 0-45 ° to allow capturing images of the inner layers of the model 

tablets. Subsequently, several images were obtained for the samples. 

4.3.2.3.2. Measurements 

The printed tablet dimensions were measured with a digital calliper 

(VonHaus®) to investigate whether the FDM 3D printer had fabricated 

the tablets as created in the online software.  
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4.3.2.3.3. Differential Scanning Calorimetry (DSC) 

Thermal analysis of the raw materials, manufactured filament, and the 

fabricated model tablets was achieved utilising a TA discovery Q 2000 

DSC instrument equipped with a refrigerated cooling unit, and an auto-

sampler (TA Instruments, New Castle, Delaware). Firstly, small pieces of 

the manufactured filaments as well as fabricated tablets, FELD, as 

received, and PVA, as received were weighed within the size range of 5-

10 mg. Then, the measured samples were sealed in a new Tzero 

aluminium hermetic pan and lid. The heating rate was established to be 

10°C/min and nitrogen gas was used as a purge gas with a flow rate of 

50 ml/min.  Then, the thermogram of each sample was recorded using 

Universal TA Instruments data analysis software (n=1). 

4.3.2.3.4. Attenuated Total Reflectance- Fourier 

Transform Infra-Red Spectroscopy (ATR-

FTIR)  

The spectra of the crystalline FELD, PVA, manufactured filaments and 

printed tablets were obtained using an ATR-FTIR spectrometer (Agilent 

Technologies FTIR, Cary 360, Santa Clara, CA, USA). A small amount 

of each sample, about 5-10 mg, was used and placed on the FTIR crystal 

diamond plate [78]. After that, the spectra of the samples were obtained 

in absorbance mode in the spectral region of 600 to 4000 cm−1 utilising 

a scanning resolution of 8 cm−1 [29] (n=1). 

4.3.2.3.5. Raman Spectroscopy 

A confocal Horiba—Jobin-Yvon LabRAM system (Horiba—Jobin-Yvon 

Ltd, Middlesex, UK) was utilised in this experiment to determine the 
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Raman spectra of the raw materials (crystalline FELD, quenched cooled 

FELD, and the PVA). Furthermore, it was used to determine the spectra 

of the fabricated FELD-PVA model tablets. The Raman instrument is 

equipped with a different laser excitation capacity including A) UV (385 

nm), B) green (532 nm), C) red (660 nm), and D) near-infrared NIR (785 

nm). Firstly, minimum amount of the crystalline FELD, quenched cooled 

FELD, PVA powder, and 3D fabricated tablets (10%, and 25% w/w) was 

placed on a glass slide respectively. Then, Raman spectra were obtained 

using the 785 nm laser type. The parameters used in the Raman 

experiment to obtain the spectra of the raw materials were as following; 

lens: 50x, acquisition: 5 seconds, grating: 600 line/mm, hole: 300 µm. All 

the data was recorded using the labspec6 software (n=1).  

4.3.2.3.6. X-Ray Powder Diffractometer (XRPD) 

XRPD patterns of crystalline FELD, PVA, and fabricated model tablets 

were collected using an X’Pert PRO (PANalytical, Almelo, Netherlands) 

XRPD instrument. The instrument uses Cu Kα1 (λ = 1.54 Å) radiation and 

operates in Bragg-Brentano geometry. The step size utilised was 0.02° 

2θ with total of 6 minutes collection time. The voltage of the generator 

was set to 40 kV and the current to 40 mA. After that, the samples were 

scanned from 5° to 40° 2θ [101] (n=1). 

 

A saturated solution of sodium chloride was prepared, and this solution 

was placed in a tight plastic container to achieve the required humidity, 

which is 75% at room temperature. Then, DSC was used to generate in-

situ ASD of FELD-PVA (25% w/w FELD) from the physical mixture 
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utilising a heat/cool/heat cycle. A minimum amount of previously 

prepared physical mixtures was weighed within the size range of 5-10 

mg. Thereafter, the measured sample was packed in Tzero aluminium 

hermetic pan and lid. However, a pinhole was made in the lid to allow 

moisture intake into the samples and facilitate crystallisation while 

exposed to RH for one week. Next, the samples were studied utilising 

DSC [225]. Then, the thermogram was recorded using universal TA 

Instruments data analysis software. 
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4.4. Results and Discussion 

4.4.1. Fabricated Drug-Free Model Tablets 

 

Figure 4.2. Photographic images represent the morphology of the 3D 

printed tablets with plain PVA and PLA filaments using Ultimaker 2+ FDM 

3D printer. 

  

Figure 4.2 illustrates different tablets with different designs were printed 

using the Ultimaker 2+ FDM 3D printer loaded with original PLA and PVA 

(drug-free) filaments. Firstly, the PLA filament was loaded into the 

Ultimaker2+ printer and passed through a 0.40 mm head nozzle to 

fabricate the designed tablets as presented in section (4.3.2.2).  

Different challenges were faced during the fabrication of the tablets, 

including A) Modifying of the printer build plate (contact angle of the 

nozzle with the build plate), B) optimisation of the parameters for the PVA 
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filament using the PLA filament parameters, and C) the fabrication of the 

3D printed tablets with an acceptable morphology.  

Figure 4.2 (a, b, c, and d) shows drug-free printed model tablets using 

the PLA, and PVA filaments. The PLA tablet was fabricated utilising the 

default printing parameters, as shown above in Figure 4.2  (a). Then, the 

default priniting parameters were optimised and used to print different 

PVA model tablets with several geometery, as illustarated above in 

Figure 4.2 (b, c, and d). Table 4.1 below shows the default and 

optimised printing parameters utilised during the fabrication process of 

the PLA, and PVA model tablets. 
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Table 4.1. Default and optimised printing pparameters that have been 

utilised while fabricating the drug-free tablets. 

 

It is clear from the table above that the main change was related to 

utilising a slower prinitng speed, 20 mm/s, while printing the PVA tablets, 

instead of using 50 mm/s printing speed as used for the fabrication of the 

PLA tablet (default printing speed). Also, higher temperature was used, 

200 °C, while printing the PVA tablets rather than 190 °C that was used 

to fabricate the PLA tablet.  Table 4.2 below illustrates the main 

parameters that have been modified during the printing process of the 

PVA tablets. 

 

 

 

 

Parameters PLA tablet PVA tablet 

Resolution Standard Standard 

Nozzle temperature (°C) 190 200 

Building plate temperature (°C) 60 50 

Speed of extruder (while extruding, mm/s)  50 20 

Speed of extruder (while travlling, mm/s) 120 120 

Infill desitiy (%) 100 100 

Layer height (mm) 0.06 0.10 

Wall thickness (mm) 0.80 1.05 

top/bottom thickness (mm) 0.80 0.80 

build plate adhesion type Brim Brim 

Brim width (mm) 8.00 8.00 

Nozzle diameter (mm) 0.40 0.40 
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Table 4.2. The main parameters optimised for printing of the PVA tablets 

relate to the PLA tablets. 

Tablet Nozzle temperature Build plat 

temperature 

Printing 

speed mm/s 

Layer height mm Wall thickness 

mm 

PLA tablet 190 °C 60 °C 50 0.06 0.80 

PVA tablets 200 °C 50 °C 20 0.10 1.05 

 

A full discussion on the observed improvement on the morpholgy of the 

printed models, before and after optimisation will be provided in detail in 

section (4.4.3).  

4.4.2. Manufactured Drug Loaded Filaments and Fabricated 

FELD-PVA Model Tablets 

Before starting a full discussion for this section and the following 

sections, it is important to state that the main reason behind using 

different drug loadings for manufacturing several filaments was to 

achieve the maximum drug loading that could be manufactured using 

HME without the addition of a plasticiser. Plasticiser was excluded from 

the manufacturing steps to minimise the drug-excipients interaction in the 

final product (pure ASD, and spiked model tablets). Consequently, due 

to the lack of plasticiser in the manufactured filaments, a high 

temperature was utilised during the formulation steps of the printer 

feedstocks. Moreover, different challenges were faced during the 

fabrication of the drug-loaded model tablets utilising the FDM 3D printer, 

especially with the high drug-loaded feedstocks. These challenges were 

mainly related to the filament feeding to the printer feeding tube and 

printing difficulties due to the brittleness of the produced filaments. 
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Therefore, we used the drug-loaded printer feedstocks to fabricate drug-

loaded model tablets with less complex geometries than the model 

tablets fabricated utilising the commercially available thermoplastic 

polymer, specifically PVA, as presented above in (Figure 4.2).  

 

 

Figure 4.3. (a, b, and c) are photographic images of the manufactured 

drug-loaded filaments using HME, while d, e, f, g and h) are photographic 

images of the fabricated FELD-PVA model tablets utilising the FDM 3D 

printer.  
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Figure 4.3 displays different drug-loaded filaments formulated utilising 

HME, and different model tablets fabricated using the FDM 3D printer. 

Numerous FELD-PVA filaments were successfully manufactured using 

HME. Initially, two drug-polymer compositions were used to produce the 

filaments, i.e. 10%, and 50% of FELD loading, which were selected 

based on our calculations in chapter 3.  

For the 10%, the extrusion process was smooth, and it was possible to 

produce a homogenous and continuous filament, especially without 

plasticiser during the production step as represented in (Figure 4.3, a). 

However, due to the lack of plasticiser in the produced filament, a high 

temperature was used during the extrusion process (170 °C).  

Then, we started to produce 50% filament. Interestingly, we managed to 

produce a filament containing high drug loading (50% of FELD), without 

adding a plasticiser, as shown in (Figure 4.3, b). Due to the lack of the 

plasticiser in the manufactured filament, the extrusion process was 

challenging, and the produced filament was brittle, intermittent, and very 

difficult to print. We managed to fabricate tablet using the high drug-

loaded filament, as presented in (Figure 4.3, d). However, the model 

tablet was fabricated with poor quality due to the outlined challenges with 

using the 50% filament. Also, due to high material wastes and challenges 

encountered during filament manufacturing and tablets fabrication 

processes, we decided to manufacture 25% (FELD-PVA w/w) filament.  

According to the calculated miscibility limits of the FELD-PVA system, as 

detailed in chapter 3, this drug-loading is also located in the unstable 
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zone. Similar production steps that were used to produce 50% filament 

were utilised to manufacture this filament. Even though the drug loading 

used with this filament was high (25% of FELD), the extrusion process 

was possible, and the produced filament was homogenous and 

continuous (Figure 4.3, c). However, the 25% manufactured filament 

was not as flexible as the 10% filament due to the impact of the high drug 

loading on the produced filament flexibility. Consequently, the feeding of 

the filament to the filament feeder tube of the FDM 3D printer during the 

model tablets fabrication was more difficult than when using the 10% 

filament. The temperature and motor speed optimised during the 

manufacture of the different filaments are summarised below in (Table 

4.3).  

Table 4.3. Temperatures and motor speed during the manufacturing 

process of different drug-loaded filaments. 

Filament 

(%w/w) 

T1  

Barrel 1 

temperature (°C) 

T2  

Barrel 2 

temperature (°C) 

Motor speed 

during 

mixing (rpm) 

Motor speed 

during 

extrusion 

(rpm) 

Extrusion 

possibility 

FELD-PVA (10%) 170 170 15 35 possible 

 FELD-PVA (25%) 160 160 10 35 possible 

FELD-PVA (50%) 160 160 10 35 challenging 

 

Figure 4.3 (e, f, g, and h) demonstrates different drug-loaded (FELD-

PVA) model tablets with different dimensions fabricated using the FDM 

3D printer. We successfully used the manufactured filaments to fabricate 

the drug-loaded model tablets as designed using the TinkerCad 

software. Although the printing parameters were previously modified 
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during the fabrication of the drug-free model tablets as detailed in the 

previous section (4.4.1), numerous challenges were also faced during 

the printing process of the drug-loaded model tablets due to the use of 

the drug without adding plasticiser in the manufactured filaments. 

For all the tablets, we started the printing process using similar 

parameters as were used to print the PVA drug-free tablets, as shown 

previously in Table 4.1, section (4.4.1). However, because of the 

presence of the drug in the produced filaments, further optimisations 

were applied to allow easy printing and to fabricate the model tablets with 

an acceptable morphology. Table 4.4 below illustrates the main 

optimised parameters during the printing process. 

Table 4.4. The optimised parameters utilised while fabricating the drug-

loaded (FELD-PVA) model tablets. 

Tablet 

FELD-

PVA 

(%w/w) 

Nozzle 

size 

(mm) 

Nozzle 

temperature 

(°C) 

Build plat 

temperature 

(°C) 

Printing 

speed 

(mm/s) 

Layer 

height 

(mm) 

Wall 

thickness 

(mm) 

Infill 

density 

(%) 

Infill 

pattern 

Printed 

tablets/10 

attempts 

PVA 0.40 200 50 20 0.10 1.06 100 Line 9-10 

10 0.80 200 60 25 0.10 1.06 60 Line 8 

25 0.60 195 60 15 0.10 1.59 20 Grid 5-6 

50 0.60 195 60 15 0.10 1.59 20 Grid 1-2 

 

As is clear from the table above, the optimised parameters were mainly 

related to using a bigger nozzle size (0.80 mm in case of 10%, and 0.60 

mm in case of 25% and 50%), and a higher temperature for the build 

plate to allow more adhesion of the printed tablets on the build plate 

surface and prevent them from moving during the printing process. Also, 

the printing speed was decreased to 15 (mm/s) with the 25%, and 50% 
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tablet to allow better deposition of the printed layers to each other. 

Moreover, 20% infill density, and grid infill pattern were used to fabricate 

the 25%, and 50% tablets instead of using 60% infill density, and line infill 

pattern as were used with the 10% tablet. Lower infill density was used 

to minimise the materials waste during the printing process, and grid infill 

pattern was found to be better than using the line infill pattern, especially 

with 25% model tablets, to produce tablets with better morphology. 

Although no plasticizer was utilised to formulate the filaments as 

mentioned previously, it was possible to print 8 tablets out of 10 printing 

attempts using the 10% drug-loaded manufactured filaments and 5-6 

tablets out of 10 attempts utilising the 25% drug-loaded manufactured 

filament.  

Unfortunately, due to the reasons mentioned earlier in this section, there 

were a high material wastes during the printing process using the 50% 

filament, in which 1-2 tablets were printed out of 10 attempts. Therefore, 

this drug-loading was excluded from the following steps. 

In the following section, SEM was utilised to investigate the morphology 

of the fabricated model tablets, including drug-free, and drug-loaded 

model tablets, for both pre-optimised, and post-optimised fabricated 

tablets. Also, it was used to study the morphological structure of the 

formulated filaments. Moreover, the dimensions of the fabricated model 

tablets were measured using electronic callipers to compare the 

dimensions of the manufactured model tablets with the software tablet 

designs. 
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4.4.3. Morphological Observations, and Measurements of 

the Manufactured Filaments and 3D Fabricated Model 

Tablets 

Firstly, we started to investigate the microstructure of the drug-free model 

tablets. Then, we measured the dimensions of these model tablets as 

detailed below.  

 

Figure 4.4. SEM images of the fabricated PLA drug free tablet utilising 

the Ultimaker 2+ FDM 3D printer, a), and b) are the images of the tablet 

surface, while c), and d) are the images of the tablet the inner layers, and 

e) is the image of the tablet outer layers.  
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Figure 4.5. SEM images of the fabricated PVA drug free tablets utilising 

the Ultimaker 2+ FDM 3D printer after optimistion of the printing 

parameters. a), and b) are the images of the tablet surface, while c), and 

d) are the images of the tablet inner layers, and e) is the image of the 

tablet outer layers. 
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Figure 4.4 represents SEM images of the PLA drug-free model tablets 

fabricated using the FDM 3D printer and default printing parameters. The 

SEM images of the PLA printed tablet surface (Figure 4.4, a and b) 

indicate that the printed layers are uniformly organised and connected, 

which led to a smooth surface. Furthermore, the images of the inner 

layers (Figure 4.4, c and d), demonstrate that the fabricated layers were 

uniformly connected to each other and organised. Moreover, the images 

of the outer layers of the fabricated PLA tablet (Figure 4.4, e) shows that 

the bottom printed layers were overlapped while the upper layers were 

fabricated with better resolution and more organised than the bottom 

layers. The layers overlapping maybe due to the printing speed utilised 

during the printing process, which may have affected the adhesion of the 

layers to each other.  

Although the fabricated PLA tablet has illustrated an acceptable shape 

and morphology after the printing process, as shown in Figure 4.4, we 

modified the previously used parameters to achieve better morphology 

while printing the PVA tablets, as detailed in section (4.4.1). 

  

Figure 4.5 represents SEM images of the PVA drug-free tablets 

fabricated utilising the FDM 3D printer and the optimised printing 

parameters. The images captured for the PVA tablet show a smooth 

surface (Figure 4.5, a and b). Furthermore, the images that were 

captured for the inner layers of the PVA tablet indicate a uniformity, and 

well-connected layers to each other with no layers overlapping in any 
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parts of the printed layers as deposited in (Figure 4.5, c and d); hence, 

better resolutions were achieved than fot the PLA printed tablet.  

Moreover, SEM images captured for the outer layers, as shown in 

(Figure 4.5, e) revealed that all the printed layers were uniformly 

organised, well connected, and no overlapping between layers was 

detected. Thus, better morphology was achieved than that with the PLA 

tablet.  

Moreover, an electronic calliper was used to see the alterations that may 

occur on the dimensions of the designed tablets after the printing process 

and to also see the ability of the printer to produce objects with 

dimensions that are same as or close to the designed models. Table 4.5 

below summarised all the dimensions of the designed and the fabricated 

model tablets.  
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 Table 4.5. Represents the dimensions of the designed tablets and the dimensions of the model tablets after the printing process 

using the FDM 3D printer.  

 

 

 

 

Designed and fabricated 

tablets 

First main tablet (mm) Second main tablet (mm)   Central part (mm) 

 

Surface cap (mm)  

 

Hollow 

(mm) 

Diameter Height Diameter Height Diameter Height Diameter Height Diameter 

PLA tablet 
Designed 11.00 

11.09 

11.00 

11.02 

10.00 

10.01 

11.00 

11.00 

5.00 

4.91 

4.00 

3.95 

2.00 

2.01 

2.00 

2.03 

- 

- 

- 

- 

10.00 

10.01 

11.00 

11.00 

- 

- 

- 

- 

2.00 

2.01 

1.33 

1.38 

- 

- 

4.65 

4.66 

4.40 

4.42 

5.90 

5.91 

- 

- 

2.00 

2.09 

2.50 

2.52 

2.00 

2.02 

- 

- 

4.65 

4.69 

- 

- 

- 

- 

- 

- 

1.00 

0.83 

- 

- 

- 

- 

5.00 

4.80 

5.00 

4.94 

5.00 

4.67 

6.40 

6.30 

Fabricated 

PVA tablet 
Designed 

Fabricated 

PVA tablet 
Designed 

Fabricated 

PVA tablet 
Designed 

Fabricated 
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It is clear from the table above that the FDM 3D printer was able to 

fabricate the model tablets as designed using TinkerCad software, 

especially after optimising the default parameters used to print the PLA 

tablet. This result is consistent with the result obtained using SEM, in 

which better morphology was observed for the PVA tablets rather than 

the PLA tablet after optimisation of the printing parameters. We can 

conclude from these two results that the FDM 3D printer has the ability 

to control different parameters during the fabrication process. Also, it has 

the ability to fabricate objects with different and complicated geometries.  

Therefore, the FDM 3D printer will be utilised in the current thesis to 

manufacture the model tablets that will be fabricated as compartment 

tablets with an outer shell and an inner core using the optimised 

parameters.  

In the following section, SEM was used to study the morphology of the 

manufactured drug-loaded filament after it was extruded using HME at 

160°C, and after it was extruded from the FDM 3D printer nozzle at 

195°C.  
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Figure 4.6. a) SEM images of the fabricated FELD-PVA filament after 

the extrusion process using the HME, and b) SEM images of the FELD-

PVA filament after being extruded through the FDM 3D printer nozzle. 

a) 

b) 
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Figure 4.6 (a, and b) show SEM images of the FELD-PVA filament after 

it was extruded using HME and FDM 3D printer. The SEM images after 

the first extrusion process, (Figure 4.6, a), have revealed that the 

fabricated filament has a rough surface; however, no pores or cracks 

were observed on the prepared filament.  

Figure 4.6 (b) shows SEM images of the FELD-PVA filament after being 

extruded through the FDM 3D printer nozzle. The SEM images revealed 

that the extruded filament has a smoother surface than the filament that 

was prepared using the HME. This may be due to the further mixing 

happening because of the use of high temperature during the printing 

process, which has led to a more homogenous system.  

Next, we studied the morphology of the fabricated drug-loaded model 

tablets utilising SEM, and we used electronic callipers as well to measure 

the dimensions of the printed model tablets, as shown below. 
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Figure 4.7. SEM images of the pre-optimised fabricated FELD-PVA 

model tablet. a), b), c), and d) are the images of the tablet surface, while 

e) is the image of the tablet outer layers.   

 

 

 

 

 



Chapter 4: Preparation of the Printing Feedstock and Fabrication of Model Tablets 

136 
 

 

Figure 4.8. SEM images of the post-optimised FELD-PVA model tablets 

fabricated using the FDM 3D printer. a), and b) are the images of the 

tablet surface, while c), and d) are the images of the tablet outer layers.   

 

Figure 4.7 represents SEM images of the drug loaded model tablet 

fabricated utilising the FDM 3D printer before optimisation of the printing 

parameters.  The printing process of this tablet was established at 200-

°C (nozzle temperature) (Appendix Figure 3, a). The top view images 

(a, b, c, and d) showed that the layers on the surface of the fabricated 

tablet were not uniformly connected and overlapped.  Moreover, the SEM 

images showed that the printed tablet was characterised by a rough 

surface. Furthermore, the image of the tablet outer layers (Figure 4.8, e) 

revealed that the layers were not consistently connected, and layers 

overlapping was detected. This may be due to the parameters that were 
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used during the printing process, such as the printing speed, infill density, 

and the temperature utilised during the printing process. 

Another model tablet was also characterised using SEM. However, due 

to the use of high temperature during the printing process (206 °C), the 

morphology of the produced tablet was poor (Appendix Figure 4). Thus, 

further optimisations were made to the previously used parameters to 

fabricate a tablet with better morphology than the previously fabricated 

models. 

Figure 4.8 shows SEM images of the drug-loaded model tablet 

fabricated utilising the FDM 3D printer after optimisation of the printing 

parameters. The printing process of this tablet was established at 195 °C 

(nozzle temperature) (Appendix Figure 3, b).  The top view (a, b, c, and 

d) images revealed that the surface of the fabricated tablet is smoother 

than the previous tablet and the layers were organised and uniformly 

connected to each other. In addition, no layers overlapping was detected 

in the printed tablet. The improvement observed on this tablet was due 

to the changes that were made to the printing parameters, especially the 

printing temperature and the infill density.  

The dimensions of the fabricated model tablets were measured before 

and after the optimisation process using electronic callipers, as shown in 

(Table 4.6).  
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Table 4.6. Dimensions of the designed and the 3D printed model tablets 

measured using electronic callipers before and after optimisation. 

 

The measured dimensions revealed defects in the dimensions of the pre-

optimised fabricated tablets, which may be due to the use of high 

temperature while printing which causes layers overlapping and size 

shrinkage. However, the post-optimised printed model tablets have 

shown better dimensions than pre-optimised tablets. The defects that 

was found in the dimensions of the fabricated tablets is consistent with 

the previously observed in the morphology of the printed tablets studied 

using SEM. We can conclude from these results that the FDM 3D printer 

has the ability to print the designed tablets with an acceptable 

morphology using the manufactured 25% and 10% drug loading 

filaments that were prepared utilising HME. 

4.4.4. Thermal Analysis of FELD-PVA Filaments and 3D 

Printed Model Tablets Utilising DSC 

Before commencing a full discussion for the following sections, it is 

important to state that according to the calculations obtained for the 

FELD-PVA system as discussed in chapter 3, all the drug loadings were 

predicted to be completely miscible at or above the drug melting point 

temperature. On the other hand, phase separation and re-crystallisation 

 

Tablet 

Designed tablet 

dimensions (mm) 

Fabricated tablet dimensions 

(mm) 

FELD-PVA  

(Pre-optimised) 
5.00x4.00 5.32 x3.63 

FELD-PVA  

(post-optimised) 
6.00x4.00 6.07 x 3.95 
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are possible for drug loadings higher than 10% (FELD-PVA w/w) as soon 

as the temperature reaches 25 °C.  Consequently, it is may be possible 

to manufacture ASD filaments and model tablets by operating both the 

extruder and the printer at a temperature above or close to the FELD 

melting point, 140 °C, for all the drug loadings. As detailed previously in 

the current chapter, high temperatures were used during both the 

feedstock manufacturing using HME and the tablet fabrication utilising 

the FDM 3D printer due to the lack of plasticiser. Consequently, it was 

possible to manufacture a homgenous one phase ASD feedstock and 

model tablets utilising an HME and the FDM 3D printer techniques at 

temperature above 140°C for all the drug loadings. In contrast, it was 

challenging to fabricate model tablets spiked with crystallinity at the 

utilised temperatures. However, based on the calculations obtained in 

chapter 3, it is may be possible to prepare a spiked model tablet by 

storing the freshly fabricated samples at room temperature. After that, 

the aged samples may then be used along with the fresh samples to 

fabricate the spiked model tablets.      

Also, it is important to mention that different methods with a different limit 

of detection were used to characterise the manufactured filaments as 

well as the fabricated model tablets to investigate the possible drug-

polymer interactions and formation of ASD. Moreover, these methods 

were used to detect a possible % of crystallinity in formulated filaments 

and fabricated tablets. As reported in the literature [224], PXRD and DSC 

can detect about 5-10% crystallinity, which is less sensitive than FTIR (1-
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2%) and Raman (<1%) in detecting the degree of crystallinity in ASD 

formulations [224].  

 

Figure 4.9. DSC thermograms of the first and the second heating cycles 

of FELD, 10%, and 25% (w/w) 3D printed model tablets and 

manufactured filaments. (Endotherm upward in the thermogram). 

 

Figure 4.9 represents the DSC thermograms of the 1st and 2nd heating 

events of the crystalline FELD, formulated filaments, and fabricated 

model tablets. As it is clear from the figure, DSC thermogram of the 

crystalline FELD showed a sharp melting peak 148°C during the 1st 

heating event. Interestingly, the sharp melting peak that was observed 

during the first heating cycle disappeared from the 2nd heating cycle, and 

a single Tg was detected 45°C, indicating that the drug was changed to 

the amorphous form. 

Turning to DSC thermograms of the manufactured filaments (10%, and 

25%), interestingly, no melting endotherm was detected for the prepared 

filaments during this analysis, and a single Tg was observed for both 

filaments, at 58.20°C, and 54.12°C  for 10%, and 25% respectively 

(Appendix Figure 5). The disappearance of the melting peak and the 
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appearance of a single Tg indicated that the felodipine was molecularly 

dispersed in the polymer matrix resulting in the formation of ASD 

filaments [43] [58].  

Similarly, no endotherm melting peak was detected with both fabricated 

tablets. Moreover, only a single Tg was observed, at 58 °C, and 55 °C, 

with 10%, and 25% fabricated model tablets respectively (Appendix 

Figure 5). The detected single Tg and the absence of the melting 

endotherm event of the fabricated tablets indicated that the FELD was 

molecularly dispersed in the polymer matrix resulting in the formation of 

ASD tablets [43] [58]. This result is in agreement with the result obtained 

from chapter 3, in which all the drug-polymer compositions used have 

indicated complete miscibility between FELD and PVA when 

manufactured at a temperature more than 140°C.  

Also, in the next sections, FTIR, Raman, and PXRD were utilised for 

further investigation of the possible drug-polymer interactions and 

formation of ASD within both the formulated feedstocks and fabricated 

model tablets. 
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4.4.5. FTIR Spectra of Prepared Filaments and 3D Printed 

Tablets 

 

 

Figure 4.10. FTIR spectra of the crystalline FELD, quenched cooled 

FELD, FELD-PVA physical mixture, FELD-PVA extrudates of 25%, and 

10% drug-loading respectively, and PVA. 
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Figure 4.11. FTIR spectra of the crystalline FELD, quenched cooled 

FELD, FELD-PVA physical mixture, 3D printed model tablets of 25%, and 

10% drug-loading respectively, and PVA. 
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Initially, the crystallinity of FELD and the formation of FELD amorphous 

form, using the melting method, were confirmed using different 

approaches, including PXRD, FTIR, and Raman (Appendix Figure 6, 7, 

and 8). Two main peaks of the FELD and one peak of PVA in the FTIR 

spectra were selected to compare the spectra of the manufactured 

materials with the raw materials. 

Figure 4.10 displays the FTIR spectra of the crystalline FELD, 

amorphous FELD, FELD-PVA physical mixture, manufactured 

extrudates, and PVA. Two peaks of the crystalline FELD, which are the 

amine group (N-H peak), and the carbonyl group (C=O), were selected 

as main peaks in order to compare between different components in the 

current discussion.  It is apparent from the figure illustrated above 

(Figure 4.10) that the crystalline FELD, and the FELD-PVA physical 

mixture are characterised by two significant peaks (drug finger print), the 

amine group (N-H peak), located at 3363 cm-1, and the ethyl ester 

carbonyl group C=O, located at 1685 cm-1. For the PVA, a significant 

peak appears at 1726 cm-1, which is the carbonyl group (C=O).  

Also, it is clear from the figure shown above (Figure 4.10) that the 

spectra of the quenched cooled FELD and the manufactured extrudates 

are significantly different in comparison to the spectra of the crystalline 

FELD, and the FELD-PVA physical mixture. The difference significantly 

appeared in the band related to the amine group in the pyridine ring of 

the FELD. As in the spectra of the pure FELD and the FELD-PVA 

physical mixture, the band appears in the range of 3350-3380 cm-1 (N-H 

group), specifically at 3363- cm-1, it is much broadened in the spectral 
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region of the manufactured extrudates. Moreover, the difference is clear 

in the band related to the vibration of the ethyl ester carbonyl group 

(C=O). In the spectra of the formulated extrudates and the quenched 

cooled FELD, the band is much broadened with lower absorbance 

intensity compared to the spectra of the crystalline FELD and the FELD-

PVA physical mixture. Furthermore, the spectra of the formulated 

extrudates and the quenched cooled FELD was shifted to lower 

wavenumber (1674 cm-1) compared to the spectra of the crystalline 

FELD, which appeared at a higher wavenumber (1685 cm-1).  

Figure 4.11 shows the FTIR spectra of the crystalline FELD, amorphous 

FELD, FELD-PVA physical mixture, fabricated model tablets using the 

FDM 3D printer, and PVA. It is clear from the figure displayed above 

(Figure 4.11) that the fabricated model tablets are characterised by more 

broadened band in the band related to the amine group (N-H) compared 

to the observed spectra of the manufactured extrudates as shown in 

Figure 4.10. Also, the fabricated model tablets showed broadened bands 

in the band related to the amine group (N-H) compared to the spectra of 

the crystalline FELD and the FELD-PVA physical mixture. The observed 

broadened spectra of the fabricated model tablets compared to the 

spectra observed with manufactured extrudate may be due to use of high 

temperature (195°C) and second extrusion process during the fabrication 

of the model tablets using the FDM 3D printer. 

The obvious detected shift in the wavenumber, the lower absorbance 

intensity, and the band broadening of the manufactured filaments 

(extrudates), and the fabricated model tablets compared to the spectra 
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of the crystalline FELD and the FELD-PVA physical mixture is an 

indication of the strong FELD-PVA interactions, and the formation of 

ASD. This result is consistent with the data reported in the previous 

section using DSC. Similar to the DSC result, the FTIR result has 

indicated complete miscibility between FELD and PVA, and the formation 

of ASD. More investigation into the drug-polymer interaction, the 

formation of the ASD, and detection of crystallinity in the fabricated model 

tablets was conducted using Raman spectroscopy, and PXRD.  
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4.4.6. Raman Spectra of the Raw Materials and the 

Fabricated FELD-PVA Model Tablets   

 

Figure 4.12. Raman spectra of the crystalline FELD, FELD-PVA physical 

mixture, quench cooled FELD, fabricated model tablets, and PVA in the 

molecular-region (1100-1750 cm-1). 
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Figure 4.13. Raman spectra of the crystalline FELD, FELD-PVA physical 

mixture, quench cooled FELD, fabricated model tablets, and PVA in the 

phonon region (50-450- cm-1). 
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Figure 4.12 and 4.13 show the Raman spectra of the raw materials, 

FELD-PVA physical mixture, and the 3D printed model tablets. Figure- 

4.12 displays the fingerprint region (1100-1750 cm-1), while 4.13 

illustrates the phonon-mode region (50-450 cm-1). Starting with the 

spectra of the pure ingredients, FELD and PVA, and the spectra of the 

FELD-PVA physical mixture, it is clear that the crystalline FELD (as 

received) and the FELD-PVA physical mixture are identified by sharp 

peaks, whereas the PVA is characterised by less-defined peaks.  

Turning to the spectra of the fabricated tablets, it appears as a 

combination of the polymer (PVA), and the amorphous form of the drug 

(quenched cooled FELD). However, the peaks of the fabricated tablets 

were slightly shifted towards higher wavenumber in comparison to the 

peaks of the quenched cooled FELD. The peaks at 1497 cm-1 appeared 

at 1500 cm-1 for the fabricated tablets, and the peaks at 1649 cm-1 moved 

to 1652 cm-1 for the fabricated tablets. These shifts can be described by 

the drug-polymer interaction, which has been previously reported for the 

formation of FELD amorphous solid dispersions with PVP, and 

copovidone [1] [4].     

When comparing the crystalline FELD with the quenched cooled FELD, 

it is possible to observe a significant difference between the spectra of 

the two forms of the FELD (quenched cooled, and crystalline FELD). It is 

clear that the pure FELD is characterised by sharp, and high intense 

peaks, while the quenched cooled FELD is identified by broad, 
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continuous, and less intense peaks relative to the sharp peaks of the 

crystalline FELD that appear in the fingerprint region (1100-1750 cm-1).  

These differences in the peaks shape of the two FELD forms (crystalline 

and quenched cooled) is due to the disorganised molecule environment 

of the amorphous form [101]. Moreover, the molecular bands of the pure 

FELD (raw material) that are located at 1205, 1485, and 1643 cm-1, were 

shifted to 1217, 1497, and 1649 cm-1 (higher wavenumber) in the case 

of the quenched cooled FELD [101].  

Moreover, it is evident that the two solid forms of the FELD have different 

spectra in the phonon-mode region, which results from inter-molecular 

vibrations, as displayed in Figure 4.13. In this region, it is evident that 

the crystalline FELD, and the FELD-PVA physical mixture, are 

characterised by sharp bands, which appear at 94 cm-1, and 162 cm-1, 

while the quenched cooled form is characterised by broad bands and 

continuous distribution of the intermolecular vibrations. The phonon-

mode region has been previously reported in the literature [5] [6], to 

differentiate between different solid forms of a drug easily. This result is 

consistent with the previous results, in which the produced tablets are 

completely amorphous.  
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4.4.7. XRPD Patterns of the Raw Materials and Fabricated 

Model Tablets 

 

Figure 4.14. XRPD patterns of the crystalline FELD, PVA, FELD-PVA 

physical mixture, and freshly fabricated model tablets (10%, and 25% 

w/w). 

 

Figure 4.14 shows the XRPD patterns of raw materials, FELD-PVA 

physical mixture, and fabricated model tablets. It is clear that the 

crystalline FELD is characterised by sharp Bragg peaks positioned 

mainly at 10.19 º, 10.84 º, 16.17 º, 16.58 º, 17.68 º, 20.51 º, 23.21 º, 24.49 

º, 25.41 º, 26.46 º, 27.91 º, 29.45 º, 30.16 º, 30.94 º, 31.46 º, 32.00 º, 32.63 

º, and 33.46 º. Also, the FELD-PVA physical mixture is characterised by 
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sharp Bragg peaks similar to the crystalline FELD. Moreover, it is clear 

that PVA polymer is characterised by amorphous halo in relative to the 

sharp peaks of the crystalline FELD and the FELD-PVA physical mixture. 

The sharp Bragg peaks of the crystalline FELD disappeared for the 

fabricated model tablets, which displayed amorphous halo, indicating 

that the crystalline FELD was transformed from crystalline to amorphous 

form within the fabricated model tablets. This result is in an agreement 

with the previously reported results using different techniques in the 

previous sections. 

According to the calculations shown in chapter 3, all the FELD-PVA 

compositions have shown complete miscibility at 140 °C, while phase 

separation and re-crystallisation are possible at a temperature of 25 °C 

(or below) for drug loadings higher than 10% (FELD-PVA w/w).  Thus, 

the observed complete miscibility for all the investigated compositions 

using the different techniques was obvious due to the lack of plasticiser 

in the manufactured materials, which has led to the use of high 

temperatures during both the printer feedstocks formulation using HME 

and the model tablets fabrication using the FDM 3D printer, as detailed 

previously in the present chapter. Thus, formulating a filament or a tablet 

with crystallinity was challenging for all the used drug-loadings, 

especially because all the produced materials were manufactured at a 

temperature above 140°C. As a such, exposure to high RH was utilised 

as an approach to facilitate crystallinity and to achieve equilibrium in the 

manufactured materials.  
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Also, due to the high materials wastes and manufacturing challenges 

discussed previously for the 50% filament, and for the reason that we 

want to study the effect of crystallinity on dissolution behaviour of ASD at 

a high drug-loading scenario, we decided to continue with 25% (FELD-

PVA w/w) for the rest of the present thesis. Consequently, in the next 

section, DSC was utilised to generate ASD with a drug loading of 25% 

FELD and expose to RH for seven days. Then, the aged sample were 

re-heated using DSC to detect possible crystallinity.  

4.4.8. Stability Study 

 

 

Figure 4.15. DSC thermograms of a) crystalline FELD (blue), FELD-PVA 

25% physical mixture (red), and Tg region (2nd heating cycle) of the same 

a) 

b) 
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samples, and b) DSC thermograms of the crystalline FELD (blue), and 

FELD-PVA 25% aged sample after seven days exposure to RH (red). 

(Endotherm upward in the thermogram).  

 

Figure 4.15 (a and b) show DSC thermograms of 1st and 2nd heating of 

the crystalline FELD, 25% (FELD-PVA w/w) samples, and aged sample 

re-heating cycle. Firstly, crystalline FELD, and physically mixed FELD-

PVA with 25% drug loading samples were heated to 200 °C to produce 

ASD (a pinhole lid was used during this step). During this step, a sharp 

melting endotherm was noted for both samples. Then, the samples were 

cooled back to room temperature. After that, the samples were re-heated 

to 200 °C. No endotherm event was detected for both samples during the 

re-heating cycle. In addition, a single Tg was noted for both samples, 

indicating the formation of an ASD as shown in (Figure 4.15, a).  

Then, the produced ASD sample was stored at 75% RH for seven days 

to induce crystallisation. Next, DSC was used to investigate the re-

crystallisation of the aged samples. As shown in Figure 4.15 (b), the 

aged sample showed a melting peak indicating the re-crystallisation of 

the FELD-PVA system. However, smaller enthalpy was observed with 

the aged sample than the freshly studied sample, as shown in (Figure 

4.15, b). This suggests that only a small amount of the sample was re-

crystallised; thus, the rest of the samples were in the amorphous state. 

The impact of moisture on the stability of ASD formulations was 

previously reported in the literature [69] [70] [221].  
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Consequently, based on the finding from the DSC experiment, in the next 

chapter, we will use 25% drug loading to fabricate a customised model 

tablet employing the FDM 3D printing technique. This tablet will be 

manufactured with an outer shell (amorphous or spiked with crystalline 

seeds) and an inner core (amorphous or spiked with crystalline seeds). 

For the spiked parts, we will print an outer shell and an inner core then 

we will store them in RH media for seven days to facilitate the 

crystallisation. After that, we will quantify the percentage of crystallinity 

utilising DSC. Next, the aged part will be attached with a freshly printed 

part to fabricate the required model tablets for dissolution study. 

4.5. Conclusion 

In the present work, we have successfully fabricated several drug-free 

model tablets using commercial filaments and FDM 3D printing as a 

fabrication technique. Furthermore, we were able to optimise the default 

printing parameters. In addition, we have successfully prepared different 

drug-loaded filaments, including 10%, 25%, and 50% (FELD-PVA w/w) 

by employing HME. Also, we managed to use the commercial and 

prepared filaments (10%, and 25%) and optimised parameters to 

fabricate drug-free and drug-loaded model tablets with better 

morphology than the model tablets printed using default printing 

parameters. SEM and electronic callipers have both revealed that better 

morphology was achieved for the fabricated model tablets after 

optimisation of the printing parameters, which validated the ability of FDM 

3D printer to fabricate objects with complex geometry. Additionally, SEM 
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has shown that the prepared filament was characterised by a rough 

surface after it was extruded using HME; however, a smoother surface 

was observed after it was extruded from the printer nozzle, indicating 

more mixing between FELD and PVA. Moreover, the prepared filaments 

and fabricated drug-loaded model tablets were characterised using 

different techniques, including DSC, FTIR, Raman, and PXRD, and all 

the utilised techniques revealed that it was possible to manufacture ASD 

filaments and model tablets using different drug loadings. In addition, due 

to the high temperature utilised during manufacturing of the materials 

(printer feedstock and model tablets), the manufactured materials have 

not shown any crystallinity; hence, we have successfully utilised 

controlled RH storage conditions as an approach to achieve equilibrium 

(crystallinity) in the ASDs produced using DSC. 

Thus, in the next chapter, FDM 3D printer along with exposure to high  

RH will be utilised to formulate compartment model tablets (pure ASD, 

and spiked model tablets); then, the impact of the crystallinity on the 

dissolution release mechanisms from these formulations will be studied 

using USP dissolution apparatus I (basket). 
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5. Chapter 5: In-Vitro Study to Investigate 

Drug Release from 3D Fabricated Model 

Tablets 

5.0. Novelty in this Chapter 

Compact ASD model tablets spiked with crystalline seeds, in an outer 

shell or in an inner core, were fabricated utilising FDM 3D printer for the 

first time. Then, the dissolution behaviour of the different fabricated 

model tablets was investigated using USP dissolution apparatus I 

(basket). 

5.1. Introduction 

As detailed in chapter 1, ASD formulations are thermodynamically 

unstable and have a tendency to re-crystallise, which may lead to 

formulation failure [7] [101]. Although a large number of studies have 

been reported in the literature about utilising ASDs as an approach to 

enhance the dissolution of poorly-water soluble ingredients in 

comparison to the free APIs [5], the dissolution mechanisms from these 

formulations are not fully understood. Thus, investigating the influence of 

crystallinity on the dissolution behaviour of the ASDs is important to 

understand the drug release mechanisms from these formulations. 

Based on the calculated values for the FELD-PVA system in chapter 3, 

and the observed miscibility between FELD and PVA in chapter 4, all the 
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drug loadings have shown complete miscibility between FELD and PVA 

at temperature above 140 °C. However, phase separation and re-

crystallisation are possible when the temperature reaches 25 °C for drug 

loadings higher than 10%. 

Also, as discussed in chapter 4, we were able to manufacture three ASD 

printer drug-loaded feedstocks, including 10%, 25%, and 50% (FELD-

PVA w/w), using HME. Moreover, we managed to fabricate drug loaded 

ASD model tablets utilising the FDM 3D printer and the manufactured 

drug loaded feedstocks. However, the 50% drug loading was excluded 

due to the difficulties encountered during the model tablets fabrication 

process using the FDM 3D printer and due to the high materials waste. 

Also, the 10% drug loading was excluded because we are aiming to 

investigate the dissolution behaviour of the API from the ASD tablets at 

a high drug loading scenario.  

Furthermore, according to the detailed information in the chapter 3, and 

4, the 25% drug loading has shown complete miscibility between FELD 

and PVA and we were able to use the manufactured filaments to 

fabricate ASD model tablets utilising the FDM 3D printer. However, it was 

challenging to fabricate model tablets spiked with crystalline seeds 

because all the manufactured materials were miscible (ASD) due to the 

high temperatures used during both printer feedstock formulation using 

an HME and tablet fabrication utilising the FDM 3D printer. Consequently, 

RH was used as an approach to reach equilibrium, crystallinity, in the 

manufactured materials, as detailed in chapter 4.  
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Thus, in this chapter, two basic formulations, FELD-PVA compartment 

model tablets (amorphous and spiked with crystalline seeds), were 

fabricated with a drug loading of 25% (w/w) utilising the FDM 3D printing 

technique. For the spiked tablets, different outer shells and inner cores 

were freshly fabricated as ASD and then some of them were exposed to 

RH to facilitate the crystallisation process and achieve equilibrium. Next, 

the freshly fabricated parts were used along with the aged parts to 

manufacture the spiked model tablets. Then, the fabricated model 

formulations, pure ASD and spiked model tablets, were used to 

investigate the dissolution mechanisms utilising USP dissolution 

apparatus I (basket). Also, for more understanding on the drug release 

mechanisms from the fabricated model tablets, the drug release data 

were fitted to different kinetic models, i.e. Zero-order, first-order, Higuchi 

model, and Korsmeyer-Peppas model. Each of these mechanisms is 

visited in turn below.  

5.1.1. Drug Release Kinetics 

Drug release can occur in a variety of ways from different types of 

formulation, and the ability to model these processes mathematically with 

a high degree of accuracy can provide valuable information when 

undertaking clinical decisions pertaining to dosing regimens. In general, 

some measure of drug release can be plotted against time, and the 

resulting graphs can give an indication of the types of processes that are 

taking place to produce the release patterns observed. 

Drug release can be zero order or first order, depending upon whether the 

release rate is concentration-dependent or not. In addition to these, 
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multiple kinetic models can be applied for specific use cases such as drug 

release from matrices or semi-solids. 

 

Zero order kinetics are described by (Equation 5.1) [229]: 

 

 
𝑪 = 𝒌𝒐 ⋅ 𝒕 (5.1) 

In which 𝐶 indicates the fraction of drug released over time t, with the 

zero-order release rate constant ko.  

In essence, this means that the release rate of the drug from the 

formulation is constant, irrespective of the amount of drug present. Zero 

order release has been demonstrated for compounds such as tryptophan 

and theophylline from biphasic polymer hydrogels until up to 80% of the 

drug was released, after which the release rate became time dependent 

[230]. More recently, sustained zero order release of therapeutic 

peptides from a polyethylene glycol-treated salmon calcitonin and tannic 

acid film has been demonstrated, which provided consistent zero order 

release without any initial bolus release [231]. 

 

First order kinetics are described by (Equation 5.2):  

 

 
𝒍𝒐𝒈 𝑪 = 𝐥𝐨𝐠 𝑪𝒐 − 𝒌𝒕/𝟐. 𝟑𝟎𝟑  (5.2) 
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In which 𝐶𝑜 is the initial concentration of drug, k is the first order release 

rate constant, and t is the time [232]. This process involves the delivery 

of a given proportion of the available drug per unit of time. The data 

generated form the first order model is plotted as log cumulative % of 

drug remaining vs. time which would produce a straight line with a slope 

of -K/2.303. First order release kinetic model can be utilised to describe 

the dissolution of an API in pharmaceutical dosage forms such as those 

including water-soluble drugs in porous matrices [233] [234]. 

 

Higuchi’s equation takes into account the effect of Fickian diffusion as a 

function of time, and was developed to describe the release of drugs from 

ointments that contained active compounds in suspension [235]. 

Although originally intended to describe a pseudo-steady-state situation 

with drug suspended in an ointment applied as a thin film, the Higuchi 

model is valuable in a range of other circumstances such as when 

determining the rate of drug release through a matrix, and can be useful 

for drugs with various solubilities, and also for solid or semi-solid 

formulations, and for the release of drug from transdermal patches [236]. 

The Higuchi model (simplified Higuchi model) can be described by 

(Equation 5.3) [235]. 

 

 
𝑭 = 𝒌𝑯 ⋅ 𝒕𝟏 𝟐⁄  (5.3) 
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In this equation, kH represents the Higuchi release rate constant. The 

data obtained from Higuchi model is typically plotted as cumulative % 

drug release versus square root of time [234]. 

 

The Korsmeyer-Peppas model was developed to describe the release of 

an active compound from a polymeric dosage form consisting of more 

than one type of functional polymer. This model accounts for the effects 

of the ratio between drug and excipients, and also on the effects of 

dynamic swelling and dissolution processes occurring within the dosage 

form [237]. The model is described by ( Equation 5.4): 

 

 
𝑴𝒕/ 𝑴∞ = 𝒌𝒕𝒏 (5.4) 

 Where Mt / M∞ indicates the fraction of API released at time t, k is the 

Korsmeyer-Peppas release rate constant and n is the release exponent 

describing the mechanism of release. In Korsmeyer-Peppas model, the 

value of n characterises the release mechanism of drug. When the value 

of n is ≤ 0.43 indicates that the drug release is controlled by Fickian 

diffusion, whereas n ≥ 0.85 suggests that the API release is controlled by 

an erosion mechanism [238]. Also, for n values that are less than 0.85 

and more than 0.43, the drug release is controlled by two mechanisms, 

including diffusion, and erosion [238].  In this model, data gained from in 

vitro drug release studies is usually plotted as log cumulative % drug 

release versus log time. 
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5.2. Aims and Objectives 

As mentioned in chapter 1, section (1.7), the main aim of this chapter is 

to develop FELD-PVA model tablets, pure amorphous and spiked model 

tablets with crystalline seeds. Also, to investigate the influence of the 

crystallinity on the drug release behaviour from the fabricated model 

tablets utilising the USP dissolution apparatus I (basket).  

This aim can be accomplished by firstly using HME to manufacture FDM 

3D printer feedstock. Then, the manufactured feedstock will be utilised 

to fabricate an outer shell (tablet with a central hole) and an inner core, 

which will be inserted inside the fabricated outer shell, using the FDM 3D 

printer. For this purpose, some of the fabricated outer shells and inner 

cores will be exposed to RH for seven days, to be used as spiked (aged 

materials), while some of them will be freshly fabricated, to be used as 

amorphous (fresh). Then, FTIR, Raman, and PXRD will be utilised to 

characterise the aged samples and compare them with the freshly 

prepared samples. Next, DSC will be utilised to determine the % of 

crystallinity of the aged samples after being exposed to 75% RH for 

seven days. After that, the fabricated outer shells (fresh or aged) and 

inner cores (fresh or aged) will be fixed together and sealed using the 

printer head to formulate the final compartment model tablets. Finally, 

USP dissolution apparatus I (basket) will be employed to study the 

dissolution behaviour of the fabricated model tablets. 
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5.3. Materials and Methods 

5.3.1. Materials 

As detailed in chapter 2, section (2.1) 

5.3.2. Methods 

 

Initially, different model tablets were designed using TinkerCad online 

software, as shown below in (Figure 5.1). Then, the designed files were 

exported as STL files. Next, the file was imported in the FDM 3D printer 

to be fabricated.  

 

Figure 5.1. Model tablet designs, a) control design, b) model tablets 

(formulations) outer shell and inner core designs.  

Then, HME was utilised to prepare 25% filament based on the same 

method as detailed in chapter 4. After that, the fabricated filament was 

loaded to the FDM 3D printer to manufacture the designed models. The 

printing parameters were the same as previously detailed in chapter 4. 

However, the one-part tablet (Figure 5.1, a) was fabricated and stored 

in a desiccator, to be used a fresh control, and some were exposed to 
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75% RH conditions to induce tablet crystallinity and to be used as aged 

control. The compact model tablets were printed as two parts (outer shell 

and inner core) as illustrated above in (Figure 5.1, b). Similar to the 

control, some of the printed outer shells and inner cores were exposed 

to RH for seven days to be utilised as aged (spiked) and some of them 

were printed and stored in a desiccator to be used as fresh (ASD). Then, 

the aged parts and fresh parts were used to manufacture the 

compartment model tablets by inserting an aged core in a fresh outer 

shell and/or placing a fresh core inside an aged outer shell. Finally, the 

formulated compacts were sealed by liquefying the PVA filament using 

the printer head (Figure 5.2). In this step, the plain PVA polymer was 

loaded to the printer and heated to 190 °C. Then, the liquified polymer 

was used to seal the top part of the fabricated model tablets with a thin 

layer of the polymer.  
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Figure 5.2. Formulation steps of the FELD-PVA model tablets. 
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5.3.2.2.1. FTIR  

As detailed in chapter 4, section (4.3.2.3.4) 

5.3.2.2.2. Raman Spectroscopy 

As detailed in chapter 4, section (4.3.2.3.5) 

5.3.2.2.3. X-Ray Powder Diffractometer (XRPD) 

As detailed in chapter 4, section (4.3.2.3.6) 

 

The crystallinity percentage of the FELD in the aged model tablets was 

quantified utilising a DSC according to (Equation 5.5) [239] [240]. 

 

 

%𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 =
∆𝑯𝒇− ∆𝑯𝒄

∆𝑯𝒇
𝒄𝒓𝒚𝒔 x𝟏𝟎𝟎 

(5.5) 

 

Abbreviation  Description 

∆𝑯𝒇  heat fusion of the FELD in the sample 

∆𝑯𝒄 
Heat of crystallisation of the FELD in the 
sample  

∆𝑯𝒇
𝒄𝒓𝒚𝒔

 enthalpy of fusion of the crystalline drug 

 

 

5.3.2.4.1. Stock Solution and Sample Preparation 

In the beginning, two fresh amounts of PBS were prepared, and the pH 

of the PBS were adjusted to pH 6.8 and pH 2. Then, the volume of the 
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prepared solutions was completed by distilled water to the required 

quantities. 

Next, FELD standard solution was prepared by accurately weighing 10 

mg of the API powder. Then, the weighed powder was placed in 100 mL 

volumetric flask. After that, 80mL of the dissolution medium and 

methanol (1:1) was measured accurately by a measuring cylinder and 

transferred to the volumetric flask.  

Thereafter, the volumetric flask was sonicated for 30 min to produce a 

clear solution. This solution was considered as a stock solution, and its 

concentration was 0.125 mg/ml. Next, a series of concentrations, 

including 0.325, .625, 1.25, 3.125, 6.25, 12.5, 25, 37.5, and 50 µg/mL, 

were diluted from the stock solutions and utilised to construct calibration 

curve to cover the concentration range of dissolved samples.  

5.3.2.4.2. Determination of FELD Absorbance Wavelength 

1 mL of the stock solution was placed in the UV quartz cuvette, and it 

was scanned by the UV spectrophotometer in the range of 200-600 nm 

to determine the absorbance wavelength.  

5.3.2.4.3. Investigating Drug Release Utilising USP Apparatus 

In-vitro drug release profiles were measured in dissolution testing 

apparatus (Dis8000, Copley Scientific limited, UK) using the basket 

method (USP apparatus 1). A rotation speed of 100 rpm and 900 ml of 

phosphate buffer pH 6.8 and/or pH 2 plus 1.5% SLS at 37.00 °C were 

used for the different sample measurements. The SLS was used as a 

surfactant as recommended in the US Pharmacopeia [241]. The 3D 
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printed model tablets (fresh and aged) were used in this experiment. 5 

ml dissolution samples were withdrawn at (0, 5, 15, 30, 60, 120, 300, and 

600 min) time intervals and directly filtered through a membrane filter with 

0.45 µm pore size (Millex®-HA filter unit, Merck Millipore, Carrigtwohill, 

Ireland). After that, the sample solutions were diluted with an equal 

volume of methanol. Then, 5 ml of fresh dissolution media was added to 

the dissolution vessels after each sampling. The samples were analysed 

utilising a UV–VIS spectrophotometer (Cary, 50 Bio, Australia) at 363 

nm. All drug release studies were conducted in triplicate [58]. 

 

A ZEISS XRADIA VERSA XRM-500 high-resolution X-ray micro-

computed tomography scanner was used to visualise the 3D internal 

structure of the 3D fabricated compartment model tablets. The printed 

model tablets were scanned at 15 µm (resolution)/60 minutes (scan 

time), and the 3D imaging was performed by rotating the objects through 

180° [242] [243]. Image reconstruction was performed utilising ZEISS 

versa XRM software to reconstructs the 2D images (projections) that 

were acquired during data acquisition/tomography to create a 3D 

reconstructed volume. After reconstruction, the file containing the 3D 

image volume was loaded into XM3DViewer software and analysed.  
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5.4. Results and discussion 

5.4.1. Manufactured Drug Loaded Filaments and Fabricated 

Model Tablets 

 

Figure 5.3. Photographic images of the prepared filament (a), FDM 

printing of the model tablets (b), one-part tablet (c), outer shell (d), and 

inner core (e). 

We successfully prepared 25% (w/w) drug-loaded filament utilising an 

HME, and we managed to use the prepared filament to fabricate the 

designed model tablets employing the FDM 3D printer, as shown in 

(Figure 5.3). The prepared filament was manufactured based on the 

manufacturing parameters that were previously detailed in chapter 4, 

(Table 4.3). The manufactured filament was smooth, and it was possible 

to load it to the FDM 3D printer to fabricate the model tablets. Moreover, 

the designed model tablets were fabricated using the FDM 3D printer and 

based on the optimised parameters obtained from chapter 4 (Table 4.4).  
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RH storage conditions was utilised as an approach to achieve equilibrium 

and to produce crystallinity in the manufactured materials due to the 

effect of the RH on the stability of ASD and its ability to facilitate the re-

crystallisation process [65], [66], [228]. Therefore, some of the 

manufactured outer shells and inner cores were exposed to 75% RH for 

seven days to induce crystallisation process. RH was previously 

prepared based on the method used in chapter 4, section (4.3.2.6). 

 

Figure 5.4. Photographic images of the fabricated model tablets a) outer 

shell, and b) inner core, after seven days of storage in 75% RH. 

Figure 5.4 displays photographic images of the aged samples exposed 

to RH for one week. The transparent appearance of the fresh samples 

was changed to opaque with the aged samples, as shown in (Figure- 

5.4). Opaque look of the aged samples has been reported to be an 

indication of phase separation and re-crystallisation- [244] due to the 

impact of the moisture on the stability of the ASD  [69] [70] [87] [221]. 

Therefore, in the following sections, FTIR, Raman, and PXRD were 

utilised to investigate the crystallinity of the aged samples.  

It is crucial to state that before the formulation step of the model tablets, 

the % of crystallinity of the aged samples was investigated to determine 
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whether the FELD partially or fully re-crystallised after being exposed to 

RH for one week. Thus, DSC was utilised in order to determine the 

crystallinity percentage of the aged samples. After that, we manufactured 

compact model tablets using freshly prepared and aged samples. 
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5.4.2. Characterisation of Aged Samples  

 

Figure 5.5. FTIR spectra of the FELD as received, the quenched cooled 

FELD, the FDM 3D printed tablets (aged and freshly prepared), and 

FELD-PVA extrudate.  
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Figure 5.5 represents FTIR spectra of the crystalline FELD, amorphous 

FELD, manufactured model tablets (fresh and aged), and FELD-PVA 

extrudate. FTIR spectra of the freshly prepared samples, crystalline 

FELD, quenched cooled FELD and manufactured extrudate was 

previously discussed in detail in chapter 4, section (4.4.5.1). Therefore, 

in this chapter, we will focus mainly on comparing the spectra of the aged 

samples with the spectra of the other samples to investigate possible re-

crystallisation of the aged samples after being exposed to 75% RH for 

one-week. 

As in the previous chapter, two significant peaks (drug fingerprint) of the 

FELD will be investigated during the present study, i.e. the crystalline 

FELD amine group (N-H peak), located at 3363 cm-1, and the ethyl ester 

carbonyl group (C=O peak), located at 1685 cm-1.  

Interestingly, as shown in the figure above, the amine group (N-H peak), 

located at 3363 cm-1, and the ethyl ester carbonyl group (C=O peak), 

located at 1685 cm-1 have appeared with the aged fabricated model 

tablets, which is similar to the sharp peaks of the crystalline FELD.  

In comparison to the shape of the amine group (N-H peak), which is much 

broadened in the spectral region of the quenched cooled FELD, 

manufactured extrudates, and freshly fabricated model tablets, the aged 

sample peak has transformed into a sharp peak and appeared in the 

same position as with the crystalline FELD (3363 cm-1). Moreover, the 

carbonyl group (C=O) has appeared with higher intensity than that 
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appeared with the quenched cooled FELD, manufactured extrudates, 

and freshly fabricated model tablets. Also, the C=O band appeared at 

1685 cm-1, which is similar to that of the pure drug.  

We can conclude from the FTIR result, and the aged samples opaque 

colour observed in the previous section that using controlled humidity 

conditions has induced crystallinity process which may have led to a 

partial transformation of the amorphous FELD to crystalline forms in the 

aged samples at or above the FTIR detection limit (1-2%) [224]. 

Moreover, in the next sections, Raman spectroscopy, and PXRD were 

utilised to conduct more investigation on the possible re-crystallisation of 

the aged samples. 
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Figure 5.6. Raman spectra of the crystalline FELD, aged model tablet, 

quench cooled FELD, fresh tablet, and PVA in the molecular-region 

(1100-1750 cm-1). 
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Figure 5.7. Raman spectra of the crystalline FELD, aged model tablet, 

quench cooled FELD, fresh tablet, and PVA in the phonon region (50-

450 cm-1). 
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Figure 5.6 and 5.7 show Raman spectra of the raw materials and the 3D 

fabricated model tablets (fresh and aged). Figure 5.6 illustrates the 

fingerprint region (1100-1750 cm-1), while 5.7 shows the phonon-mode 

region (50-450 cm-1). Raman spectra of the raw materials (FELD, and 

PVA) with the freshly fabricated model tablets was discussed in detail in 

chapter 4, section (4.4.6). Based on that discussion, we found that the 

freshly fabricated model tablets were completely amorphous, and no 

crystallinity was detected at Raman detection limit. Therefore, in the 

present result, we will focus on comparing the spectra of the aged 

samples with the spectra of the other ingredients, including crystalline 

FELD, quenched cooled FELD, and PVA.  

In the case of comparing the spectra of the aged fabricated tablets with 

the spectra of the crystalline FELD, and quenched cooled FELD, it is 

clear from the Figure 5.6 that the peaks of the aged tablets have 

appeared as sharper and higher intensity peaks than those of the 

quenched cooled FELD. However, these peaks appeared less sharp and 

low intensity in comparison to that of the pure FELD. Also, the molecular 

bands of the aged tablets have shifted back to the original positions of 

the FELD molecular bands, which are located at 1205, 1485, and 1643 

cm-1.  

Turning to the spectra of the pure FELD, aged tablets, and quenched 

cooled FELD in the phonon-mode region, it is possible to see that there 

is a significant difference between the pure FELD, and the aged sample 

bands in comparison to the bands of the quenched cooled FELD, as 

displayed in (Figure 5.7). It is evident that both the pure FELD, and the 
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aged tablet are characterised by two significant peaks at 94, and 162-       

cm-1, in comparison to quenched cooled form, which is characterised by 

broad bands in a similar region. Using of the phonon-mode region to 

easily differentiate between different solid forms of a drug has been 

previously reported in the literature [5] [6].  

We can conclude from Raman results that the appearance of the aged 

tablet bands at similar positions to the pure drug indicate that the 

amorphous form of the FELD has changed to the crystalline forms due 

to the impact of the moisture on the ASD  [69] [70] [87] [221]. 

 However, the appearance of the aged tablets with less sharp and low 

intense bands, as reported in the molecular and phonon-mode regions, 

than the bands of the pure FELD suggest that the aged tablet was only 

partially re-crystallised after seven days storage at 75% RH media.  This 

result is consistent with the FTIR result, and the opaque appearance of 

the aged tablet that was previously discussed in the previous sections. 
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Figure 5.8. XRPD patterns of the crystalline FELD, 25% aged and fresh 

tablets, and the PVA. (Black arrows indicate the main peaks appeared in 

the aged tablet in relative to the crystalline FELD). 

 

Figure 5.8 shows XRPD patterns of raw materials and fabricated model 

tablets (fresh and aged). It is evident from the figure shown above that 

the XRPD patterns of the crystalline FELD is characterised by sharp and 

high intense peaks [58] in comparison to the amorphous halo of the PVA 

polymer [58], and the fresh FELD-PVA tablets, which displayed 

amorphous halo [58]. Turning to the XRPD patterns of the aged tablet in 

relative to the Bragg peaks of the fresh tablets, and the PVA, it is clear 

that the aged tablet is characterised by the appearance of Bragg peaks 
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positioned mainly at 10.19 º, 23.21 º, and 26.46 º, which are similar to the 

Bragg peaks of the crystalline FELD. 

Thus, based on this result, the drug may have partially transformed from 

amorphous form to crystalline forms within the aged model tablet. This 

result is in an agreement with the previously reported results using 

different techniques in previous sections.  

Based on the findings from the previous sections, the aged samples may 

have partially crystallised after seven days storage at 75% RH due to the 

effect of the moisture on the stability of ASDs [65], [66], [228] [100]. 

However, it was essential to determine the crystallinity percentage within 

the aged samples before the formulation of the model tablets because 

we are aiming to manufacture two basic formulations (pure ASD, and 

spiked model tablets).  

Therefore, in the following section, DSC was utilised to quantify the % of 

crystallinity of the aged samples to see how much of the FELD 

amorphous form has changed to crystalline forms after one-week storage 

at 75% RH utilising Equation 5.1.  
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5.4.3. Quantification of Crystallinity  

 

Figure 5.9. DSC thermogram of the FELD-PVA (25% w/w) fresh and aged tablets (red represents aged samples, and blue represents 

fresh samples) (n=3). 
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Figure 5.9 demonstrates DSC thermograms of three freshly prepared 

model tablets and three aged model tablets. The crystallinity % of the 

FELD in the aged tablets was calculated from the DSC data using 

(Equation 5.1). It is clear from the figure shown above that the freshly 

prepared model tablets did not show any melting event for all the 

samples in comparison to the melting endotherm determined for the pure 

FELD, (Appendix Figure 1). The disappearance of the melting 

endotherm from the fresh samples is an indication of the formation and 

stability of ASD within the freshly printed model tablets. However, when 

the model tablets were stored at 75% RH for seven days, they were re-

crystallised resulting in endothermic melting peaks in all the aged 

samples due to the humidity effect on the stability of the ASD by 

converting the amorphous back to its crystalline state [87] [69] [70][221].  

The measured heat of fusion (ΔHf) of the FELD within the aged samples, 

as illustrated in Figure 5.9, was found to be 2.61, 2.46, and 4.93 J/g 

felodipine from top to bottom, respectively. The ΔHf
crys

 of the crystalline 

FELD was found to be 89.37 J/g, as shown in (Appendix Figure 9). The 

estimated crystalline content of FELD in the aged tablets was found to 

be approximately 4 ± 2 % (Appendix Table 1) [239] [240]. According to 

the DSC result, the FELD in the aged samples have partially re-

crystallised after one-week storage at 75% RH, which means that most 

of the aged samples remained amorphous. Thus, RH conditions 

approach used here was effective and produced aged samples spiked 

with crystalline FELD as required.  
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Subsequently, in the next section, the aged samples (outer shells or inner 

cores), along with the fresh samples (outer shells or inner cores) were 

utilised to manufacture the compact model tablets, which will be used 

later for the in-vitro drug release study. 

 

Figure 5.10. Photographic images of the 3D printed model tablets, a) 1, 

2, 3, and 4, are the manufacturing steps of the fresh shell-aged core 

model tablet, while b) 1, 2, 3, and 4, are the manufacturing steps of the 

aged shell- fresh core model tablet. 
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Figure 5.10 displays the different steps utilised to formulate the FELD-

PVA compact model tablets. We have successfully formulated several 

spiked model tablets using the aged samples (outer shells and/or inner 

cores) and the freshly fabricated samples (outer shells and/or inner 

cores). In the beginning, we fabricated numerous fresh outer shells and 

inner cores using the FDM 3D printer. Next, we used the aged samples 

along with the fresh samples to formulate the final product (spiked model 

tablets) as follows: I) a fresh inner core was inserted in an aged outer 

shell; then, the compact was sealed using the FDM 3D printer nozzle. II) 

an aged inner core was inserted in a fresh outer shell and sealed with 

the PVA polymer using the printer nozzle, as illustrated above in (Figure- 

5.10). Then, the formulated model tablets (spiked) and pure ASD tablets 

were used for the in-vitro drug release study in the next sections. 
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5.4.4. Preliminary In-vitro Drug Release  

 

 

Figure 5.11. In-vitro cumulative drug release profiles of 3D fabricated 

(controls and formulations) model tablets in a) pH 2, and b) pH 6.8 (n=3). 

(Error bars represents standard deviation).  
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Before starting a full discussion of the in-vitro drug release study utilising 

the USP apparatus I (basket), it is important to mention that the main 

reason for conducting the drug release experiment in two pH media, i.e. 

pH 2, and pH 6.8, and for a similar time (10 hours), was to investigate 

the impact of the crystallinity on the behaviour of the fabricated model 

tablets release in both media over the same period of time. Although the 

SLS was used as a surfactant in the present experiment, the maximum 

% of drug released after 10 hours from the formulations in the current 

experiment was found to be about 84% indicating that the experiment 

was conducted under non-sink conditions. This is may be due to the high 

drug loading, 25% of the FELD, used for the fabricated models in the 

present experiment and because of the low water solubility of the 

crystalline FELD, which is about 19.7 mg/L [245].  

Initially, 1 mL of the FELD stock solution was scanned using a UV-vis 

spectrophotometer in order to detect the FELD absorbance wavelength. 

For this purpose, 1 mL sample was scanned from 200-600 nm, and the 

FELD peak was observed at 363 nm (Appendix Figure 10). Also, the 

previously diluted series of concentrations were used to construct the 

calibration curve in order to cover the concentration range of dissolved 

sample (Appendix Figure 11). The R2 value obtained from the 

calibration curve was found to be 0.999, which is indicative of linearity for 

the utilised concentrations. Based on the data found in the literature 

[246], the PVA polymer has absorbance spectrum at 194 nm; hence, the 

PVA absorbance does not interfere with the FELD absorbance.  
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Drug release profiles from the fabricated model tablets, including pure 

ASD tablet (fresh control), aged control, spiked formulations (fresh shell-

aged core, and aged shell-fresh core), in two pH media are shown above 

in (Figure 5.11, a and b). Starting with drug release profiles in pH 2 

(Figure 5.11, a), it is evident that the pure ASD tablet (fresh control) has 

shown an improvement in the drug release relative to the aged tablet 

(control), and the spiked formulations over 10 hours.  

The drug total release obtained from the fresh control tablet after 10 

hours was 31%, while the drug total release obtained for the aged control 

tablet, and the fresh shell-aged core tablet after 10 hours was 21%, and 

21%, respectively. Moreover, the drug release obtained for the aged 

shell-fresh core tablet was found to be 11%, which is lower than that 

obtained for the other formulations. The dissolution improvement 

observed with the pure ASD (fresh control) in comparison to the other 

model tablets may be attributed to the higher dissolution rate of the ASD 

in comparison to the spiked formulations [169] [247].  

In addition, the structure of the compartment models [243], and the 

crystallinity may have affected the dissolution profiles of the aged control, 

and the spiked formulations, which may have led to a delayed and low 

drug release relative to that observed with the pure ASD one-part tablet 

(fresh control).  

However, it is obvious that the drug release in pH 2 medium was low for 

all the fabricated model tablets (less than 20% in the first two hours), 

including the fresh control ASD model tablet. The observed limited 
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dissolution in pH 2 may be due to the poor dissolution and swelling 

properties of the PVA polymer, and the ability of the PVA to form a 

hydrogel in the acidic medium (Appendix figure 12) [58] [248]–[250].  

Due to all the mentioned complications, the drug release behaviour 

observed for the fabricated model tablets in the pH 2 dissolution medium 

was not clear, especially for the compartment models (fresh shell-aged 

core, and aged core-fresh shell). These two formulations were expected 

to release more drug in comparison to the aged control because both 

fabricated models contained an amorphous part, either a fresh outer shell 

or a fresh inner core, which may induce the dissolution and produce 

higher drug release than that obtained for the aged control.  

Thus, the drug release behaviour of the fabricated models was also 

investigated in pH 6.8, as shown in (Figure 5.11, b). The release of the 

FELD from the 3D fabricated model tablets has increased in pH 6.8 in 

comparison to the release profiles observed in pH 2 medium with all the 

model tablets (controls, and formulations), as shown above in the 

(Figure 5.11, b). In this medium, the obtained release of the FELD from 

the fresh control (ASD model tablets), was 84% after 10 hours. Moreover, 

the release of FELD from the aged control, fresh shell-aged core, and 

the aged-shell fresh core model tablets were found to be 55%, 42%, and 

32% respectively, after 10 hours in the dissolution medium. The 

improvement in the dissolution observed may be attributed to the better 

dissolution, and swelling properties of the PVA in the pH 6.8 medium than 

that observed in pH 2 medium [248]. Moreover, the pure ASD fresh tablet 

has shown a better release profile, as expected, than the spiked 
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formulations due to the higher dissolution of the ASD [247] [169], and the 

impact of the crystallinity on the API release from the spiked formulations.  

All the fabricated formulations showed sustained-release (SR) of the 

FELD over 10 hours, and this is may be due to the additional material 

fusion during the fabrication process, which have led to a strong drug-

polymer interaction in the manufactured formulations, as reported 

previously in chapter 4 utilising the FTIR instrument. Also, this result is in 

agreement with the data reported in the literature [116]. 

Although the FELD release profiles obtained from the pH 6.8 medium 

have shown better dissolution of the active than that obtained in the pH-

2 medium, the drug release behaviour from the utilised formulations was 

not as expected, and it was similar to that observed in pH 2 medium. As 

mentioned earlier in this discussion, the formulations that contain an 

amorphous part, either a fresh shell or a fresh inner core, were expected 

to release more drug than the aged tablet (control).  

However, the aged control has shown drug release close to that obtained 

from the fresh shell-aged core model tablets, and higher than that 

obtained from the aged shell-fresh core model tablets in pH 2 dissolution 

medium. Also, the drug release of the aged control was higher than that 

obtained for the fresh shell-aged core and aged shell-fresh core model 

tablets in the pH 6.8 dissolution medium. 

The observed dissolution profiles from these formulations were 

unexpected and difficult to explain unless there are major issues with the 

tablets, and micro-CT was therefore employed to probe the micro-
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structure of the fabricated model tablets. Subsequently, in the next 

section, XµCT was utilised to visualise the microstructure of the 

fabricated two-compartment model tablets.  

 

 

Figure 5.12. A representative of XµCT scan reconstructed 3D images of 

FELD-PVA 3D printed two-compartment model tablets. 

 

Figure 5.12 displays the microstructure of the fabricated two-

compartment model tablets obtained by utilising XµCT. The XµCT was 

utilised to investigate the microstructure of the model tablets (fabricated 

as two-compartment). The reconstructed 3D images revealed that the 

utilised inner core was small in size and did not fully cover the created 

hole in the formulated outer shell, which created a large empty area 

(cavity) in the centre of the fabricated model tablets. The observed cavity 
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in the centre of the model tablets may have air trapped inside it, which 

may have led to the unexpected dissolution behaviour observed for the 

two-compartment model tablets in the previous section. Therefore, new 

outer shells and inner cores were designed using TinkerCad software 

and fabricated utilising the FDM 3D printer in order to fabricate new 

model tablets with better microstructure than those observed with 

previous models. Then, XµCT was utilised again in order to investigate 

the microstructure of the modified model tablets. 

 

In this section, modified model tablets designs were designed using 

TinkerCad software, as illustrated in (Figure 5.13). Then, the designed 

files were exported as STL files. After that, the modified designs were 

fabricated based on the optimised parameters obtained from chapter 4 

(Table 4.3).  

 

Figure 5.13. Modified model tablet designs (outer shell and inner core 

designs). 
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Figure 5.14. XµCT scan reconstructed 3D images of the modified 3D 

printed model tablets. 

Figure 5.14 shows the 3D images of the fabricated model tablets after 

modification. The result revealed that the new modified fabricated model 

tablets have better microstructure than that observed for the previous 

models. Also, the central hole is fully filled by the new fabricated inner 

core. Therefore, the new modified model tablets were utilised in the next 

section for the in-vitro drug release study. Also, we fabricated new 

controls, as two-compartment tablets, instead of the one-part tablets that 

were utilised as fresh and aged controls in the previous drug release 

study, section (5.4.4). The new controls were fabricated as two-

compartment tablets, fresh shell-fresh core, and aged shell-aged core, 

which are similar in designs to the two-compartment model tablets 

utilised as formulations for the drug release study. 
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5.4.5. In-vitro Drug Release of Modified Model Tablets 

 

 

Figure 5.15. In-vitro cumulative drug release profiles of modified 3D 

fabricated model tablets in a) pH 2, and b) pH 6.8 (n=3). (Error bars 

represents standard deviation). 
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Initially, it is important to clarify that the controls and the formulations 

model tablets utilised in the present experiment are the modified 

formulations, in which both the controls (fresh shell-fresh core, and aged 

shell-aged core), and the formulations (fresh shell-aged core, and aged 

shell-fresh core), were formulated as compartment models. 

The main reason to formulate both the controls and the model tablets as 

compartment models were to minimise the fluctuations in the drug 

release behaviour observed previously in section (5.4.4), between the 

controls, which were fabricated as one-part tablets, and the formulations, 

which were fabricated as compartment model tablets. Also, the modified 

model tablets were fabricated with better internal structure, as shown in 

section (5.4.4.1),  

In-vitro drug release studies of the model tablets in two different 

dissolution media after being modified is shown above in (Figure 5.15, a 

and b). Starting with the release of the modified model tablets in the pH 

2 dissolution medium, it is evident that the drug release in this medium 

was low, less than 20% with all the utilised formulations, as shown in 

(Figure- 5.15, a). In addition, all the formulations displayed SR of the 

FELD for 10 hours.  

The maximum drug release was achieved after five hours with all the 

investigated model tablets. After that, a plateau release was observed for 

the utilised formulations. In comparing the FELD release for the different 

utilised formulations, it is evident that the FELD release obtained after 10 

hours was 32% for the fresh shell-fresh core (control), 25% for the fresh 
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shell-aged core, 18% for the aged shell-fresh core, and 14% for the aged 

shell-aged core (control). The obtained release of the FELD in the pH 2 

medium was low, and this was obvious due to the reasons that were 

stated earlier in section (5.4.4) [58] [248]–[250].  

However, the behaviour and the obtained release of the active from the 

utilised formulations were as expected, where the obtained release was 

ranked as fresh shell-fresh core > fresh shell-aged core > aged shell-

fresh core > aged shell-aged core. The improvement in the dissolution 

observed for FELD from the control (fresh shell-fresh core) may be 

attributed to the high dissolution of the ASD [169] [247] in comparison to 

the other formulations, which were spiked with crystallinity.  

Also, the formulations, fresh shell-aged core, and aged shell-fresh core 

released more drug than the aged shell-aged core (control), and this is 

may be attributed to the fresh part used with these model tablets, which 

has increased the dissolution relative to the aged shell-aged core 

(control).  

Turning to the FELD release from the utilised formulations in pH 6.8 

medium, as presented in (Figure 5.15, b). Similarly, SR was observed 

for all the utilised formulations in the pH 6.8 medium over a period of 10 

hours. Also, it is evident that when the medium was changed to basic 

medium the drug release was improve indicating better dissolution of the 

active and the polymer in the pH 6.8 medium than the drug release 

observed in the acidic medium (Appendix Figure 14) [248]. The 

obtained release of the FELD after 10 hours was found to be 76% for the 
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fresh shell-fresh core (control), 68% for the fresh shell-aged core, 40% 

for aged shell-fresh core, and 37% for the aged shell-aged core (control). 

The release of the active from all the utilised formulations in the basic 

medium was as expected and similar to that observed in the acidic 

medium, in which the fresh shell-fresh core > fresh shell-aged core > 

aged shell-fresh core > aged shell-aged core. 

Also, it was previously mentioned that the observed improvement in the 

dissolution of the model tablets fabricated with a fresh part in relative to 

the fully aged model tablets might be attributed to the high dissolution of 

the ASD[169] [247] in comparison to the crystalline forms. However, it is 

evident that the FELD release obtained from the aged shell-fresh core, 

40%, was close to that obtained from the aged shell-aged core (control), 

37%, even with the presence of a fresh inner core in the first model 

indicating that the shell was dominant over the core during the drug 

releases process. This is may be due to the weight of the fabricated inner 

core, about 30-35 mg, in comparison to the weight of the fabricated outer 

shell, about 160-165 mg, that were utilised to manufacture the 

compartment models. Also, the impact of the outer shell crystallinity on 

the fresh inner core may have increased with time due to the re-

crystallisation of the amorphous FELD in the dissolution medium.  

Moreover, for better understanding of the drug release mechanisms from 

the fabricated model tablets, the drug release data were fitted to different 

kinetic models as shown in the next section. 
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Figure 5.16. FELD release kinetics of fresh shell-fresh core control 

(blue), fresh shell-aged core (green), aged shell-fresh core (purple), and 

aged shell-aged core control (red), fitted to various models: a) Zero-

order, b) First-order, c) Higuchi model, and d) Korsmeyer-Peppas.  

 

The FELD release kinetics was obtained using different mathematical 

models, i.e. Zero-order, first-order, Higuchi model, and Korsmeyer-

Peppas model, as shown above in (Figure 5.16). The obtained R2 and n 

values for all utilised formulations in the present study are summarised 

below in Table 5.1.  
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 Table 5.1. R2 drug release kinetics values obtained for all the 

formulations. 

 

It is clear from the table shown above that the regression values (R2) 

obtained for all the utilised formulations were best fitted to the 

Korsmeyer-Peppas model. Also, it is clear that R2 values obtained for all 

the formulations were 0.95 for the fresh shell-fresh core, and 0.98 for the 

fresh shell-aged core, aged shell-fresh core, and 0.97 for the aged shell-

aged core model tablets. According to the Korsmeyer-Peppas kinetic 

model, when the n (the exponent of release) value ≤ 0.43 indicates that 

the drug release is controlled by Fickian diffusion, whereas n ≥ 0.85 

suggests that the API release is controlled by an erosion mechanism 

[238]. Also, for n values that are less than 0.85 and more than 0.43, the 

drug release is controlled by two mechanisms, including diffusion, and 

erosion [238].  

According to the obtained n values for all the utilised formulations, as 

listed above in (Table 5.1), it is evident that all the n values were less 

than 0.43 suggesting that the drug release from the fabricated model 

tablets was predominantly controlled by Fickian diffusion mechanism.  

We can conclude from the in-vitro drug release study that the modified 

formulations were successfully fabricated, and we were able to overcome 

Model name Fresh shell-
fresh core 
(control) 

Fresh shell-
aged core 

Aged shell-
fresh core 

Aged shell-aged 
core (control) 

Zero order 0.77 0.83 0.75 0.76 

First order 0.86 0.89 0.80 0.80 

Higuchi model 0.94 0.96 0.94 0.94 

Korsmeyer-Peppas 0.95 0.98 0.98 0.97 

n value (obtained 
from Korsmeyer-
peppas model) 

0.41 0.42 0.39 0.41 
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the observed dissolution failure that occurred previously with the non-

modified formulations due to the effect of the internal structure on the 

drug release from the fabricated formulations. Moreover, the drug 

release from the modified formulations was as expected, in which the 

model tablets fabricated with a fresh part have released more drug than 

those fabricated as fully aged model tablets.  

According to the observed dissolution profiles of the different utilised 

formulations, especially with the fresh shell-aged core model tablet, it is 

evident that the obtained drug release from this model tablet was (68%), 

which was close to that obtained for the fresh shell-fresh core (76%) 

model used as a control in the present study. On the other hand, the 

FELD release obtained from the aged shell-fresh core was 40%, which 

was close to that obtained from the aged shell-aged core 3%. This may 

indicate that the shell was dominant over the core during the drug release 

process. 

5.5. Conclusion 

In this chapter, we successfully fabricated different compartment model 

tablets spiked with crystallinity utilising FDM 3D printer as a fabrication 

technique. Also, we used RH conditions as an approach to achieve 

equilibrium in the manufactured materials by ageing some of the 

fabricated models at 75% RH for seven days. Then, we quantified the 

crystallinity % of the aged samples after being stored exposed to RH for 

one-week utilising DSC instrument. Also, we have successfully utilised 

the USP dissolution apparatus I (basket) to track the dissolution profiles 
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of all the utilised compartment model tablets to measure the dissolution 

performance of the fabricated formulations in two pH media. The 

observed dissolution of the FELD from the fabricated model tablets was 

ranked as fresh shell-fresh core > fresh shell-aged core > aged shell-

fresh core > aged shell-aged core. The obtained dissolution profiles from 

the utilised formulations, which were fabricated with a controlled quantity 

and position of crystallinity, suggests that the model tablets fabricated 

with a fresh shell-aged core have shown drug release close to that 

obtained from the model tablets fabricated as a pure amorphous tablet. 

Accordingly, this result has suggested that the fresh outer shell of the 

fabricated model tablets may have dissolved, and the release was 

controlled by the outer shell rather than the spiked inner core. In contrast, 

the observed dissolution of the aged shell-fresh core model tablets has 

shown FELD drug release close to that obtained for the control fabricated 

as aged shell-aged core model tablets, which suggests that the drug 

release was predominantly controlled by the spiked outer shell rather 

than the fresh inner core due to the induced crystallinity in the outer shell. 

Thus, the main aim and the detailed objectives of the present chapter 

were successfully achieved.
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6. Chapter 6: Conclusion and Future 

Work 

6.1. Conclusion  

The aim of the work presented in the current thesis was to investigate 

the dissolution behaviour of the APIs from ASD tablets by working 

towards fabricating two basic ASD formulations (pure ASD, and spiked 

model tablets) utilising one of the 3D printing techniques, in which the 

effect of spatial location of crystal seeds can be systematically controlled 

and evaluated to understand drug release mechanisms from these 

formulations and offer recommendations. Gaps in the present knowledge 

of ASDs include a lack of understanding the dissolution behaviour of the 

API from ASD tablets due to the outlined drug release mechanisms 

complexity from these formulations. Also, current methods utilised to 

investigate tablets dissolution failure use tablet models in which the 

spatial distribution of crystals is uncontrolled due to the limitations of the 

conventional tabletting methods on building such test models. 

The novelty of utilising FDM 3D printer as a fabrication technique to build 

better test model tablets arises from the ability of the FDM 3D printer to 

control different parameters during the printing process in comparison to 

the conventional tabletting methods, such as fabricating a tablet with 

either simple or complex geometry and the ability to manufacture tablets 

using only an API and a polymer. Thus, we have successfully formulated 

two basic formulations utilising the FDM 3D printer technique as a main 
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fabrication process in the present thesis. Also, we have successfully 

investigated the dissolution behaviour of the FELD from the fabricated 

model tablets utilising USP dissolution apparatus I (basket) in different 

media. The steps that were taken towards fabricating the two ASD basic 

models were detailed through the present thesis chapters (chapter 3, 4, 

and 5).  

In chapter 3, the miscibility limit of the felodipine, with two polymers, 

namely PVA and Soluplus®, was determined utilising two approaches, 

including a quantitative approach (MPD method) and a qualitative 

method (solubility parameters) in combination with the F-H interaction 

parameter χ. The calculated interaction parameter χ values were found 

to be negative (-0.21 for FELD-PVA system, -0.45 for FELD-Soluplus® 

system) suggesting that FELD is miscible with both polymers at a 

temperature close to or above 140°C for all the drug loadings. Moreover, 

the observed single Tg has indicated a complete miscibility of the FELD 

with PVA and Soluplus® at 140 °C for all the drug loadings. The 

miscibility of the FELD in the Soluplus® obtained in the current thesis is 

in agreement with that obtained for the same system by Tian, et al [76]. 

In addition, Gibb’s free energy of mixing have shown that the FELD may 

undergoes phase separation and re-crystallisation at or below room 

temperature for drug loadings higher than 10%. Also, the composition 

phase diagram was successfully constructed for both systems, FELD-

PVA and FELD-Soluplus®, in the present work. Based on the data 

obtained from the compositions phase diagram of the FELD-PVA 

system, two drug loadings located in the metastable zone (10% of 
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FELD), and in the unstable zone (50% of FELD) were selected to 

formulate different filaments in chapter 4. 

In chapter 4, several feedstocks for the FDM 3D printer with different drug 

loadings, including 10%, 25%, and 50%, were successfully prepared 

utilising HME. Also, the printing parameters were successfully optimised 

in the present chapter. The optimised printing parameters along with the 

manufactured filaments (10% and 25%) were utilised to fabricate several 

drug-loaded model tablets with different dimensions and geometries. 

Depending on the observations from the SEM and electronic callipers, 

the fabricated model tablets have shown better morphology than those 

fabricated using the default printing parameters, indicating that the 

printing parameters optimisation step was successful. Thus, the ability of 

the FDM 3D printer to control different parameters during tablet 

fabrication process was successfully evaluated. Due to the high 

temperature utilised during both filament manufacturing and tablets 

fabrication (above 160 °C), all the manufactured materials have shown 

complete miscibility of the FELD with the PVA (as predicted previously in 

chapter 3) based on the data obtained in chapter four using different 

techniques, including DSC, FTIR, Raman spectroscopy, and PXRD. 

Therefore, RH storage conditions was utilised as an approach to facilitate 

crystallisation in the manufactured materials by storing the manufactured 

materials at 75% RH for one-week.  

In chapter 5, two basic model tablets: pure ASD and spiked with 

crystalline seeds, were fabricated utilising the FDM 3D printer as 

fabrication technique. Also, the impact of the micro-structure on the 
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dissolution behaviour of the fabricated model tablets was investigated 

utilising USP dissolution apparatus I (basket). Moreover, the 

crystallisation of the spiked models after being exposed to RH storage 

conditions were investigated utilising different techniques, including 

FTIR, Raman, and PXRD. All the utilised techniques revealed that the 

aged materials (spiked outer shell and inner cores) have partially re-

crystallised after seven days of storage at 75% RH. Also, the % of 

crystallinity in the aged materials was found to be about 4±2 % by utilising 

DSC.  

The dissolution of all formulations was investigated in two media (pH 2 

and pH 6.8). The observed dissolution of the FELD from the fabricated 

model tablets was ranked as fresh shell-fresh core > fresh shell-aged 

core > aged shell-fresh core > aged shell-aged core, which has 

suggested that the model tablets fabricated with a fresh shell-aged core 

have shown drug release close to that obtained from the model tablets 

fabricated as a pure amorphous tablet. Consequently, this result has 

suggested that the fresh outer shell of the fabricated model tablets may 

have dissolved, and the release was controlled by the outer shell rather 

than the spiked inner core. On the other hand, the observed dissolution 

of the aged shell-fresh core model tablets has shown drug release close 

to that obtained for the control fabricated as aged model tablets.  

In summary, different methodologies and steps were discussed in the 

current thesis to build better model tablet systems to investigate why 

ASD tablets fail dissolution test and to provide additional information on 

drug release mechanisms from ASD tablets. From the data generated 
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through the different chapters, it was possible to fabricate different model 

tablets and it was possible to make a number of explanations regarding 

the impact of the micro-structure on the dissolution performance of the 

FELD from ASD tablets. Thus, the main aim of the current thesis was 

successfully achieved through all the detailed information in the chapters 

3, 4, and 5. 

Recommendations: 

The FDM 3D printer along with thermoplastic polymers has shown 

promising approach to manufacture model test tablets with controlled 

amount and position of crystalline seeds to investigate why ASDs tablet 

fail dissolution testing. The current work has shown that it is not only the 

amount of impurity has affected the release of the drug but the location 

of the spatially distributed impurity in the fabricated model tablets. For 

example, the fabricated models with amorphous outer shell and spiked 

core have shown drug release close to the drug release from the pure 

ASD models. In contrast, the fabricated models with spiked outer shell 

and amorphous core have shown drug release close to the drug release 

from the completely spiked models. Thus, regulators and manufacturers 

may have to consider both the amount and the location of the impurity 

during manufacturing and assessing the bioavailability of the ASDs 

formulations. 

6.2. Future Work 

The present work showed that the FDM 3D printing technology is a 

promising method to manufacture better test model tablets with 
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controlled position and amount of crystalline materials to investigate the 

dissolution failure mechanisms of different API during dissolution process 

using only a drug and a polymer without adding any excipients in 

comparison with the conventional tableting methods. It is also possible 

to do more modifications on the fabricated model tablets in the current 

work utilising the FDM 3D printer. For example, to use the printer to 

fabricate model tablets in which the crystallinity can be spatially 

distributed in different positions of the tablets i.e. close to the tablet edges 

rather than the centre of the tablet.  

Another potential work that can be done to the fabricated model tablets 

in the present thesis is to investigate the dissolution behaviour of the API 

using Raman spectroscopy accompanied by flow-through cell in order to 

obtain chemical transformation directly from the tablet during the 

dissolution experiment. Moreover, Raman spectroscopy can be 

accompanied with MRI in order to obtain both chemical and physical 

information directly from the dosage form during the dissolution process.  

To conclude, the work in the present thesis has shown that the FDM 3D 

printing technology has the ability to build better test model tablets to 

study the failure mode of the APIs from the the ASD tablets during 

dissolution testing in comparison to the typical tabletting methods. Thus, 

the FDM 3D printer can be employed by the manufacturer and 

pharmaceutical companies to fabricate model tablets in order to assess 

the performance and the bioavailability of the ASDs tablets.  
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8. Appendix  

 

Figure 1. DSC thermogram of the crystalline FELD. 1st heating (red), 

cooling cycle (green), and 2nd heating (black). 

 

 

Figure 2. Tg regions of a) FELD-PVA system, from top to bottom 

(crystalline FELD, 75%, 50%, 35%, 25%, 20%, 10%, 5% FELD-PVA w/w 

%, and PVA), and b) FELD-Soluplus system, from top to bottom 

(crystalline FELD, 75%, 50%, 35%, 25%, and 20% FELD-Soluplus w/w 

%, and Soluplus). 

a) 

b) 
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Figure 3. Photographic images of a) pre-optimised, and b) post-

optimised FELD-PVA model tablet fabricated using FDM 3D printer. 

 

 

Figure 4. SEM images of the fabricated FELD-PVA tablet (10% w/w) 

utilising FDM 3D printer. 
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Figure 5. DSC thermograms of the Tg regions of 2nd heating of FELD 

(black), heating of 25% tablet (brown), heating of 10% tablet (pink), 

heating of 25% filament (green), heating of 10% filament (red). 

(Endotherm upward in the thermogram). 

  

 

Figure 6. PXRD patterns of crystalline FELD. 
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Figure 7. FTIR spectra of crystalline FELD and quenched cooled FELD. 
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Figure 8. Raman spectra of crystalline FELD and quenched cooled 

FELD in a) molecular region, and b) phonon mode. 

 

 

Figure 9. DSC thermogram of the crystalline FELD. 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

50 100 150 200 250 300 350 400 450

In
te

n
si

ty
 (

a.
u

)

Raman shift (Cm-1) 

FELD-as received

Quenched cooled FELD

b)  



 

231 
 

Table 1. Estimation of the aged tablet crystallinity calculated from the 

DSC data of 25% (w/w FELD-PVA) 3D printed model tablets after seven 

days in 75% RH media (n=3). 

∆𝑯𝒇  J/g of the FELD in the 

aged samples 

∆𝑯𝒄 J/g ∆𝑯𝒇
𝒄𝒓𝒚𝒔

 (pure FELD) J/g % crystallinity  

2.61 0 89.37 2.92 

2.46 0 89.37 2.75 

4.93 0 89.37 5.52 

Average 3.73 

STDEV 1.55 

 

 

Figure 10. FELD absorbance wavelength determined using UV-vis 

spectrophotometer. 
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Figure 11. FELD calibration curve. 

 

Figure 12. Photographic image of fabricated formulation after 10 hours 

in pH2 dissolution medium. 
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Figure 13. Photographic images of the utilised model tablets after 10 

hours in pH6.8 dissolution medium: a) fresh control, b) fresh shell-aged 

core, c) aged control, and d) aged shell-fresh core. 


