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Abstract 

Personalised medicine is based on the acknowledgement of large individual variation within a 

patient population in terms of genetic variabilities, age, gender, body weight, state of health and 

state of disease. This raises the need for a manufacturing method, which can produce precise 

and customised medicines that allow individual dose adjustments and combinations. 3D 

printing is a tool allowing the preparation of units of various size, shape, and material 

combinations, which can be used to tailor drug combinations, dose and release properties to the 

individual patient. 

The aim of this project was to investigate how the variation of some basic 3D printing 

parameters, layer height, infill density and wall thickness can modulate the release of a drug 

from a 3D-printed core-shell tablet based on FDM technology.  

Core-shell tablets were 3D-printed, with polyvinyl alcohol (PVA) filament and loaded with a 

hydrophilic model substance, 5(6)-carboxyfluorescein (CF), through surface coating and core 

loading by solvent evaporation. The effect of the selected printing parameters on release was 

investigated first univariately, then followed by a multivariate (23 full factorial design) studies, 

to quantify the significant effects and interactions using partial least squares (PLS) regression. 

Swelling and erosion studies were conducted on the tablet formulations in the design to capture 

the influence of the water-soluble polymer. As a “proof of concept” three selected formulations 

from the multivariate study was loaded with the poorly soluble drug, indomethacin, both as an 

amorphous and crystalline form and studied by dissolution.  

The univariate investigation of infill density and layer height showed that a low layer height 

accelerated the release of CF from the surface of the tablets. The multivariate study showed that 

infill density, layer height and wall thickness all had an effect on the release of CF from the 3D-

printed tablets and their influence relative to each other varied during the course of the test. It 

was shown that the formulations that a higher layer height increased the swelling and that both 

infill density and wall thickness had an effect on the relationship between the release of CF and 

mass changes. The three chosen formulations from 23 full factorial design showed significant 

diversity in the release rates and profiles, as anticipated. 

This thesis shows that, by adjusting infill density, layer height and wall thickness, we can 

modify the release rate and profile from 3D-printed core-shell tablets. Adjustment of these 

variables seems promising and highly relevant for the further development of 3D-printed 

dosage forms with individualised properties. 
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BCS  Biopharmaceutics Classification system 
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DOD  Drop-on-drop 

DoE  Design of experiments 

DSC  Differential scanning calorimeter 
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FFF  Fused filament fabrication 
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MDDS  Multi-drug delivery systems  

PAM  Pressure-assisted microsyringe 

PLA   Polylactic acid 

PLS  Partial least squares 

PVA   Polyvinyl alcohol 

SLA  Stereolithography 

SLS  Selective laser sintering 

SmPC  Summary of product characteristics 

Tg  Glass transition temperature 

UV  Ultraviolet 
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1 Introduction 

1.1 Background 

Pharmaceutical products have traditionally been designed for a population on the basis that 

“one size fits all”. However, a patient population consists of multiple groups in terms of genetic 

variabilities, age, gender, body weight, state of health and state of disease to mention some 

variables, and it is unlikely that “one size” gives the optimal therapy that fit the entire patient 

population. When it comes to optimising the individual patient’s response to therapy, 

individualised therapy is paramount for patients that deviated from the average adult patient, 

such as children (Al-Metwali and Mulla 2017) and elderly (Boateng 2017).  

Some drugs are a substrate for metabolic enzymes that express genetic variability, such as 

CPY2D6, an enzyme belonging to the cytochrome P450 (CYP450) (Amstutz and Carleton 

2011). This means that a slow metaboliser needs a much lower dose than a fast metaboliser, 

and if these two patients are given the same dose, one would experience side effects from too 

high plasma concentration whereas the other would not research the therapeutic concentration 

or only have a very short effect. This raises the need for a manufacturing method which can 

produce precise and customisable medicines that allow individual dose adjustments 

3D printing is often described as a “new industrial revolution” because of its ability to, with 

precision, produce customised objects at a low cost (Berman 2012). 3D printing technology has 

been used to make prototypes and materials in the engineering field, and in the medical field 

prosthesis and dental crowns are examples of products that have been produced by 3D printing 

for some time Spritam®, an antiepileptic medication, was the first 3D-printed drug to be 

approved by the FDA and marked a milestone in pharmaceutical 3D printing (Aprecia 2019). 

3D printing builds an object by adding multiple layers atop of each other based on a digital 

designed object. As the object is customisable in x-y-z directions, 3D printing allows a potential 

printed drug to be personalised in regards to size and shape, dose, and release profile. The type 

of materials that may be used in 3D printing are plentiful. The choice of material can be used 

to target specific release properties, and as a result, a poorly soluble drug may be incorporated 

into personalised medicines (Vithani et al. 2018). There are multiple 3D printing techniques 
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with their own advantages and disadvantages. This project explores the fused deposition 

modelling (FDM) based 3D printing for the preparation of core-shell tablets. 

1.2 Aim and objectives 

The overall aim of this project was to investigate how the variation of some basic 3D printing 

parameters can modulate the release of a drug from a 3D-printed core-shell tablet based on 

FDM technology. The specific objectives were:  

To design a suitably shaped tablet using a computer-aided design (CAD) software, and print 

units that could be loaded with a model substance or drug. 

To get a basic understanding of which of the printer parameters that could be interesting to 

manipulate to change the release profile from core-shell tablets of the water-soluble polymer 

polyvinyl alcohol (PVA). For simplicity, these studies were performed in a univariate manner 

using a hydrophilic model substance (5(6)-carboxyfluorescein). 

To establish a drug loading technique as a replacement for the lack of drug-containing 

filaments, which was not easily obtained at this stage of the project. The loading techniques to 

be tested was surface coating by evaporation, core loading by solvent evaporation and core 

loading of solid materials. 

To design and perform a multivariate study to investigate the effect of selected parameters and 

their interactions. The study was done as a 23 full factorial design for the parameters layer 

height, infill density and wall thickness. Partial least squares regression was used to analyse and 

quantify the main effects and their interactions on the drug release as the main response using 

the hydrophilic model substance. To get a further understanding of how the water-soluble PVA 

eroded during the release test, this was evaluated in a gravimetric test for the full experimental 

design. 

To confirm the release modulating effect of the parameters by selecting three formulations and 

performing a “proof of concept” study with an API. The chosen formulations were to be loaded 

with a poorly soluble API (indomethacin) with the loading technique deemed most suitable. To 

add further impact, the release of both amorphous and crystalline indomethacin should be was 

assessed. Amorphous indomethacin was prepared by melting and cooling.  
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2 Theory 

2.1 Personalised dosage 

When a patient is prescribed a drug, the ideal outcome is that the dose fits the patient in regards 

to achieving the therapeutic effect and at the same time, minimal side effects. The ideal dose is 

difficult to predict for many drugs only based on symptoms, clinical observation and standard 

tests. Age, gender, weight and disease would usually be taken in to account when the dose is 

prescribed, but due to genetic variability in pharmacokinetics and pharmacodynamics, the effect 

of the dose may differ between individuals (Tucker 2017, Hamburg and Collins 2010). 

Environmental factors, such as smoking, pollutants and diet, may also cause pharmacokinetic 

and pharmacodynamic variability in patients. The environmental factors may also cause intra-

individual variability, but the outcome of this is regarded as smaller compared to the inter-

individual variability (Rowland et al. 2011).   

2.1.1 Paediatric dosage 

It is well known in the medical field that neonates, infants and children are not small adults 

(Figure 2.1). The paediatric population is highly heterogenic within, and the child develops both 

physiologically, psychologically and mentally from the birth. For instance, their renal and 

hepatic functions compared to weight are not the same as for adults (Rowland et al. 2011). The 

renal clearance of neonates and infants, compared to weight, is decreased the first months but 

reaches the maximum at six months. In children, renal clearance and metabolism are relatively 

seen higher than in adults per kilogram of body weight. Thus, the metabolism of drugs will 

differ from the standard adult. Metabolism in the liver also matures after six months. 

 

Figure 2.1. Overview of age definitions from the European Medicines Agency 

(EMEA/CHMP/PEG/194810/2005).  
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Gastric and intestinal transit time and pH also varies with age (Bowles et al. 2010). Gastric and 

intestinal transit time is delayed in newborn and neonates but are similar or increased, compared 

to adults, in infants. The gastric pH is neutral at birth but becomes more acidic after two years. 

Because gastric volume is smaller in children, the solubility of drugs will be lower (Batchelor 

2014). This means that the Biopharmaceutical Classification System (BCS) classes for adults 

are not equal for children. The study by Batchelor showed that more drugs that are BCS class I 

and III in adults are predicted to be BCS class II and IV in children due to the small gastric 

volume compared to adults. In other words, the solubility of drugs is lower in children than in 

adults, which leads to a lower bioavailability. 

The absolute permeability of drug is increased in neonates and infants compared to adults. 

Actively transported drugs may be a target to efflux pumps like P-gp, and the maturity of these 

pumps would affect the absorption. On the other hand, studies regarding the development of 

these efflux pumps are conflicting according to Elder et al. It is, however, likely that the 

absorption of the drug is highly affected by the relative maturity of transporters and efflux 

pumps. 

In addition to dissimilarity in drug elimination, children may have other preference in regards 

to taste, texture and size of the medication (Venables et al. 2015). Taste is an important factor 

to adherence in children as they are more bitter-sensitive many drugs have a bitter taste 

(Mennella et al. 2013). 

There is a lack of age-appropriate medicine developed for children (Ceci et al. 2006). This 

result in children being given adult medicine outside the approved summary of product 

characteristics (SmPC), also known as “off-label” or unlicensed use (Teigen et al. 2017). To 

obtain the small dosage required for children, adult medicine needs manipulation such as 

splitting or crushing tablets (Bjerknes et al. 2017). According to the study by Bjerknes et al. 

where data from drug manipulation of medicine to children were collected form four Norwegian 

paediatric wards in a four-week period, more than 99% of the manipulations were on solid oral 

dosage forms. The study also stated that the documentation of the manipulations was 

insufficient and only slightly standardised. This may lead to varying dose and lack of control. 

Liquid formulations might be preferable over solid dosage forms to children due to the difficulty 

of swallowing tablets and capsules (Bowles et al. 2010). There are, however, difficulties with 

liquid formulations regarding stability and palatability (Breitkreutz and Boos 2007).  
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The ideal solid oral formulation in paediatric use would depend on the maturity and health 

condition of the child. However, in general, tablets which are small, fast disintegrable, dose 

adjustable and masked of taste would be beneficial (Preis 2015).  Modified release would also 

be to an advantage as this can reduce the dosing frequency. 

2.1.2 Geriatric dosage 

As for children, the elderly population differs from the normalised adult in regards to 

pharmacodynamic and pharmacokinetic, and in addition use more medicines (Rowland et al. 

2011). Both renal and hepatic functions decrease with age. Combined with polypharmacy, this 

can lead to many unwanted adverse effects. This raises the need for individualised multi-drug 

delivery systems (MDDS), and this population is, therefore, another example of patients that 

could benefit from 3D-printed drugs. 

2.1.3 Personalised dosage with 3D printing technology 

As mentioned in the sections above, there is a need for individualised and tailored therapy, and 

along with that, a technology which can produce dose adjusted medicine to meet the individual 

needs. 3D printing is a flexible technology that allows the preparation of any objects of desirable 

size and shape and could, therefore, be fitting to this purpose. According to multiple review 

articles, 3D printing is a promising technology, which in the near future can be expected to meet 

the demands for individualised therapy (Trenfield et al. 2018, Araujo et al. 2019, Sandler and 

Preis 2016). 

Some examples from the literature can demonstrate the potential. Using 3D printing 

technology, scientists at the University of Greenwich, UK, have prepared indomethacin 

containing solid oral formulations in shape of lions, hearts and bears with sufficient taste 

masking that could be attractive for children (Scoutaris et al. 2018). Minicaplets with baclofen 

with a size fit for paediatric therapy have been made, but it was shown a smaller ability for 

release rate manipulation in the small units as compared to larger caplets (Palekar et al. 2019). 
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3D printing also shows progress with regards to polypharmacy. Khaled et al. reported multi-

compartment 3D-printed formulations with captopril, nifedipine and glipizide with two 

different release mechanisms (Khaled et al. 2015). Another group prepared a polypill with four 

drugs to treat cardiovascular disease as a multi-layered on uniform tablet and showed promising 

release properties (Pereira et al. 2019). These polypills are shown in Figure 2.2 

 

Figure 2.2. Polypills from a) Khaled et al. 2015 with an incorporated osmotic pump with captopril and 

sustained release off nifedipine and glipizide and b) multi-layered tablets with amlodipine, indapamide, 

rosuvastatin and lisinopril from Pereira et al. 2019.  
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As technological solutions continue to advance, the healthcare system needs to adapt 

accordingly. The future healthcare systems are proposed to be more digitalised in terms of using 

remote digital solutions with a concept called telemedicine (Araujo et al. 2019).  As the 

diagnostic tools become more advanced, personalised dosage forms will be more relevant. 

Araujo et al. stated that 3D printing is the missing link in telemedicine and combined have the 

possibility to expand individualised healthcare (Figure 2.3). 

 

Figure 2.3. The possible future of individualised digital healthcare made possible with 3D 

printing. Inspired by Araujo et al. 2019 

2.2 3D printing 

3D printing is synonymous with additive manufacturing (AM), which is a descriptive word as 

the technique is based upon making an object layer by layer. 3D printing has been used in 

engineering as a rapid way of prototyping and making customised objects, and is now finding 

its application in a wide range of manufacturing lines. 
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2.2.1 3D printing techniques 

There are many different 3D printing methods, but they can be divided into three different 

groups (Jamróz et al. 2018): 

• Material extrusion – where a solid or semi-solid material is extruded through an 

orifice. 

• Liquid solidification – where a liquid material is solidified by high energy light (e.g. 

photopolymerisation) or cooling air. 

• Powder solidification – where a powder material is bound by liquid droplets or a high 

energy beam. 

Common for all techniques are that the object is built in a three-dimensional manner along the 

x, y and z-axis. These methods are further described in Figure 2.4. 

 

Figure 2.4. Overview of 3D printing methods mostly used in pharmaceutical product based on 

powder solidification, liquid solidification and material extrusion with examples.   
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2.2.2 First 3D-printed drug on the market 

Spritam® was the first 3D-printed drug on the marked, approved by FDA in 2015, and marked 

a milestone in pharmaceutical 3D printing (Aprecia 2019). Spritam® is a fast oral disintegrating 

tablet that quickly delivers a high dose of the antiepileptic drug levetiracetam. The technology 

used to make Spritam®, called ZipDose, is a binder jetting technique (see Figure 2.3) where 

the API powder blend is spread out in a thin layer, and binder liquid is sprayed in defined circles 

on the powder to make the powder adhere. This is repeated in many layers until the pile of 

circles form a coherent tablet. Even though personalised medicine is the most popular 

motivation to make 3D-printed formulation, Spritam® is not individualised but produced and 

licenced in an industrial setting. 

2.3 Fused deposition modelling 

Fused deposition modelling (FDM), an extrusion method (Figure 2.3), is the most established 

and perhaps the most researched 3D printing technique to make drug delivery systems (DDS).  

Fused deposition modelling or fused filament fabrication (FFF) uses thermoplastic polymers as 

the printing material, which is extruded onto a building plate that moves in x, y and z-direction 

during printing to allow the building of the 3D object. The extruder applies high temperatures 

to melt the filament into a semisolid liquid with appropriate properties to promote deposition 

on the building plate (Goole and Amighi 2016). A description of the process from the design 

of the object to the printing, and explanation of important printing parameters follows. 

2.3.1 Computer-aided design and slicing 

The design of 3D-printed structures is made in Computer-aided design (CAD) software. CAD 

only creates the shape of the object and add no other attributes, e.g. a tablet can be designed as 

a low, flat cylinder (Figure 2.5). The object is usually exported as a Stereolithography file (.stl) 

to a slicing software (Awad et al. 2018). 
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Figure 2.5. A tablet designed as a low, flat cylinder in the Computer-aided design (CAD) 

software Sketchup. 

 

In the slicing software, the object, made in the CAD software, is sliced to layers that should be 

transferred as instructions to the printer (Figure 2.6). The layers make up the object to be printed 

and may be altered to make the object exhibit the desired qualities. This is the step where one 

considers exactly how the object should be printed, e.g. should it have walls that are different 

from the filling, or only filling, is there a need for support structures, from which side should 

an object be printed etc.   

 

Figure 2.6. A tablet, designed in CAD software, imported to the slicing software Ultimaker 

Cura 3. 

Various settings can be altered in the slicing software, and the most important ones are 

described below. The settings described are based on the slicing software Ultimaker Cura 3 for 

FDM 3D printing, but the principles are universal amongst the slicing software for FDM 3D 

printing. 
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Quality: In the quality settings, one can set the layer height and line width (Figure 2.7). This is 

the thickness of each layer and the width of each line (Ultimaker 2019d). The thickness of the 

layer is adjustable to a wide range but the line width should be kept close to the nozzle diameter. 

  

Figure 2.7. Examples of tablets with a) small layer height and broad line width, b) thick layer 

height and narrow line width and c) thick layer height and broad line width, from Ultimaker 

Cura 3. 

 

The reported effects of layer height in release studies are few, and they show little to no effect 

on the release rate of drug (Okwuosa et al. 2017, Gioumouxouzis et al. 2017).  

Shell: The shell or wall is the layers surrounding the core mesh inside the 3D-printed object 

(Figure 2. 8). The shell may be adjusted to make a 3D-printed object more robust and reduce 

leakage. Both side, top and bottom thickness of the shell can be adjusted individually 

(Ultimaker 2019e).  

 

Figure 2.8. Sliced tablets with a) thin wall thickness and b) thick wall thickness, from Ultimaker 

Cura 3. 
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Several studies have shown that adjusting the wall thickness has an effect of the release rate 

and profile of active pharmaceutical ingredients (API) from 3D-printed capsules (Okwuosa et 

al. 2018) and tablets (Yang et al. 2018). 

 

Infill: The infill is the core mesh inside the shell of the 3D-printed object (Figure 2.9). The 

main setting of interest is the density of the infill, which can be adjusted from 0% to 100%, and 

the pattern (Ultimaker 2019c). Different patterns such as lines, triangles and cubic can be used 

to customise the infill. Triangle infill is a triangle structured mesh and the line infill is diagonal 

lines in every layer which shift orthogonally to the layer below.  

 

Figure 2.9. Sliced tablet shapes with a) low-density lines pattern, b) high-density lines pattern, 

c) low-density triangular pattern and d) high-density triangular pattern, from Ultimaker Cura 3. 

 

Studies of printed tablets loaded with an active pharmaceutical ingredient (API) with varying 

infill densities have shown that the infill density can modulate the release rate and profile of the 

drug (Goyanes et al. 2014, Zhang et al. 2017). 

Build plate adhesion: Settings in build plate adhesion does not contribute to any specific 

quality of the 3D-printed object except the adhesion to build plate and priming of the printer 

nozzle for the starting point (Ultimaker 2019b). The “prime blob” primes the nozzle by 

extruding a blob before printing the object. To make the object adhere better a build plate 

adhesion can be selected (Figure 2.10). This creates either a simple ring around the object 

(skirt), multiple rings adjacent (brim) to the object or a supporting structure beneath the object 

(raft). Build plate adhesion is also a tool to confirm that the build plate is levelled correctly.  
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Figure 2.10. The build plate adhesion types: a) skirt, b) brim and c) raft, from Ultimaker Cura 

3. 

 

Speed: The printing speed is the rate of extrusion (mm/s) of molten filament from the nozzle 

(Ultimaker 2019f). Printer speed can be adjusted for the whole print job or individual parts of 

the print. Increasing the printing speed comes to the cost of quality, as the filament has to 

properly melt in the nozzle and be properly cooled on the building plate to make high-quality 

objects. 

2.3.2 The printing process 

The FDM 3D printing process described in the following is based on an Ultimaker 3, but the 

principles are valid for other FDM 3D printer brands. 

The filament used is fed into a Bowden tube by a motor on the back of the printer (Figure 2.11). 

The motor that controls the speed of the extrusion may sometime also be located inside the 

printer head. Inside the printer head, the filament is heated to a temperature slightly above the 

melting point of the filament. As the filament is extruded through the printer head and deposited 

onto the building plate, a fan cools down the newly deposited filament. This ensures that the 

printed layers are solidified and cooled down and allowing the next layer to be printed.  
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Figure 2.11. A simplified image of how an FDM 3D printer works. In this example, only one 

nozzle is shown, but most modern printers have two. 

 

Each layer is printed in the x-y axis with either the help of a moving printer head, builder plate 

or both. Multiple layers are added in the z-direction. Because of the cooling fan, a new layer 

can be printed on top of the first layer almost immediately after finishing with its first layer. 

After the object is printed, it usually has to be cooled so that removing the object avoid damage 

to the object or building plate. 

Modern FDM 3D printers usually have dual extruder heads and are, therefore, able to use two 

different filaments while printing. It is also possible to modify the FDM 3D printer and use one 

of the extruder heads as a liquid dispenser (Ligon et al. 2017). Ligon et al. were able to control 

the liquid dispenser to a computer and accurately control the dispensing. 

2.3.3 Filaments and drug loading 

The commercially available filaments used in 3D printing are thermoplastic polymer filaments 

like acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and polyvinyl alcohol (PVA). 

PVA is water-soluble and, therefore, interesting for drug delivery purposes, but also PLA with 

a very low aqueous solubility can be interesting, e.g. for sustained release implants (Fu et al. 

2018) 
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The drug-containing filaments used in FDM 3D printing are mainly loaded in two different 

ways, hot melt extrusion (HME) and drug deposition (Khatri et al. 2018). HME is a process 

where the polymer(s) and an API are melted together (Patil et al. 2016). The polymer(s) and 

API are mixed at a temperature above the glass transition temperature (Tg) and extruded to form 

a filament that can be used for printing. The API is in a solid solution or a solid dispersion, and 

HME is a much-used technology in the pharmaceutical industry for the manufacture of 

amorphous solid dispersions (Tan et al. 2018).  Amorphization of poorly soluble drugs, such as 

BCS class II drugs, creates new opportunities as they will have an increased solubility and 

thereby increased bioavailability as compared to the crystalline drug (Babu and Nangia 2011). 

The shelf life of the amorphous API could also be increased due to the stabilizing effects of the 

polymer (Van den Mooter 2012). However, these systems are metastable and will eventually 

return to its most stable crystalline form, and thereby lose the amorphous benefits. This is a 

critical step for the use of amorphous solid dispersions for 3D printing and should be taken into 

account (Alonzo et al. 2010). 

Drug loading by drug deposition is a simple process to infuse the filament with the API by 

dipping the filament in a drug solution (Goyanes et al. 2016). The drug is expected to melt and 

mix into the polymers during printing. 
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3 Materials and methods 

3.1 Materials 

3.1.1  Chemicals 

5(6)-Carboxyfluorescein 

C42H24O14, MW 376.32 g/mol, was purchased from Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

5(6)-Carboxyfluorescein (CF) is a mixture of 5-carboxy and 6-carboxy derivates of fluorescein 

and widely used as a fluorescent dye (Cayman 2018). It is an orange powder and has a pKa of 

6.5. It is sparingly soluble in aqueous buffers and soluble in ethanol. 

Indomethacin 

C19H16ClNO4, MW 357.79 g/mol, was purchased from Merck KGaA, Darmstadt, Germany 

Indomethacin is a white powder, in its crystalline form, and is practically insoluble in water but 

sparingly soluble in ethanol (Ph. Eur. 9.5, 0092, 01/2017European Pharmacopoeia 

Commission). Indomethacin is an NSAID with anti-inflammatory and antipyretic effect 

(Winter et al. 1963). Standard oral dosage is 25-50 mg 2-3 times a day ("L17.1.1.8 

Indometacin," 2017). Indomethacin shows polymorphism with five different polymorphs 

observed (Surwase et al. 2013). Amongst them, the γ-polymorph is the most stable and 

commercially available form. The α-polymorph have shown to be the form with the highest 

solubility. Amorphous indomethacin is described as a yellow glassy solid (Tanabe et al. 2012). 
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Disodium hydrogen phosphate 

Na2HPO4, MW 141.957, purchased from Merck KGaA, Darmstadt, Germany 

 

Potassium dihydrogen phosphate 

KH2PO4, MW 136.084, purchased from Merck KGaA, Darmstadt, Germany 

 

Sodium chloride 

NaCl, MW 58.44, VWR, purchased from Geldemaalsebaan, Belgium 

 

Sodium hydroxide  

NaOH, MW 39.996, purchased from Merck KGaA, Darmstadt, Germany 

 

3.1.2 Filament 

Polyvinyl alcohol Natural (PVA) 

(C2H4O)n, Diameter: 2.85mm, purchased from Ultimaker, Geldermalse, Netherlands 

PVA is a water-soluble biodegradable and synthetic polymer used in papermaking and textile 

production. The printing temperature of PVA is 215°C-225°C and have a melting point of 

163°C (Ultimaker 2019a). It is usually used as a support material as it is water-soluble. 
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3.1.3  Solutions 

5(6)-carboxyfluorescein solutions 5 mg/ml and 1mg/ml 

250 mg or 50mg 5(6)-carboxyfluorescein (CF) was weighed on an analytical balance (Sartorius 

R160P, Göttingen, Germany) and transferred to a 50 ml volumetric flask. About 30ml ethanol 

was added, and the flask was carefully swirled until the CF had dissolved. The rest of the ethanol 

was added to the volumetric flask to a total volume of 50 ml. 

5(6)-carboxyfluorescein standard solutions 

 Standards were made by diluting a 1µg/ml stock solution of CF in phosphate buffer pH 6.8. 

The standard stock was diluted to 0.75 µg/ml, 0.5 µg/ml, 0.25 µg/ml, and 0.1 µg/ml with 

phosphate buffer pH 6.8. 

Indomethacin solution 10 mg/ml 

200 mg crystalline indomethacin was weighed and transferred to a 20 ml volumetric flask. 

About 13 ml ethanol was added, and the volumetric flask was dipped in an ultrasonic bath 

(Elma Transsonic 570/H, Singe, Germany) to increase the dissolution rate of the indomethacin 

crystals. After the indomethacin was completely dissolved, ethanol was added to the 20 ml 

mark on the volumetric flask. 

Indomethacin standard solution 

The standard stock of indomethacin (60 µg/ml) was made by dissolving 6 mg indomethacin in 

100 ml PBS pH 7.4. The stock was diluted to 30 µg/ml, 23.7 µg/ml, 15 µg/ml, 7.5 µg/ml and 

3.75 µg/ml with PBS pH 7.4 

Phosphate buffer pH 6.8 

The phosphate buffer was made in batches of 7 L containing 47.6 g potassium dihydrogen 

phosphate and 6.3 g sodium hydroxide dissolved in 7 L purified water. pH was checked and 

adjusted in necessary using 0.1 M HCl or 0.1 M NaOH. 
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Phosphate buffered saline (PBS) pH 7.8 

The buffer was prepared with 2.38 g of disodium hydrogen phosphate dodecahydrate, 0.19 g of 

potassium dihydrogen phosphate and 8.0 g of sodium chloride to 1 L purified water. pH was 

checked and adjusted in necessary using 0.1 M HCl or 0.1 M NaOH. 

3.2 Equipment 

3.2.1 3D Printer 

Nozzle 

BB 0.4mm, Ultimaker, Geldermalse, Netherlands 

 

Printer 

Ultimaker 3, Ultimaker, Geldermalse, Netherlands 

3.2.2 Spectroscopy 

Fluorescence spectrophotometer/plate reader 

Wallac Victor3 1420 Multilabel counter, Perkin-Elmer, Waltham, Massachusetts, USA 

 

Cuvettes  

UV-Transparent Disposable Cuvettes, Sarstedt, Nümbrecht, Germany 

 

UV-Vis spectrophotometer  

UV2550, Shimadzu, Kyoto, Japan 

 

96 well plates 

Black polystyrene assay plate 96 well, Costar, Corning NY, USA 
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3.2.3 Thermal analysis 

Aluminium crucibles  

Aluminium crucibles 40µl ME-26763, Mettler-Toledo, Columbus, Ohio, USA 

Balance  

AD-4 Autobalance, Perkin-Elmer, Waltham, Massachusetts, USA 

Differential Scanning Calorimeter (DSC)  

DSC822e, Mettler-Toledo, Columbus, Ohio, USA 

3.2.4 Release set-up 

Basket apparatus  

AT 7, Sotax, Basel, Switzerland 

Magnetic stirrers 

MIXcontrol 40 2mag, AG, München, Germany 

3.2.5 Various 

Balances 

R160P, Sartorius AG, Göttingen, Germany 

Cubis MSA623P, Sartorius AG, Göttingen, Germany 

Syringe   

Soft-ject Luer 3 ml, Hanke Sass Wolf, Tuttlingen, Germany 

Syringe filters  

Versapor® 5 µm Membrane 25 mm diameter, Pall Corporation, Port Washington, NY, USA 

Polyethersulfone 0.2 µm Membrane 25 mm diameter, VWR, Radnor, Pennsylvania, USA 
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Pipettes 

Finnpipette 20-200 µl U74274 4500, Thermo Electron Corporation, Waltham, Massachusetts, 

USA 

Finnpipette 200-1000 µl CH11541 4500, Thermo Electron Corporation, Waltham, 

Massachusetts, USA 

Finnpipette 1-5 ml U70249 4500, Thermo Electron Corporation, Waltham, Massachusetts, 

USA 

Pipette tips  

Universal yellow tips 2-200 µl, VWR, Radnor, Pennsylvania, USA 

Universal blue tips 50-1000 µl, VWR, Radnor, Pennsylvania, USA 

Finntip 0.5-5 ml, Thermo-Fischer, Vantaa, Finland 

Ultrasonic bath 

Transsonic 570/H, Elma, Singe, Germany 

3.2.6 Software 

Computer-aided design (CAD) 

SketchUp 8.0.16846, Trimble, California, USA 

Multivariate analysis 

The Unscrambler v9.8, Camo Analytics, Oslo, Norway 

Slicing software 

Cura (3.4.1-3.6.0), Ultimaker, Geldermalse, Netherlands 
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3.3 Methods 

3.3.1 3D printing 

Computer-aided design 

A core-shell tablet was designed in SketchUp using the Architectural Design – Millimeters 

template. The 3D design of the flat-faced tablet was designed as a cylindrical shape with a 

height of 4.2 mm and a diameter of 12 mm.  

Slicing in Cura 

The file made in SketchUp was exported as a stereolithography file (.stl) to the slicing software 

Cura. The tablet models were sliced with the selected parameter from Table 3.1. By slicing the 

.stl file from SketchUp, Cura converts the file to a G-code file (.gcode). 

Table 3.1. Investigated printing parameters and their range 

Parameter Range 

Layer Height 0.04-0.32 mm 

Wall Thickness 0.26-3 mm 

Infill Density 0-100 % 

Infill Pattern Lines, Triangles 

 

When a chosen parameter was adjusted, Cura translated this into a change in the layers of the 

3D structure, as shown in Figure 3.1. The adjustments made instructs the 3D-printer how each 

layer is to be printed, and this did not alter the size of the printed 3D structure. 
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Figure 3.1. Illustration of the printer parameters investigated and how they were varied. 

 

The selected parameters settings shown in Table 3.2 are adjustable settings in the Cura software, 

which remained unchanged throughout all the experiments. The initial build plate temperature 

and initial printing temperature was increased with 5°C to increase the adhesion to the build 

plate. A skirt and a prime blob were enabled to prime the printer head and to make sure that the 

PVA would adhere well to the build plate. A slow printing speed was selected to ensure a high 

quality of the printed tablets. 
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Table 3.2. Selected printing parameters which were consistent throughout the project 

Parameters Settings 

Quality  

Line Width 0.35 mm 

Wall line Width 0.35 mm 

Outer Line Width 0.35 mm 

Inner Line Width 0.3 mm 

Top/Bottom Line Width 0.35 mm 

Infill Line Width 0.5 mm 

Initial Layer Line Width 100 % 

Material  

Printing Temperature 225 °C 

Printing Temperature Initial Layer 230 °C 

Build Plate Temperature 60 °C 

Build Plate Temperature Initial Layer 65 °C 

Speed  

Print Speed 35 mm/s 

Build Plate Adhesion  

Enable Prime Blob Enabled 

Build Plate Adhesion Type Skirt 

Build Plate Adhesion Extruder Extruder 2 (PVA) 

Printing 

Core-shell tablets were sliced to a .gcode file and transferred to the Ultimaker 3 by a USB stick. 

The tablet formulations were printed on Ultimaker 3 with a BB 0.4 mm using Polyvinyl alcohol 

(PVA) Natural from Ultimaker. 

The PVA-filament, stored on a spool, was fed into the Bowden tube on the printer by a feeder. 

Through the Bowden tube, the filament was loaded into the printer core, inside the printer head, 

where it is heated up, melted and extruded through the nozzle. The printed head and nozzle then 

moved along the x-y axis and extruded filament onto the glass plate and cools it to create the 
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first layer of the printed tablet. After the first layer has been extruded, the printer continues to 

extrude material atop of the first layers in the y-direction until the core-shell tablets were fully 

printed. The core-shell tablets were carefully removed after the glass plate had cooled down to 

room temperature. 

3.3.2 Characterisation of the PVA core-shell tablets 

Swelling and erosion testing 

The degree of swelling was tested by printing PVA tablets without a model substance or drug, 

weighed and placed in a 250ml flat-bottom beakers containing 200ml Phosphate buffer pH 6.8. 

The tablets were collected after 10 minutes, carefully wiped off any excess buffer, and weighed 

to determine the degree of swelling.  

The swelled tablets were returned to the dissolution media. The erosion was determined every 

30 minutes until the tablets were too disintegrated to weigh. 

Physical properties of core-shell tablets 

The volume of the core (Vc) was calculated by Equation 1. Equation 1 is based on the volume 

of a cylinder. 

𝑉𝑐 = 𝜋(6 −𝑊𝑇𝑆)
2(4.2 − 2𝑊𝑇𝑡𝑏) (Equation 1) 

where 

WTs is the wall thickness on the sides of the tablet. 

WTtb is the wall thickness on the top and bottom of the tablet. 

The volume of free space (Ve), adding the infill (core) structure, was calculated by Equation 2. 

𝑉𝑒 = 𝑉𝐶 ∗
100−𝐼𝐷

100
    (Equation 2) 

where 

ID is the infill density. 
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3.3.3 Loading of model substance and drug 

Surface coating 

Printed tablets were dipped separately in a 1 mg/ml CF ethanol solution for 30 seconds, and left 

to dry on a metal lattice protected from light at room temperature to obtain a layer of CF coating 

on the tablet surface. 

Core loading with model substance solutions 

During tablet printing with the Ultimaker 3, the printing process was paused halfway (i.e. after 

half time), and the desired volume depending on the loading dose of an ethanol solution of 

indomethacin or CF was pipetted into the central part (core) of the tablet, and allowed to dry. 

The printing was continued directly. Further loading steps were applied when needed before 

the rest of the tablet was finalised. 

Preparation of glassy indomethacin 

Glassy indomethacin was prepared by melting of the crystalline material (Indomethacin: white 

powder) on aluminium foil on a hotplate at 170 °C until it became a viscous yellow liquid. The 

molten indomethacin was then cooled at room temperature to form a yellow glassy solid. The 

glassy solid was enfolded in aluminium foil and gently crushed to a powder with a spatula. 

Core loading of powder 

As described above, the printing process was paused and then loaded with indomethacin in the 

powdery form. The printing process was paused just before the printer started on the top layer, 

in order to have a large core volume available for filling as possible. Crystalline or amorphous 

indomethacin was weighted in glass vials with a diameter of approximately 4mm. This vial, 

ease the transfer of powdery substances into the tablet core. Powder that settled on the walls 

was pushed into the core compartment with a spatula. 
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3.3.4 Dissolution studies 

Dissolution in low volumes 

The tablets loaded with CF was tested in 250 ml flat-bottom beakers with 200 ml phosphate 

buffer pH 6.8. The dissolution rate was determined at room temperature under stirring with 40 

mm magnets at 420 rpm on a MIXcontrol 40 magnetic stirrer. The beakers were covered with 

aluminium foil to protect CF from light. Sink conditions were ensured. 

For the surface coated tablets samples of 200 µl were withdrawn from the beakers during 

dissolution with intervals of 15 seconds the first minute, then every 30 seconds the next 4 

minutes and then every minute until 15 minutes of dissolution.  

For the core loaded tablets samples of 200 µl were withdrawn from the dissolution beakers after 

5, 10 and 30 minutes and then every 30 minutes until the tablets were completely dissolved.  

Samples were filled in wells of a 96-well plate (black, flat bottom), and quantified using 

fluorescence spectroscopy. CF standards with concentrations 0.75 µg/ml, 0.5 µg/ml, 0.25 

µg/ml, and 0.1 µg/ml were measured in the same plate to make a calibration curve. 

Dissolution in basket apparatus 

The dissolution in basket apparatus was done according to Ph. Eur 2.9.3 “Dissolution test for 

solid dosage forms”. The dissolution was performed with 1 L PBS pH 7.4 at 100rpm and 37.5 

°C. Samples of 1.4 ml were withdrawn at 30 minutes and 1, 2, 3, 4, 6 hours. Each sample was 

filtered through a 5 µm Versapor® Membrane filter and quantified spectrophotometrically at   

= 319 nm based and described further below.  
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3.3.5 Spectroscopy 

Fluorescence spectroscopy 

Fluorescence was measured using the Wallac Victor3 1420 Multilabel counter, using a Black 

8x12-well. CF standards with concentrations 0.75 µg/ml, 0.5 µg/ml, 0.25 µg/ml, and 0.1 µg/ml 

were measured in the same plate to make a calibration curve. The assay protocol for CF used a 

lamp filter with excitation wavelength (λex) 485 nm and an emission filter with emission 

wavelength (λem) 535 nm. 

UV-Vis spectroscopy 

The absorbance of indomethacin was measured using the Shimadzu UV 2550 with UV-

Transparent disposable cuvettes (Sarstedt, Nümbrecht, Germany) at λ 319 nm. A cuvette filled 

with PBS buffer pH7.4 was used as a reference cell. Indomethacin standards with 

concentrations 30 µg/ml, 23.7 µg/ml, 15 µg/ml, 7.5 µg/ml and 3.75 µg/ml were measured in 

the to make a calibration curve. 

3.3.6 Thermal analysis 

Thermal analysis was performed by using a DSC822e (Mettler-Toledo, Columbus, Ohio, USA) 

with the software STARe ver.13.00. Samples of approximately 3-5mg were weighed in 40µl 

aluminium crucibles (Mettler-Toledo, Columbus, Ohio, USA) on an AD-4 Autobalance, 

(Perkin-Elmer, Waltham, Massachusetts, USA). The aluminium crucibles with samples were 

sealed with a crucible lid which was pierced with a pin. The thermal behaviour of the samples 

was measured from 25°C to 170 °C using a heating rate of 10 k/min. 
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3.4 Experimental outline  

3.4.1 Preliminary exploratory studies  

In order to explore which printing parameters that would have an impact on the drug release, 

different printing settings and drug loading techniques were tried out using the fluorescent dye 

CF as a model substance.  

First, the effect of varying type of infill, infill densities and wall heights were studied in a 

univariate manner using surface coated tablets. The compound release was tested in a beaker 

set-up with low volumes (250 ml) of release medium. 

To better correlate the drug release rate with the core-shell structure of the tablet, the model 

substance (CF) was loaded into the core of the tablet. The printing process was paused to allow 

loading of the model drug into the core by solvent evaporation before finalising the printing of 

the tablet was developed.  

Since the influence of printing parameters on the drug release depends on multiple interacting 

parameters, further screening of the printing parameters was done by a multivariate design of 

experiments (DoE). 

3.4.2 Screening design 

A 23-1 fractionated factorial design was set-up investigating the three printing parameters layer 

height, infill density and wall thickness shown in Table 3.3. Four experiments were performed 

to gain insight into the main effects (resolution III).  

Table 3.3. Screening design of printer parameters 

Experiment 

Number 

Layer 

height 

Infill 

density* 

Wall 

thickness 

1 - - + 

2 - + - 

3 + - - 

4 + + + 

* infill type: lines 
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The infill pattern named lines was chosen. The selected levels were balanced and based on the 

available ranges of each factor in the slicing software Cura, as shown in Figure 3.4. The low 

and high levels were one-fourth and three-fourths of the extreme range of each factor, 

respectively. This method was utilised to avoid biased results.  

Table 3.4. Selected levels of each parameter and the extreme levels defining the available range 

in the Cura software. 

 Selected levels Available range 

Variables Low (-) High (+) Lowest Highest 

Layer height 0.1 mm 0.25 mm 0.04 mm 0.32 mm 

Infill density 25 % 75 % 0 % 100 % 

Wall thickness 0.8 mm 1.6 mm 0.35 mm 2 mm 

 

Core-shell tablets loaded with CF in the core were used, and the release rate was determined in 

the beaker method with low volumes. Since the screening design was reduced, it was interesting 

to complete the design to allow investigation also of interactions between the printer 

parameters. 

3.4.3 Optimisation design 

A 23 full factorial design was made in The Unscrambler to optimise the screening design as 

outlined in Table 3.5. 

Table 3.5. Factorial design of the printer parameters. 

Experiment 

Number 

Layer 

height 

Infill 

density 

Wall 

thickness 

1 - - + 

2 - + - 

3 + - - 

4 + + + 

5 - + + 

6 + - + 

7 + + - 

8 - - - 
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The design space is illustrated in Figure 2. All tablets were filled with CF by solvent evaporation 

in the meshed-core during printing and subjected to dissolution test in the beaker set-up. Also, 

swelling and erosion studies were conducted in tablets from the full design with the objective 

of relating the behaviour of the PVA during release studies to the observed drug release. 

 

 

Figure 3.2. The design space investigated in the factorial design. 

 

Multivariate analysis was carried out with The Unscrambler in the design space illustrated in 

figure 2. Partial least squares regression was used to analyse and study the main effects and 

interactions of the parameters. Full cross-validation with Uncertainty test by using optimal 

numbers of principal components was utilised as a validation method.  

By looking at regression coefficients, insignificant interactions or effects were removed to 

increase the fit of the model, being aware not to overfit the model. In other words, increase the 

significance of the model by removing effects that explain the noise. 
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3.4.4 Studies of selected tablet-formulations with a poorly soluble drug 

Based on the optimisation design, three formulations with different release performance were 

selected for a study with the poorly-water soluble drug indomethacin as a “proof of concept”. 

Indomethacin received from the manufacturer was a white crystalline powder, and different 

approaches were used to prepare the drug in amorphous form.  

Amorphisation by solvent evaporation: indomethacin 10 mg/ml in ethanol was loaded in the 

same manner as for CF, and the ethanol was allowed to evaporate, described in section 3.3.3. 

The therapeutic dose of 25 mg per tablet was targeted, which resulted in a high number of 

pipetting aliquots of 20 µl. Thus, a volume of 50 µl was tried. 

Amorphisation by melting and cooling: The amorphous indomethacin powder was prepared by 

melting and cooling crystalline indomethacin and filled into the core, as described in section 

3.3.3. The volume of the core of the tablets was estimated to check the potential filling volume 

for the powder. 

Thermal analyses were performed with DSC to determine the solid state of the drug as a raw 

material before and after amorphisation. Selected tablet formulations, based on the factorial 

design above were loaded with either crystalline or glassy powder in the core. The dissolution 

rate was determined using the basket method. 
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3.4.5 Experimental overview 

 

Figure 3.3. Flowchart showing an overview of the different parts of the stud 
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4 Results and discussions 

 

4.1 Univariate studies of printing parameters  

As mentioned in section 3.3.1, the parameters of interest are the layer height (LH), wall 

thickness (WT) and infill density (ID). It is presumed that by altering these parameters, one 

could control the rate of dissolution of the 3D-printed tablets. To investigate this further, the 

parameters of interest should be investigated separately to find out how the individual parameter 

affects the rate of dissolution. The univariate printing parameters were studied into detail and 

results are presented below 

4.1.1 Effect of layer height on surface dissolution 

Tablets were printed using the Ultimaker 3 with varying LH (0.06 mm, 0.1 mm and 0.2 mm) 

and coated with 5(6)-carboxyfluorescein (CF) as described in section 3.3.3. The LH is the 

thickness of each layer in the 3D-printed tablet structure. The tablets were dissolved in 

phosphate buffer as described in section 3.3.4 and samples were measured by fluorescence 

spectroscopy as described in section 3.3.5. All other printer parameters of interest, i.e. ID and 

WT, were kept constant. A triangular infill pattern was used. 

The printed core-shell tablets with variating LH are shown in Figure 4.1 and it can seem that 

the lines, indicating a layer, are visibly different in size. By increasing the LH, each layer 

becomes thicker. As a result, the number of layers making up the tablet is altered as well. The 

left side of the tablet is the bottom layer, which was directly printed on the glass plate, and the 

right side of the tablet is the top layer. 
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Changing the LH affect the surface of the sides of the tablet. The tablet with a 0.2 mm LH has 

visible ridges compared to the one with a 0.06 mm LH which has an almost smooth surface. 

Based on the top layer of the respective tablets in Figure 4.1, an increase in LH appears to 

increase the imperfections of the top layer as well. When the 3D-printer makes a lower LH, the 

nozzle is closer to the glass plate or printed structure.  

 

Figure 4.1. 3D-printed tablets with layer height a) 0.06 mm, b) 0.1 mm and c) 0.2 mm 

 

The release of CF from the surface coated 3D-printed tablets with varying LH was studied. 

From the release profiles in Figure 4.2, the tablets with an LH of 0.06mm had a slightly faster 

release of CF after 1 minute. There is no significant difference in release between tablets with 

0.1 mm and 0.2 mm LH.  
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Figure 4.2. Dissolution profiles of surface coated tablets (n= 3) with different layer height (LH) 

 

When LH was lower, the release of CF became faster. Even though the surface looks smooth, 

it may consist of many small grooves between each layer. This increases the surface area and 

enables more CF to cover the 3D-printed tablets with a smaller LH. LH may have an effect on 

the compound release from the surface of the tablet. 

In a study by Okwuosa et al. 2018, the resolution, i.e. layer height, of polyvinylpyrrolidone 

(PVP) based 3D-printed tablets were investigated. The resolution ranged from low, standard to 

high. with the standard set to 0.2 mm. However, the layer height of low resolution (higher LH) 

and high resolutions (lower LH) were not defined. The tablets with a high resolution released 

the API, theophylline, faster than the tablets with standard and low resolution. This compliment 

the results seem in Figure 4.2. 
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4.1.2 Effect of infill density (ID) on surface dissolution 

The 3D-printed tablets were printed with varying ID of 10% and 20% and surface coated with 

5(6)-carboxyfluorescein (CF) as described in section 3.3.3. The surface-coated 3D-printed 

tablets were dissolved in phosphate buffer as described in section 3.3.4 and samples were 

measured fluorescence spectroscopy as described in section 3.3.5. All other printer parameters 

of interest i.e. LH and WT were kept constant. A triangular infill pattern was used. 

The release profiles in Figure 4.3 shows the release of CF from the surface coated tablets with 

ID of 10 % and 20 %. Based on the large standard deviations, it appears that the difference 

between the two curves is likely to be small or insignificant.  

 

Figure 4.3. Dissolution profiles of surface coated tablets (n=9) with different infill densities 

(ID) 

 

As the ID only affects the core structure, it is unlikely that the ID will affect the release of 5(6)-

carboxyfluorescein (CF) from the surface of the tablet. If the CF coating of the tablet surface 

reached the core, a variation of 10 % in density was not enough to show a clear effect of the ID 

on the release of CF from the tablet surface. 
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4.1.3 Effect of infill density on release of CF during dissolution 

3D-printed tablets were core loaded with CF, as described in section 3.3.3, to investigate the 

effect of ID on the release of CF. Tablets were printed with varying ID (10%, 25% and 50%). 

The tablets were dissolved in phosphate buffer as described in section 3.3.4 and samples were 

measured fluorescence spectroscopy as described in section 3.3.5. All other printer parameters 

of interest, i.e. LH and WT, were kept constant. 

 The infill pattern named lines was chosen in this experiment as this pattern makes multiple 

interlocked compartments inside the core, compared to the triangle pattern, which has multiple 

triangular compartments connected to the walls.  

Figure 4.4 shows the release of CF from core loaded PVA tablets with variating infill densities. 

The tablets with an ID of 25 % had a faster release of CF than the tablets with an ID of  10 % 

and 50 % within the first 3 hours. The tablets with an ID of  10 % released CF faster than the 

one with an ID of 50 % the first 1.5 hours. The release curve of the tablets with an ID of 50 % 

contains large standard errors. 

 

Figure 4.4. Dissolution profiles of loaded tablets (n=4) with infill densities (ID) of 10 %, 25 % 

and 50 %. 
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Literature shows that lowering the infill density accelerating the release (Goyanes et al. 2014, 

Goyanes et al. 2015, Zhang et al. 2017, Verstraete et al. 2018). However, the literature shows 

that the effect of ID is less significant at lower ID. In the study by Goyanes et al. 2014, 3D-

printed tablets with fluorescein-infused PVA filament showed that the difference in the release 

from tablets with 10 % and 50 % ID were close to insignificant, but tablets with 90 % ID 

released significantly slower.  

The results in Figure 4.4 was surprising as one would expect that a tablet with a low ID would 

release faster than one with a high ID based on the literature. The large standard variations 

indicate a tablet to tablet variation during the printing process caused by something else than 

ID. When the effect infill density is going to be investigated further, a wider range should be 

selected. 

In summary, the layer height in showed promising results in regards to release modulation from 

the 3D-printed tablet surface in section 4.1.1. The infill density did not seem to have anticipated 

effect on the release of CF. This might be to the small range of which infill density was adjusted. 

The release profiles in Figure 4.4 shows large standard errors and an unexpected relationship 

between the infill density and release. This might be due to other unknown factors that 

influenced the release. 
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4.2 A multivariate study of printing parameters 

A univariate investigation of LH and ID have been carried out to determine their effect on the 

rate of dissolution. However, as layer height affects the whole 3D-printed tablet structure, it is 

expected that layer height interacts with the wall thickness and the infill density. The size the 

WT also affect the effect of infill density on release modulation (Zhang et al. 2017). 

As the parameters may interact, it is necessary to perform a multivariate study. The parameters 

of interest and their interactions were studied into detail and results are presented below. 

4.2.1 Selection of printing parameters based on DOE 

A 23 full factorial design was made in The Unscrambler as describes in section 3.4.3, and the 

results are shown in Table 4.1.  

The 3D-printed tablets were printed as eight different formulations (n=4) according to Table 

4.1. The infill pattern lines was used and all parameters, except LH, ID and WT, were kept 

constant. 

Tablet formulations 

Table 4.1 shows the selected levels of each parameter investigated. 

Table 4.1. Overview over the tablet formulations and their parameters. 

 Layer height (LH) Infill density (ID) Wall thickness (WT) 

Formulation 1 (F1) 0.1 mm (-) 25 % (-) 1.6 mm (+) 

Formulation 2 (F2) 0.1 mm (-) 75 % (+) 0.8 mm (-) 

Formulation 3 (F3) 0.25 mm (+) 25 % (-) 0.8 mm (-) 

Formulation 4 (F4) 0.25 mm (+) 75 % (+) 1.6 mm (+) 

Formulation 5 (F5) 0.1 mm (-) 75 % (+) 1.6 mm (+) 

Formulation 6 (F6) 0.25 mm (+) 25 % (-) 1.6 mm (+) 

Formulation 7 (F7) 0.25 mm (+) 75 % (+) 0.8 mm (-) 

Formulation 8 (F8) 0.1 mm (-) 25 % (-) 0.8 mm (-) 
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The tablet formulations printed for this experiment are shown in Figure 4.5. The tablet 

formulations were 3D-printed using Ultimaker 3 with parameter levels according to Table 4.1. 

As an example, tablet F1 has 0.1 mm layer height, 25 % infill density and a wall thickness of 

0.8 mm 

 

Figure 4.5. Picture of the eight tablet formulations (F1-F8) each formulation shows the WT 

and ID (left) and its respective LH (right). 

 

The WT of F1, F4, F5 and F6 should be 1.6 mm, as shown in Table 4.1. Based on Figure 4.5, 

it looks like the WT is larger than 1.6 mm. The top and bottom layers consist of many circular 

lines and a grid in the centre. The Ultimaker adds another ring in the centre of the top and 

bottom layers the walls on the side of the tablets. In other words, the structure in Figure 4.5 that 

looks like a side wall is the side wall layer in addition to the extra layer added by the bottom or 

top layers. This also applies to the tablets with a WT of 0.8mm. 
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Release profiles 

The formulations mentioned (F1-F8) were loaded, with 40 µl 5 mg/ml CF ethanol solution, into 

the mesh core as described in section 3.3.3. The loaded formulations were dissolved in a 200 

ml phosphate buffer solution as described in section 3.3.4, and 200 µl was measured using 

fluorescence spectrophotometry as described in section 3.3.5. 

The release of CF from the eight tablet formulations, depicted in Figure 4.6, shows little 

apparent correlation between the levels of the parameters and the release of CF. There are, 

however, variations between the release profiles which indicate an effect from the chosen 

parameters.  

  

 

Multivariate analysis 

It is difficult to draw any conclusions by looking at the dissolution profiles in Figure 9, as it is 

multivariate. Therefore, a statistical method called Partial least squares regression (PLS) was 

used to analyse the multivariate data. PLS regression finds latent structures in the data and 

creates principal components based on the correlation between the X (selected variables) and 

Y (concentration of CF). In other words, the analysis shows the precise information from the 

selected parameters needed to explain the variation in the concentration of CF. 

Figure 4.6. Dissolution profiles of different tablet formulations (F) (n=4) with either high (+) 

or low (-) levels of the parameters Layer height (LH), Infill density and Wall thickness (WT). 
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Figure 4.7. Regression coefficients of the main effects and interactions of the multivariate 

printing parameters from PLS analysis after 1, 2 and 3 hours. Significant factors show error 

bars on only one side. 

 

The effect of the parameters and their interactions, described in Figure 4.7, shows that a high 

LH decreases the amount CF released at all the time points. ID, on the other hand, has a positive 

effect on the release at 1h and then a negative effect at 3h. The WT also increases the amount 

of CF released at 1h and 2h but reduce the amount released at 3h.  

 

Multiple studies have shown that the release of drug can be both delayed (Maroni et al. 2017, 

Smith et al. 2018) or slowed down (Okwuosa et al. 2018, Yang et al. 2018) with increased wall 

thickness. 
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WT should have a negative effect on the release of CF from the tablet formulations as seen in 

literature. Together with the positive effect of ID at 1h, it could be that the pipette volume of 

40µl flooded the tablet and the CF evaporated in the walls and on the edges of the tablet walls.  

The volume of the core area of the tablet was calculated with Eq.1 and F1, F4, F5 and F6 had 

an infill volume of 62.2µl, 43.5µl, 62.2µl and 43.5µl respectively. The infill mesh will also 

approximately occupy 25% or 75% of this volume. This gives a volume of 46.7µl, 10.9µl, 

15.6µl and 32.6µl of free space in the tablet F1, F4, F5 and F6 respectively when the infill mesh 

is included. Which such small volumes able to contain the loading solutions it is safe to assume 

that parts of the solution could flood the core compartment and precipitated CF on the walls. 

This would lead to a faster release and explain the positive effects of WT and ID in Figure 10. 

The mentioned formulations should be repeated with a smaller volume to investigate this 

hypothesis. 

4.2.2 Changing the loading volume from 40µl to 20µl to avoid overfilling 

Based on the results from the section 4.2.1 where the 3D-printed tablets were loaded with 40 

µl CF solution, it was concluded that the loading volume used was too large and may have 

flooded the core area. To investigate this hypothesis, the loading volume was reduced to 20µl. 

The tablets F1, F4, F5 and F6 were 3D-printed and loaded with the CF following the same 

procedure as the previous study except for the loading volume, which was changed to 20µl.  
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Release profiles 

The change in loading volume from 40µl to 20µl of the CF ethanol solution affected the release 

profiles according to Figure 4.8. Figure 4.8a-c shows that the change in volume had the 

anticipated effect on the release in which the release is slower in the first two hours. Tablet F6 

in Figure 4.8d shows unexpectedly little change in release. Tablet F1 did also change more than 

expected as the volume of the infill is approximately 47µl, which in theory, is enough volume 

for the loaded volume of 40µl. 

 

Figure 4.8. Comparison between dissolution profiles of tablets formulations (F) (n=4) repeated 

with a smaller volume loaded (solid line) and their previous dissolution patterns (dotted line). 
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Figure 4.9 shows the release profiles of F2, F3, F7 and F8 from the previous study and the 

release profile of F1, F4, F5 and F6 with a smaller volume loaded. 

 

Figure 4.9. Dissolution profiles of tablet formulations (F) (n=4) where F1, F4, F5 and F6 have 

been loaded with a lower volume. The dotted square marks formulations which are remarkably 

similar at 3 hours. 

 

In Figure 4.9, the release profile of formulations with a smaller loading volume was compared 

to the rest of the formulations. As shown with the dotted square in Figure 4.9, the tablets F4, 

F6 and F7 are remarkably similar at 3 hours. Tablet F4 was repeated with a smaller loading 

volume, and the amount of released CF did not change significantly, at least not at 3h (Figure 

4.8).  
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Multivariate analysis 

The new release profiles of tablets (F1, F4, F5 and F6) with loaded with 20 µl CF solution 

replaced with the ones loaded with 40 µl, as seen in Figure 4.9. PLS was applied to analyse 

the new multivariate data. 

 

 

Figure 4.10. Regression coefficients of the main effects and interactions of the multivariate 

printing parameters from PLS analysis for 1 hour(h), 2h and 3h. Significant factors show error 

bars on only one side. F1, F4, F5 and F6 have been loaded with a lower volume. 
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The main effects are insignificant at 1h in Figure 4.10, compared to the main effects in Figure 

4.7, which are significant. However, at 2h in Figure 4.10, WT seems to be significant. The error 

bar does cross the zero line but is proportionally more on the negative side, and the effect is 

regarded as significant. All the main effects are significant at 3h and have a negative effect on 

the release in Figure 4.10 

Based on the main effects after 3 hours in Figure 4.10, the release profile of F4 is as expected. 

The release of CF from F6 and F7, however, is slower than expected and remarkably similar at 

3 hours. The release profile of F1 changed more than expected when repeated with a smaller 

loading volume. The 3D-printed tablets F1, F6 and F7 stood out and should be investigated to 

further verify the model made. 

Repeating formulations 1, 6 and 7 

The release profiles F6 and F7 were unexpected when compared the multivariate analysis. After 

repeating the release of F1, the release profile changed more than expected. These abnormalities 

will be investigated to determine if these results were outliers.  

F1, F6 and F7 were 3D-printed again and loaded with 20µl CF ethanol solution with the same 

procedure as in the previous study (section 4.2.1). Dissolution and measurements were also 

carried out as the previous study. 

Figure 14 shows the repeated dissolution profiles compared to the previous dissolutions from 

section 4.2.1 (F7) and 4.2.2 (F1 and F6). The new dissolution curves are compared previous 

dissolutions of F1 and F6, which were loaded with 20 µl of the 5 mg/ml CF solution as described 

in section 4.2.1. F7 from the previous dissolution was loaded with 40 µl of the 5 mg/ml CF 

solution. 
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The release of CF from F1 in Figure 4.11a did not change significantly when repeated. 

However, the release of CF from F6 and F7 in Figure 4.11b and 4.11c, respectively, changed 

when repeated. Released CF from repeated F6 was different from the previous dissolution in 

the first 2 hours. The release of CF from F7 changed significantly at 3 hours of dissolution. 

 

 

Figure 4.11. Dissolution profiles of the repeated dissolutions (solid line) (n=4) and their 

previous dissolution patterns (dotted line). 

 

As F1 and F6 were printed and loaded the same way as the previous dissolution, one would 

expect similar results. This is as hypothesised for F1 but not for F6. The dissolution of F6 is 

now slower the first 2 hours and should even more similar to F4 from Figure 4.9. The ID is the 

only parameter that distinguishes F6 from F4. Based on the multivariate analysis in Figure 4.10, 

ID does not have any significant effect in the first 2 hours of dissolution. 
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Multivariate analysis 

Figure 4.12 shows the fitted model based on all the dissolution profiles in Figure 4.9 and Figure 

4.11, where outliers have been removed to increase the fit of the model, being aware not to 

overfit the model. The outliers were individually removed from each measurement by using the 

Residual Influence Plot in The Unscrambler, where the system detects and marks outliers.  

 

Figure 4.12. Regression coefficients of the main effects and interactions of the multivariate 

printing parameters from PLS analysis after 1h, 2h and 3h of dissolution. Significant factors 

show error bars on only one side. This model was made with all the dissolution profiles in 

Figure 4.9 and Figure 4.11 with outliers removed. 
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WT had a significant negative effect on the amount of CF released during the dissolution after 

2 hours and 3 hours. The LH and ID were significant after 3 hours. After 3 hours of dissolution, 

all the main effects had a significant negative effect on the released CF. The interaction between 

LH and WT is significant and at all the analysed measurement times and signify that one of the 

main effects affect the other. 

It is evident, from Figure 4.12, that the thickness of the walls delays the release of CF. LH does 

not exhibit a significant effect even though the effect, when significant, was negative as well. 

This implies that thinner layers accelerate the release of CF, as seen in section 4.1.1. A dense 

infill slows down the release of CF after 3 hours, which is as expected. The interaction between 

the WT and LH is noteworthy as the effect is higher than the main effects the two first hours of 

dissolution. The effect inexplicably shifts from positive to negative after 3 hours of dissolution.  

Table 4.2 shows the outliers removed in each analysed measurement time. The four parallels of 

each formulation were marked a to d, and repeated formulations were marked with *. 

 

Table 4.2. The outliers removed during the multivariate analysis. They were removed being 

aware not to overfit the model or to make the model biased. A minimum of 3 parallels of each 

formulation was used to make the model. The annotation a-d indicate the parallel and repeated 

formulations were marked with *. 

Measurement time Outliers removed 

1 hour None 

2 hours F3c, F6a*, F6b*, F6c* 

3 hours F1d, F1a* 

  

Samples from the repeated dissolution of F6 were detected as outliers. The measurements of 

original and repeated dissolutions vary the most at 1 hour and 2 hours of dissolution, as seen in 

Figure 4.11. Neither the first or second release study of F7 sowed to be certain outliers, even 

after 3 hours of release. 

Summed up, all the main effects significantly delay the release of CF after 3 hours in Figure 

4.12. The multivariate analysis proved that LH interacts with both WT and ID, although it is 

difficult to certainly know their relationship based on the data collected and analysed.  
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4.2.3 Swelling and erosion testing of the PVA tablet 

The release of a CF from the 3D-printed tablets has shown to be affected by the selected 

parameters. To further investigate how these selected parameters, affect the dissolution 

properties of the 3D-printed tablets, swelling and erosion were investigated.  

The same eight tablet formulations (F1-F8) used in section 4.2.1 and 4.2.2 were 3D-printed but 

not loaded. The infill pattern lines were used, and all parameters, except LH, ID and WT, were 

kept constant.  

The tablet formulations were swelled and eroded in beakers using phosphate buffer as described 

in section 3.3.2. Swelling of the tablets was determined after weighing the tablets after 10 

minutes of dissolution. The erosion of the tablets was determined by weighing the tablets every 

30 minutes of dissolution.  

Mass changes 

Figure 4.13 shows the swelling and erosion of the tablet formulations. The first peak indicates 

the swelling of the tablet, which was measured after 10 minutes in the dissolution bath. All the 

tablets were completely disintegrated after 3.5 hours. 

 

 

 

 

Figure 4.13. Dissolution profiles of different tablet formulations (n=4) with either high (+) or 

low (-) levels of the parameters Layer height (LH), Infill density and Wall thickness (WT). 
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Not much variation between the formulations is seen in the swelling, except for F3, which 

significantly increased in weight. Significant variations between the formulations are observed 

during the erosion testing of the tablets.  

Increase of mass due to swelling 

The swelling of the tablet formulations was analysed with PLS in The Unscrambler. Figure 

4.14 shows the regression coefficients of the fitted multivariate model. The main effect LH is 

the only significant main effect.  

 

Figure 4.14. Regression coefficients of the main effects and interactions of from Unscrambler® 

9.8. Significant factors show error bars on only one side. 

 

The regression coefficient of LH in Figure 4.14 shows that a thicker layer height increases the 

tablets ability to gain mass due to swelling. This indicates that water is more able to flow into 

the tablet structure when a high LH is used. It is probable that as the swelling increase, the 

ability of a compound to diffuse through the tablet becomes easier. 
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Correlation between released CF and mass change of eroded tablets. 

Figure 4.15 shows the correlation between the weight of the eroded tablet formulation and the 

release of CF from the same formulations. The dissolutions profiles shown in section 4.2.2 were 

used except for the repeated dissolutions of F6, which were considered as outliers. 

 

Figure 4.15. The exponential relationship between the tablet weight and released 5(6)-

carboxyfluorescein from the different tablet formulations (F). 

 

 

All the formulations show an exponential correlation. As the drug was loaded in the core, and 

not homogeneously dispersed in the whole tablet, one would not expect a linear release. There 

are, however, differences in the curvature of the fitted exponential line. F1 (-LH-ID+WT), F2 

(-LH+ID-WT) and F3 (+LH-ID+WT) have distinctive different shapes. F1, where WT is high, 

have a faster reduction in weight compared to the release of the drug. This not surprising as the 
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thick walls make up for much of the weight.  F2 is closer to linear than F1 and have a denser 

core. This results in a more even distribution of weight throughout the 3D-printed tablet. As for 

F3, both the ID and WT is on a low level, and LH is on a high level. The fitted exponential line 

is something of a combination between F1 and F2.  

4.2.4 Selection of formulations for further studies 

Based on Figure 4.12, the fitted model in section 4.2.2, WT is the most noteworthy main effect. 

LH and ID also show a significant effect but to a smaller extent. The interaction between LH 

and WT is also significant. As problems with overfilling were encountered section 4.2.1, where 

a high WT and a high loading dose made the loaded solvent overflow, more considerations 

have to be made before loading. 

It is expected that a high ID will affect further loading with solids as the infill mesh is so dense 

that loading solids will be challenging. The goal is to control the release of the drug while not 

affecting the loading of the drug. This makes WT and LH more promising to investigate and, 

for further studies, the ID should be kept at a low level not to alter the distribution of the loaded 

drug.  

This leaves the formulations F1(-LH-ID+WT), F3(+LH-ID-WT), F6(+LH-ID+WT) and F8(-

LH-ID-WT). Formulation F8 contains the largest core space, according to Eq. 2 and thereby 

the ideal model to test different ways of drug loading. Further, with the ideal loading method, 

a formulation with a slow release should be investigated as F8 is a fast releasing formulation. 

Formulation F6 is the slowest releasing of the formulations mentioned, as shown in Figure 4.9 

with both LH and WT at a high level. Formulation F3 also exhibit a delayed release compared 

to F1 and F8. With a high level of LH and a low level of WT.  

The formulations F8, F3 and F1 will be further studied to establish a “proof of concept” with a 

poorly soluble drug. Different loading techniques also have to be investigated as a poorly 

soluble drug is expected to be difficult to load by solvent evaporation. 
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4.3 Studies using a poorly soluble API 

The bioavailability of poorly soluble drugs in the BCS class II is dependent on the solubility. It 

is therefore desirable to increase their dissolution rate by increasing their solubility. The 

amorphous form of a drug is more soluble as it lacks the rigid lattice structure compared to the 

crystalline form(Alonzo et al. 2010, Babu and Nangia 2011). Amorphous indomethacin is a 

BCS class II drug and thereby difficult to dissolve, but the amorphous form is 20 times more 

soluble than the crystalline form (Štukelj et al. 2019). 

4.3.1 Preparation of 3D-printed tablets with indomethacin as infill model 

drug 

As core loading by solvent evaporation was successful the previous studies, an 10mg/ml 

indomethacin solution was used to load 3D-printed tablets. Different aliquot sizes were 

investigated and described below.  

Preparation of tablets 

Tablets with an ID of 25%, LH of 0.1 and a WT of 0.8 mm (F8) were chosen for this experiment 

as they contain a large empty core space and should exhibit a fast release according to the 

multivariate analysis in Figure 4.12.  

The 3D printing of tablets was paused during the printing process and repeatably loaded with a 

10 mg/ml indomethacin ethanol solution. Each tablet was loaded with a therapeutic amount of 

25 mg indomethacin, which equals 2.5 ml of the indomethacin solution. The tablets were 

repeatedly loaded with either 50 µl or 20 µl after pausing the 3D printing procedure. After 

loading of the drug, the printing proceeded was continued the top layer of the tablet was printed, 

as shown in Figure 4.16  
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Figure 4.16. Tablets loaded with 25 mg indomethacin by repeatedly evaporating a) 50 µl (n=3) 

or b) 20 µl (n=3) an indomethacin ethanol solution to a total of 2.5 ml in each tablet. 

 

The tablets displayed in Figure 4.16 shows a cap structure on the top layers above the loaded 

layers. This is a result of the 3D-printer not being able to extrude the filament as normal on top 

of the drug-rich layer. The loading solution evaporated and precipitated in the core, but in this 

case, also precipitated on the walls. The gap in the wall results in a lack of wall integrity and 

may cause leakage into the core of the tablet.  

Release profile 

Figure 4.17 shows the dissolution profiles of the tablets displayed in Figure 4.16 performed in 

a basket apparatus performed as described in section 3.3.4 and measured with UV-Vis 

spectrometer as described in section 3.3.5. 
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Figure 4.17. Dissolution profiles of tablets (n=3) loaded by the repeated evaporation of 

indomethacin ethanol solution. Tablets were loaded with either 20 µl or 50 µl multiple times to 

a total amount of 2.5 ml. 

 

From Figure 4.17, there is no significant difference between the tablets loaded with aliquots of 

20 µl and 50 µl. Released indomethacin was detected after only 30 minutes and might be the 

result of indomethacin precipitate on the side of the walls. Loading of CF did not result in this 

precipitate on the side of the walls, and the printer had no issue printing layers atop of the loaded 

layers. A more refined approach of loading powders directly into the print core was used and 

will be discussed in the next section. 

4.3.2 Preparation of amorphous indomethacin 

Poorly water solubility can be improved by converting the crystalline drug to its amorphous 

form. In view of this, we prepared amorphous indomethacin and loaded both the crystalline and 

amorphous separately into the core of the printed tablets.    
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Colour and visual appearance 

Figure 4.18 shows indomethacin as a raw material (a) and indomethacin melted and cooled (b). 

By melting the white crystalline powder, the molten indomethacin formed a transparent glassy 

and brittle solid with a yellow colour after it was cooled down from molten form to room 

temperature. This is characteristic of amorphous indomethacin (Tanabe et al. 2012). 

 

Figure 4.18. Crystalline (a) indomethacin and amorphous (b) indomethacin. 

 

Thermal analysis of crystalline and amorphous indomethacin 

The γ-polymorph is the most thermodynamically stable polymorph (Surwase et al. 2013).  

Table 4.3. Thermal properties of indomethacin solid state forms (Surwase et al. 2013). NA: 

not applicable; ND: not detected. 

Solid state form Glass transition 

temperature (°C) 

Onset temperature (°C) 

Exothermic event Endothermic event 

Amorphous 43.3 ± 0.9 101.2 ± 2.2 153.8 ± 0.4, 158.1 ± 1.1 

α NA ND 154.1 ± 0.6 

γ NA ND 159.2 ± 0.1 

δ NA 134.1 ± 0.2 129.2 ± 0.4, 158.1 ± 0.2 

ζ NA ND 142.2 ± 0.4, 157.0 ± 0.3 

η NA 114.1 ± 0.6 154.2 ± 0.2 
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Table 4.3 shows the measured glass transition temperature of amorphous indomethacin and the 

measured endo- and exothermic events in the thermal analysis performed by Surwase et al. 

2013. 

Figure 4.19 shows a DSC thermogram of crystalline indomethacin and the amorphous 

indomethacin depicted in Figure 4.18, performed as described in section 3.3.6. 

 

 

Figure 4.19. DSC thermogram of amorphous and crystalline indomethacin. 

 

The amorphous indomethacin shown in Figure 4.18b shows an endothermic event from 

approximately 35 °C to 46 °C and the exothermic event at 46 °C in the thermogram, supports 

the claim that the glassy indomethacin made with the technique as described in section 3.3.3 is 

amorphous. Table 4.3 states that the glass transition temperature (Tg) of indomethacin is 43.3 ± 

0.9 °C. The endothermic events observed in Figure 4.19 is a glass transition where the 

molecules in the glassy brittle solid gains mobility and turns the solid into more viscus or 

rubber-like state (Surwase et al. 2013) 
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4.3.3 Preparation of tablets loaded with amorphous and crystalline 

indomethacin 

Loading of the indomethacin solution leads to an excessive amount of solvent loading, which, 

in turn, lead to gaps in the tablet walls. Loading and dissolution of 3D-printed tablets with 

crystalline and amorphous indomethacin is described below. 

Preparation of tablets 

The 3D-printed tablets in Figure 4.20 have been loaded with crystalline (a) and amorphous 

indomethacin(b). The 3D printing process was paused during the printing of the tablets and 

loaded as described in section 3.3.3. Tablet formulation F8 was chosen for this experiment, as 

before. 

 

 

Figure 4.20. Tablets loaded with (a) crystalline indomethacin and (b) amorphous indomethacin. 

 

No defects were detected on the tablets after the continued printing and, therefore, this loading 

approach is more promising than the solvent loaded tablets in regards to dissolution testing. The 

amorphous indomethacin was crushed but still contained larger glass shards, which led to 

difficulties when trying to loading the amorphous indomethacin evenly in the core matrix. Small 

amounts of indomethacin, especially the amorphous, was spilt outside the tablets on the glass 

plate, which could lead to inaccurate measurements in regards to the amount of indomethacin 

loaded in the tablet. 
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Figure 4.21 shows the DSC thermogram of different indomethacin polymorphs measured and 

made by Surwase et al. 2013. The γ-polymorph has the highest melting point and is the most 

thermodynamically stable polymorph (Surwase et al. 2013). It is reasonable to have raw 

material in its stable polymorph, but unwanted as a pharmaceutical ingredient. The most stable 

polymorph will also exhibit the slowest dissolution rate. 

 

 

Figure 4.21. Thermogram showing the thermal properties of different indomethacin 

polymorphs (Surwase et al. 2013). 

 

Amorphous solids lack the crystalline lattice molecules and should dissolve faster than the 

crystalline counterpart. The α form of indomethacin is the fastest soluble of the polymorphs and 

will thereby have the best oral bioavailability of the polymorphs (Aceves-Hernandez et al. 

2009).   

Figure 4.22 shows the DSC thermogram of crystalline indomethacin and amorphous 

indomethacin performed as described in section 3.3.6. The thermal events in the figure show 

the melting of the crystalline indomethacin used.  
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In Figure 4.22, amorphous indomethacin shows an exothermic event between 100 and 125°C. 

This is the amorphous form recrystallising because of molecular mobility. What seems to be a 

weak melt near 150°C might be due to impure crystals before finally the melting.  

The crystalline indomethacin is likely the γ form, based on the melting point in Table 4.3 and 

the thermogram in Figure 4.21. The shape of the line in the thermogram (Figure 4.22) resembles 

the one for the γ form in Figure 4.21, and the endothermic onset of the crystalline indomethacin 

is close to 159°C. 

 

 

Figure 4.22. DSC thermogram of a PVA tablet loaded with indomethacin by evaporation, 

amorphous indomethacin and crystalline indomethacin. 
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Release profile 

Figure 4.23 shows the dissolution profile of the 3D-printed tablets with either amorphous or 

crystalline indomethacin loaded core, as displayed in Figure 4.20. The experiments performed 

in basket apparatus performed as described in section 3.3.4 and measured on UV-Vis 

spectrometer as described in 3.3.5.  

 

Figure 4.23. Dissolution profiles of tablets (n=3) loaded with crystalline and amorphous 

indomethacin. 

 

The amorphous indomethacin dissolved faster than the crystalline indomethacin. As the same 

tablet formulation was used, the variation in dissolution is caused by the solid form of 

indomethacin. The release of indomethacin was not detected until 3 hours of dissolution. The 

tablets filled with solid indomethacin have a delayed release compared to the tablets core-

loaded with solvent in section 4.3.1 (Figure 4.17). The solvent loaded indomethacin tablets 

seem to have released the indomethacin prematurely as a result of the defect in the walls and 

precipitate on the side of the walls. 

The tablets loaded with solid exhibit the suitable release properties in regards to testing the 

tablet formulations. Based on this, tablet formulations loaded with solid amorphous 

indomethacin will be used further to study as a “proof of concept”. 

0 1 2 3 4 5 6

0

10

20

30

40

50

60

70

80

90

100

 Crystalline indomethacin

 Amorphous indomethacin

In
d
o
m

e
th

a
c
in

 r
e
le

a
s
e
d
 (

%
)

Time (h)



66 

 

4.3.4 Release study of indomethacin filled core-shell tablets 

As a “proof of concept”, three formulations from the optimisation design were chosen and 

loaded with amorphous indomethacin as described in section 3.3.3. Figure 4.24 shows the 

release of amorphous indomethacin from the selected formulations. The dissolution was 

performed in a basket apparatus, as described in section 3.3.4. The dissolution form Figure 4.23 

was used to compare with the dissolution of F3 and F6. 

 

Figure 4.24. Dissolution profiles of chosen tablets formulations (F) (n=3) loaded with 25mg 

amorphous indomethacin. 

 

Formulation F3 was the fastest to release indomethacin in the first 3 hours. The release of 

indomethacin from formulation F8 exhibit a more delayed release but quickly releases 

indomethacin after 3 hours. Formulation F6 was the slowest releasing formulation. The 

difference in release shows that it is possible to adjust the release by modifying LH and WT of 

the tablet formulations. In the design space chosen, it seems only changing one parameter have 

a slight effect on the release. By changing both LH and WT, a more considerable effect was 

observed. 
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5 Conclusion 

This project has explored the use of fused deposition modelling (FDM) based 3D printing on 

the manufacturing of core-shell tablets. Flat, cylindrical shaped tablets (diameter of xx mm and 

height xx mm) were designed in the computer-aided design (CAD) software Sketchup, sliced 

with Cura 3 and printed by Ultimaker 3 using the water-soluble filament polyvinyl alcohol 

(PVA). The hydrophilic florescent dye 5(6)-carboxyfluorescein (CF) was used as a model 

substance to allow dissolution studies. The 3D-printed tablets were either surface coated or 

loaded in the core by solvent evaporation. 

A basic understanding of the printing parameters was obtained in the first univariate studies. 

The infill density did not show a clear effect on the release of (CF) form the surface coated 

tablets, but the layer height did; faster release was seen from a surface coated tablets printed 

with low layer height as compared to higher layer heights. 

The effect of three selected printer parameters (wall thickness, infill density and layer height) 

were further explored in a multivariate study with a 23 full factorial design performed with CF 

loaded in the core by solvent evaporation technique.  All tested parameters showed a significant 

effect after 3 hours of dissolutions. The optimised multivariate model showed that all the 

parameters reduced the release of the hydrophilic model drug. The gravimetric swelling and 

erosion test showed that wall thickness and infill density had an impact on the comparison 

between release and weight. The initial phase layer height affected swelling where a high layer 

height increased the swelling. 

Since the solvent evaporation technique worked well for the CF, this loading technique was 

also tried for the poorly soluble API indomethacin. However, since the API was poorly soluble 

and the clinical dose was high compared to the concentration in the ethanol solution, excessive 

amounts of ethanol solution turned out to be detrimental for the wall structure of the 3D-printed 

tablets. Therefore, an alternative method of filling the core with powdered drug was chosen. 

As a “proof of concept”, three chosen formulations from the 23 full factorial design were loaded 

with amorphous indomethacin (prepared by melting and cooling), and the tablets were tested 

in a dissolution test and compared to the crystalline drug. The formulations showed a significant 

diversity in the release rates and profiles, as anticipated. In addition, there was a clear difference 

in release rate between the crystalline and the amorphous indomethacin. 
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This thesis shows that, by adjusting selected printing parameters, we can modify the release 

rate and profile from 3D-printed core-shell tablets. This is highly relevant and adds knowledge 

to allow further development of the concept of 3D-printed individualised dosage forms. 
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Preliminary experiences with release from 3D-printed core-shell tablets 

Bendik N. Kvingan, Ingunn Tho 

Department of Pharmacy, University of Oslo, Norway 

Introduction 

Drugs today are typically designed for the average patient. 3D printing is a tool allowing 

preparation of dosage forms with personalized drug combinations, dose and release properties 

that are more tailored to the individual patient. 3D-printed objects may consist of horizontal 

layers building a wall or shell around a core with infill support structures. The thickness of the 

walls, the density of the infill and the height of the horizontal layers are adjustable parameters 

of the 3D-printed object. Designing a tablet for 3D printing, these parameters would be 

interesting to explore with respect to drug release from a core-shell tablet. 

Aim 

To evaluate the effect of infill density, layer height and wall thickness on the release profile of 

FDM 3D-printed core-shell tablets based on PVA using a hydrophilic dye as model drug. 

Method 

Tablets with a core-shell structure with a diameter of 4 mm were designed in a CAD-software, 

sliced in Cura® and printed with a 3D printer from Ultimaker®. A 23 factorial design was 

applied investigating the design variables infill density, layer height and wall thickness. The 

tablets were printed in layers and loaded with a 5(6)-carboxyfluorescein 5 mg/ml ethanol 

solution, a fluorescence marker, halfway through the print. For release studies each tablet was 

tested in 200ml phosphate buffer pH 6.8 under stirring, and samples were withdrawn every 

hour, and the quantified. The Unscrambler® 9.8 was used to analyse the main effects and 

interactions of the data in a multivariate manner. 

Results 

The tablets showed a diversity in release profiles after 1, 2 and 3 hours respectively, with all 

tablets completely dissolved within 4 to 5 hours. Regression analysis revealed correlation 

between the variables, including some of their interactions, and the amount of released 

fluorescence marker at the given sample times. Wall thickness was found to have a significant 

influence on the amount released after 2 hours, whereas all variables and two interactions 

correlated with the amount released after 3 hours. 

Conclusion  

Infill density, layer height and wall thickness all had an effect on the release profile of the 3D-

printed tablets, and affected the release in different ways throughout the dissolution process. 

Adjustment of these variables seems promising for customizing the release of 3D-printed core-

shell tablets. 
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