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Abstract 

 

3D printing is an innovative manufacturing technology that is able to produce bespoke 

objects by precise deposition of materials in successive layers. Already well 

recognised in the metal, ceramic and plastic manufacturing industries, recently 3D 

printing has approached the pharmaceutical field aiming to revolutionise the way 

medicines are produced. Amongst different 3D printing technologies, fused 

deposition modeling (FDM) is at present the most common, affordable, and widely 

investigated technique in pharmaceutical research with the potential to be 

implemented soon in pharmacies (personalised medicines for the patients) and 

pharmaceutical industries (flexible dosages during early phase clinical trials). 

 

The overall objective of this thesis was to fabricate a range of modified release oral 

medicines by FDM 3D printing (printlets) using pharmaceutical grade excipients and 

to investigate the limitation of both materials and FDM 3D printing technology. Hot 

melt extrusion (HME) was employed to produce feedstock filaments suitable for FDM 

3D printing. Filaments with pharmaceutical grade excipients were successfully 

extruded and utilised to print a range of oral printlets such as enteric printlets, 

prolonged release printlets, and osmotic pump printlets.  

 

Enteric printlets based on three different grades of hydroxypropylmethyl cellulose 

acetate succinate (HPMC-AS), released less than 10% of the drug in the first 2 h, 

complying with the USP requirement for delayed release formulations (less than 10% 

drug release in the first 2 h at pH 1.2). Prolonged release printlets, named core-shell 

printlets, were realised with a slow release core and an insoluble shell. Three shell 

designs (different number of holes or different hole sizes) and three core infills (25, 

50, 100%) were demonstrated to produce a range of zero-order release profiles 

spanning from 12 h to 48 h. Osmotic pump printlets were manufactured with a 

swellable core and a semi-permeable membrane. Cellulose acetate was successfully 

employed to print membranes with different thicknesses ranging from 250 to 50 µm.  

 

This thesis showed the potential to fabricate a range of different modified release 

printlets using pharmaceutical grade excipients with personalised release profiles 

tailored to the patients. 
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Impact statement 

 

Three-dimensional (3D) printing is a relatively new, rapid and flexible manufacturing 

technology that has the potential to revolutionise many different fields including the 

pharmaceutical sector. The FDA approval of Spritam®, the first 3D printed medicine, 

was a demonstration of how 3D printing can improve current manufacturing 

technologies and provide benefits to the patients. 

 

This thesis aimed to investigate fused deposition modeling (FDM), the most 

commonly used 3D printing technology, in fabrication of modified release oral dosage 

forms with a simpler production process and innovative properties. In the present 

work, different pharmaceutical grade excipients have been investigated in FDM 3D 

printing. Mechanical, physical and rheological characterisations of the filaments and 

printlets (3D printed tablets) provided information on the role of excipients in affecting 

the hot melt extrusion and FDM 3D printing processes and will be useful in academia 

to develop optimised formulations in the future.  

 

Thus, the work presented in this thesis will be beneficial for researchers to develop 

innovative medicines (next few years) and for the community pharmacies to 

implement 3D printers for on-demand production of medicines (next 5-10 years). It 

will be useful for the pharmaceutical industries that need faster methods for changing 

the dosage during the developing of new medicines especially during early stages of 

the clinical trials (next 10-15 years). It will be helpful for hospitals to prepare 

personalised dosages for the patients. It will reduce the burden on the healthcare 

system since personalised medicines will improve the adherence, efficacy and safety 

of the treatment (10-15 years). 3D printing of medicines is expected to make a 

widespread impact all over the world one day by tailoring formulations to suit 

individual patients. 
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1 Introduction 

 

1.1 Thesis overview 

 

Three-dimensional (3D) printing is a flexible manufacturing technology that allows the 

fabrication of bespoke objects with a variety of different materials. This flexibility can 

be applied in the pharmaceutical field to fabricate oral dosage forms on demand with 

a personalised dose and release profile.  

 

Amongst the different types of 3D printers, fused deposition modeling (FDM) is at 

present the most common and affordable technology, widely investigated within the 

pharmaceutical sector (Awad et al. 2018a).  

 

The overall objective of this thesis is to manufacture a range of modified-release oral 

medicines by FDM and to investigate the limitation of both materials and technology. 

3D printed tablets were first named “Printlets” in 2017 (Goyanes et al. 2017a). The 

term printlets is nowadays commonly used to indicate 3D printed medicines, 

regardless of the 3D printing technology. Therefore, all the 3D printed formulations 

reported in the present thesis will be termed “printlets”. The development of oral 

printlets with enteric properties (Chapter 2), zero-order release profiles (Chapter 3) 

and osmotic pump printlets (Chapter 4) was investigated. Results will contribute to 

the development of new materials and new FDM printers to overcome those 

limitations.  

 

In this chapter, a general introduction to 3D printing and the potential applications in 

pharmaceutics will be discussed. Then it will follow a description of the various 3D 

printing technologies with a more detailed introduction to fused deposition modeling 

(FDM).  

 

1.2 Introduction and applications of 3D printing 

 

3D printing is an additive manufacturing technology able to produce 3D objects by 

the successive deposition of bi-dimensional layers. This method is truly innovative, 

since ‘subtracting manufacturing’ has been the standard method of production for 

centuries.   
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Subtracting manufacturing was the method used by sculptors, with huge rocks or 

trees as starting points. The piece of art was realised by the careful removal of 

material all around the initial mass. Despite the high value of these works (they exist 

as unique pieces), their realisation requires long time and there is a considerable 

waste of material.  

 

In 1872, John Hyatt, an important figure in the development of plastics, patented a 

moulding machine specifically for plastics (Groover 2007). Then in 1921, the modern 

form of the machine was introduced. With injection moulding, once the mould is 

fabricated, millions of identical pieces could be produced within a short time and with 

limited material waste. This development led to mass production. Objects are no 

longer personalised, but promptly available to everybody at much less price.  

 

In a contest where all the daily life objects are easily available to everybody, people 

are now seeking for personalised ones. The charm of producing unique objects is 

where 3D printing will be playing his role. Inventors and innovators can easily realise 

prototypes of their ideas using 3D printing. This can be applied in the pharmaceutical 

field, where patients would get medicines that suit individual needs in terms of dose, 

release profile and visual aspect (colour, shape etc.). 

 

1.3 Classification of 3D printing technologies  

 

3D printing is an umbrella term that composes a range of different 3D printing 

technologies. The American Society for Testing and Materials (ASTM) classifies 

these technologies into seven main categories based on the process including 

stereolithography, material extrusion, binder jetting, selective laser sintering, material 

jetting, sheet lamination and directed energy deposition.  

 

Independent of the specific technology used, 3D printing normally involves the 

following steps; 1) creation of a computer assisted design (CAD) file, 2) conversion 

of the CAD file into an .stl file and upload it to the printing software, 3) 3D printer set 

up and finally 4) fabrication of the 3D object. Additional steps may involve the removal 

of printed objects from the build plate and extra supports (Madla et al. 2018). The 3D 

printing process is user-friendly and considered as a one-step procedure that is fully 

controlled by the computer.  
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Out of the seven different technologies listed above (ASTM classification), only the 

first four have been considered suitable to make medicines and they will be described 

in turn.  

 

1.3.1 Stereolithography 

 

The origins of 3D printing can be dated back to 1980s (Hull 1986), when the first 3D 

printing technology was created by Chuck Hull for stereolithography (SLA). This 

method involves a process called photopolymerisation where a vat of 

photopolymerised resin is solidified under the irradiation of a light source (e.g. UV 

light, laser) (Figure 1.1). 

 

 

 

Figure 1.1 Representation of the stereolithography printing process (Robles Martinez 

et al. 2018). 

 

During the SLA 3D printing process, the first layer of resin is solidified to a defined 

depth on the build platform, which then moves up along the z axis to allow the 

recoating of the built layer with resin. After this, the platform moves down again and 

the process is repeated in a layer-by-layer manner (Melchels et al. 2010). This 

technology has been widely applied to different fields including tissue engineering 

(Melchels et al. 2009, Elomaa et al. 2011), dentistry (Robles Martinez et al. 2018), 

and pharmaceuticals recently (Martinez et al. 2017, Robles-Martinez et al. 2019). For 

example, 4-aminosalicylic acid (4-ASA) and paracetamol-loaded oral dosage forms 

and drug-loaded tablets in different geometries were produced by SLA 3D printing, 
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demonstrating various drug release profiles (Wang et al. 2016, Martinez et al. 2018). 

Recently, Robles-Martinez et al. (Robles-Martinez et al. 2019) developed a novel SLA 

3D printing method to fabricate multi-layer polypills containing six different drugs. 

Compared to other 3D printing techniques, SLA offers the advantages of superior 

resolution (as low as 25 µm) and smooth surface finish. The high resolution was 

successfully exploited by Economidou et al. (Economidou et al. 2019) to fabricate 

transdermal microneedle arrays for delivering insulin. Furthermore, SLA operates at 

room temperature, which is more suitable for thermolabile drugs compared to FDM 

and SLS (Melchels et al. 2010, Goyanes et al. 2015a). However, the main limitation 

of this technology remains the cytotoxicity issue of the functional groups that are 

commonly used in the commercially available resins and photoinitiators (Arcaute et 

al. 2006).  

 

1.3.2 Material extrusion 

 

Material extrusion is a thermal process that involves selectively dispensing of semi-

molten material through an orifice which solidifies on the build platform to create 3D 

objects. This technology can be further divided into two techniques, semisolid 

extrusion (which uses gels and pastes) and fused deposition modelling (which uses 

thermoplastic materials) (Awad et al. 2018c).  

 

1.3.2.1 Semisolid extrusion  

 

Semisolid extrusion is an extrusion-based 3D printing technique that uses syringes to 

extrude semisolid material (pastes or gels) at room temperature onto the build 

platform layer by layer to allow solidification by cooling or solvent evaporation (Figure 

1.2). The main advantage of this technology is its diverse selection of materials while 

the major drawback remains the use of organic solvents, which could be potentially 

hazardous. When implemented in pharmaceuticals, the active compound could be 

simply mixed with the polymers and the solvent at a predetermined ratio to produce 

a formulation prior printing. Vithani et al. (Vithani et al. 2019) demonstrated the 

feasibility of semi-solid extrusion to produce lipid-based printlets to include poorly 

water-soluble drugs. In another work (Conceição et al. 2019) Conceição et al. 

explored for the first time the use of cyclodextrins to prepare printlets of poorly soluble 

drugs, such as carbamazepine, which require fine dose adjustment and rapid release. 
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Figure 1.2 Semisolid extrusion 3D printer (Li et al. 2019). 

 

1.3.2.2 Fused deposition modeling (FDM) 

 

Fused deposition modelling (FDM) uses thermoplastic filaments as feedstock 

material. Those filaments are heated until the melting point and the liquid melt will be 

deposited on a platform layer by layer. FDM has been employed for the work reported 

in this thesis, therefore a complete description of the technology will be presented in 

section 1.4. 

 

1.3.3 Binder jetting 

 

Binder jet printing (BJP) was invented and patented in 1993 by Sachs et al. (Sachs 

et al. 1993). This technology uses a powder bed and a liquid binder (Figure 1.3). The 

liquid is sprayed onto the powder bed in specific point based on the stl file and it binds 

the powder particles together. A new layer of powder (usually 100 µm) is then 

deposited on top of the powder bed and the binder is jetted again. The process 

continues layer by layer. When the printing process is finished, the object can be 

recovered from the inside of the powder bed (Yu et al. 2009a). 
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Figure 1.3 Representation of binder Jet 3D printing technology (Trenfield et al. 

2018b). 

 

The first work using BJP in pharmaceutics was published in 1996 which demonstrated 

the feasibility to fabricate a drug delivery device containing synthetic dyes (to act as 

drug models) (Wu et al. 1996). Since then, this technology has been used to 

manufacture zero-order release tablets (Wang et al. 2006), and fast dissolving tablets 

(Yu et al. 2009c). This last application was exploited to manufacture Spritam®, the 

first FDA-approved 3D printed tablet (Aprecia 2019) which are oro-dispersible when 

taken with a sip of water, even with high drug loadings of up to 1000 mg. However, 

tablets produced with binder jet printing require drying steps to evaporate the solvent 

any to remove excess powder (Yu et al. 2009b). 

 

1.3.4 Selective laser sintering 

 

Like powder bed printing, SLS uses a powder bed, where a laser draws a pattern to 

loosely bind the powder particles together and create the 3D object (Figure 1.4). Once 

a layer is printed, a roller distributes a new layer of loose powder on top of the printed 

material (Lee et al. 2003). The process in which powder particles are partially or fully 

melted and bound together is known as sintering. The laser is highly precise, enabling 

the fabrication of high-resolution objects (~100 μm), when compared to other 3D 

printing methods (e.g. FDM). Favourably, the SLS process does not involve the use 

of solvents, making it preferable to other processes (e.g. binder-jetting 3D printing), 

where long drying is needed. 
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SLS was invented since 1984, however, most of its current medical applications are 

in the fields of tissue engineering (e.g. to create scaffolds (Duan et al. 2010, Du et al. 

2017)) and drug delivery (e.g. to create medical devices (Leong et al. 2006)). This is 

due to the high temperatures or laser intensity needed to sinter materials, where both 

may lead to drug or excipient degradation (Alhnan et al. 2016), making the use of 

SLS impossible in the field of oral medications. Nevertheless, in 2017, Fina et al. 

reported, for the first time, the use of SLS to produce immediate and modified release 

printlets containing paracetamol at three different drug loadings without any drug 

degradation (Fina et al. 2017). They utilised a diode laser, which has a lower intensity 

when compared to other types of SLS lasers. Later on, SLS was used to tailor the 

drug release profiles by fabricating gyroid lattice structures (Fina et al. 2018b) and 

orally disintegrating printlet (Fina et al. 2018c). More recently, SLS was used for multi-

drug therapy in the form of small miniprintlets having two different drug with unique 

release properties (Awad et al. 2019). 

 

 

 

Figure 1.4 Representation of selective laser sintering 3D printer (Fina et al. 2018a). 

 

1.4 Fused deposition modeling (FDM) 

 

Fused deposition modeling (FDM), also known as fused filament fabrication (FFF), 

was invented by Scott Crump in 1988 (Awad et al. 2018b). Scott was trying to craft a 

toy for his daughter using a glue gun. He replaced the glue stick with a blend of 

polyethylene and wax, and he made the toy layer by layer. The idea of constructing 

objects in layers was then expanded and automated. In 1989 together with his wife 
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Lisa, Crump patented his technology and he founded Stratasys, to commercialise 

their product (Stratasys 2019). Figure 1.5 shows a timeline reporting the history of 

FDM. 

 

 

 

Figure 1.5 History of FDM from 1988 to 2018 (Awad et al. 2018b). 

 

FDM similarly to the other 3D printing technologies, follows “the 3D’s of 3D printing” 

(Trenfield et al. 2018a): 1) Design. A CAD software is employed to design a 3D model 

of the object. This model is divided in a certain number of horizontal layers (depending 

on the printer resolution) and the file is loaded into the software of the printer as a 

stereolithography (.stl) file. 2) Develop. Formulation development is required to 

produce a drug loaded filament with the right physical, mechanical and rheological 

characteristics suitable for FDM 3D printing. 3) Dispense. The molten filament is 

deposited layer by layer on the platform. Upon competition of each layer, the nozzle 

moves up and deposits another layer of top of the previous one. The process 

continues until competition of the object. The resolution of and FDM printer can be 

chosen from the software with typical values between 100-200 µm for commercial 

printers. Figure 1.6 shows the overall FDM printing process. 
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Figure 1.6 Schematic representation of the FDM 3D printing process (Awad et al. 

2018a). 

 

The quality of the printing is also affected by the extrusion nozzle of the that can have 

a different hole size (Figure 1.7). 

 

 

 

Figure 1.7 FDM nozzles with different extrusion hole size. From the left 0.1, 0.2, 0.3, 

0.4 mm. 

 

1.4.1 Fused deposition modeling in pharmaceutics 

 

FDM requires filaments made out of thermoplastic materials. Commercially available 

thermoplastics include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), 

polyvinyl alcohol (PVA) and polycarbonate (PC). However, none of these filaments 

are regarded as safe for human use. Therefore, filaments made out of pharmaceutical 
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grade excipients mixed with the drug should be manufactured to produce medicines 

(Table 1.1).  

 

Table 1.1 List of pharmaceutical grade polymers employed in Hot melt extrusion to 

manufacture the feedstock material for FDM 

Pharmaceutical grade polymer Reference 

Polyvinyl alcohol (PVA) 
(Goyanes et 
al. 2014) 

Polyvinylpyrrolidone (PVP) 
(Okwuosa 
et al. 2016) 

Hydroxypropycellulose (HPC) 
(Goyanes et 
al. 2017b) 

Hydroxypropylmethylcellulose (HPMC) 
(Kadry et al. 
2018) 

Hydroxypropylmethylcellulose acetate succinate (HPMCAS) 
(Goyanes et 
al. 2017a) 

Kollicoat IR 
(Jamróz et 
al. 2018) 

Soluplus 
(Zhang et 
al. 2017) 

Eudragit L100 
(Öblom et 
al. 2019) 

Eudragit PEO 
(Nasereddin 
et al. 2018) 

Ethyl cellulose 
(Melocchi et 
al. 2016) 

 
The industrial method for the production of filaments is named hot melt extrusion 

(Sandler et al. 2014). 

 

1.4.2 Hot melt extrusion (HME) basics principles 

 

Hot melt extrusion is commonly used in the pharmaceutical industry to enhance the 

solubility of poorly soluble drugs (Miller et al. 2007, Lang et al. 2014, Tiwari et al. 

2016). The feedstock material for extrusion, in the form of powder or pellets, must be 

heated to form a mass with the consistency of a thick fluid, known as polymer melt. 

 

1.4.2.1 Viscosity 

 

The polymer melt due to the high molecular weight, has high viscosity. Viscosity is an 

important property of the fluid that relates the shear stress experienced during flow of 

the fluid to the rate of shear. Figure 1.8 shows viscosity as a function of shear rate for 

two different liquids. 
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Figure 1.8 Comparison between a Newtonian fluid and a typical polymer melt 

(Groover 2007). 

 

For a Newtonian fluid (simple fluid such as water and oil), viscosity does not change 

with the shear rate and can be defined by Equation 1.1: 

 

𝜏 = 𝜂�̇� 𝑜𝑟 𝜂 = 𝜏�̇�  

Equation 1.1 

 

Where τ = shear stress 

η = coefficient of shear viscosity 

γ̇ = shear rate, 1/s 

 

However, for a polymer melt, viscosity decreases when the shear rate increases. This 

behaviour is called pseudoplasticity and can be calculated by the following equation: 

 

𝜏 = 𝑘(𝛾 ̇)𝑛 

Equation 1.2 

 

Where k = a constant corresponding to the viscosity coefficient 

n = flow behaviour index 

 

For n = 1, the equation reduces to the previous (Equation 1.1) for a Newtonian fluid. 

For a polymer melt, values of n are less than 1.  
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In addition to the effect of shear rate, viscosity of a polymer melt is also influenced by 

the temperature (Figure 1.9) shows the effect of the temperature for several common 

polymers at a shear rate of 103 s-1, which is approximately the same as the industrial 

extrusion process. Thus, we observe that the viscosity of a polymer melt decreases 

with increasing values of temperature and shear rate. 

 

 

 

Figure 1.9 Effect of temperature on the dynamic viscosity for four different polymers 

at a shear rate of 103 s-1 (Groover 2007). 

 

1.4.2.2 Viscoelasticity 

 

An important property of the polymer melt to consider during hot melt extrusion is 

viscoelasticity. The phenomenon is illustrated in Figure 1.10. 

 

 

 

Figure 1.10 Representation of a polymer melt flowing through an extrusion die 

(Groover 2007). 
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When the polymer melt is forced through a small die opening, it remembers its original 

shape and attempts to return to it after exiting the die. More specifically, the stresses 

acting on the polymer melt before entering the die channel, do not relax immediately. 

When the polymer melt exits the channel, some stresses are still present and cause 

the material to expand back. The shorter the die channel, the more the tendency of 

the polymer melt to go back to the original thickness. Die swell can be calculated with 

the following equation: 

 

rs =
Dx

Dd
 

Equation 1.3 

 

Rs : Swell ratio 

Dx : diameter of the extruded filament 

Dd : Diameter of the die orifice 

One solution to reduce the die swell is to use a longer die channel so the polymer 

melt has more time to adapt to the new shape. Other options include changing the 

temperature (change in viscosity) or change the channel length.  

 

1.4.2.3 Extrusion equipment 

 

To produce a homogeneous filament, the polymer melt should be accurately mixed 

before reaching the extrusion die. The mixing happens within the barrel (Figure 1.11). 

The internal diameter of the barrel might vary from 25 to 150 mm, while the length / 

internal diameter ratio is between 10 and 30. The feedstock material is fed by gravity 

in the hopper onto the rotating screw. Extruders can be equipped with one or two 

screws (the latter known as twin-extruder). For simplicity the present section refers to 

a single screw extruder. The initial heat will be provided by heaters along the barrel; 

subsequently the mechanical mixing will generate additional heat. The material is 

conveyed toward the die by the action of the screw. Before reaching the die, the 

polymer melt passes through a breaker plate which has few different functions: a) 

breaks down the hard lumps within the melt; b) builds pressure; c) reduces the 

polymer melt “memory” of the circular motion due to the rotation of the screw. The 
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last function is very important to avoid the filament to twist during the extrusion 

process.  

 

 

 

Figure 1.11 Representation of the hot melt extruder components (Groover 2007). 

 

The extrusion process is more efficient with polymers with high melt viscosity. Those 

polymers hold the shape while cooling down. The cooling is usually performed by air 

blowing. Figure 1.11 shows as the filament diameter is thicker compared to the die 

diameter for the viscoelasticity effect. To compensate the filament swelling, the die 

channel can be made longer or, the filament can be stretched using a pulling machine. 

 

1.4.2.4 Defects in extrusion 

 

Several defects can afflict the extruded filaments. One example is melt fracture where 

the residual stresses acting on the polymer melt after the passage through the die are 

still too high and they deform the filament surface. This is usually due to a sharp 

reduction at the die entrance (Figure 1.12) that causes a turbulent flow responsible 

for fracturing the melt. This contrasts with the gradually converging die in Figure 1.11. 

Therefore, to reduce melt fracture, a longer die with a progressive reduction in the 

diameter can be used.  

 



 
40 Introduction 

 

 

Figure 1.12 Representation of a melt fracture defect due to the sharply reduced die 

entrance. (Groover 2007). 

 

Another extrusion defect known as sharkskin (Figure 1.13 a) is due to the friction of 

the external surface of the filament against the die channel that slows down the 

movement forward. At the same time, the central part of the melt is moving faster, 

and this causes minor ruptures that roughen the surface. If the difference in flow 

speed between the external part of the filament and the central part is considerable, 

the filament will have the appearance of a bamboo pole. Here the name bambooing 

(Figure 1.13 b). These effects could be reduced by adding a small amount of lubricant 

to lower the friction of the materials against the inner barrel and diel. 

 

 

Figure 1.13 Illustration of two extrusion defects (a) Sharkskin (b) Bambooing (Groover 

2007). 

1.4.3 Coupling HME and FDM to manufacture medicines 

 

In the present work, lab-scale experiments were carried out preparing 50 gr of mixture 

and a single-screw hot melt extruder (Figure 1.14 and Figure 1.15). The extruder used 

in this work was much smaller compared to the industrial extruders with an internal 

diameter of 25 mm and the length / internal diameter ratio is about 10. 
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Figure 1.14 FDM 3DP process. 

 

 

 

Figure 1.15 Hot melt extruder employed in the work presented in this thesis. 

 

In order to be loaded into the FDM printer, the filament must have a diameter between 

1.7 and 1.8 mm in diameter. However, by using a 1.7 mm die, the final thickness of 

the filament is higher (1.8-1.9 mm). This phenomenon has been explained in 

paragraph 1.4.2.2. Therefore, the ideal die for this work was 1.5 mm (Figure 1.16). 
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Figure 1.16 Image of the extruder dies. From the left 1.5, 1.7 and 2.0 mm hole 
diameter. 

 

The drug can be loaded into the filament by using two different methods: a) extrude 

a filament and then impregnate the drug by passive diffusion leaving the filament 

immerse in a drug solution for a long time; b) incorporate the drug in the powder 

mixture prior to extrude the filament. In the first case the quality of the filament is 

higher but the drug diffusion inside the filament is limited (less than 2%) (Goyanes et 

al. 2014, Goyanes et al. 2015a) (Skowyra et al. 2015). In the second case, the quality 

of the extrudate might be affected by the drug, which is not a thermoplastic 

component, however, much higher drug loadings could be achieved (Goyanes et al. 

2017a, Verstraete et al. 2018). Therefore, extruding drug loaded filaments was 

considered to be the best option.  

 

When the drug or other excipients are added to the mixture, filaments need to 

maintain good physical and mechanical properties in order to be printable. Table 1.2 

shows the criteria for extruded filaments to be regarded as suitable for FDM printing, 

(Aho et al. 2015, Fuenmayor et al. 2018, Nasereddin et al. 2018). 
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Table 1.2 Physical and mechanical properties of the filaments to be assessed to 

evaluate the suitability for FDM 3D printing (Awad et al. 2018b). 

 

The right diameter and uniformity of the filament are essential for ensuring an 

uninterrupted printing process. In case the filament becomes too thick it would no 

longer be able to pass through the liquefier (Figure 1.6). As such, the use of lubricants 

(e.g. magnesium stearate) may be useful (especially for less expensive extruders 

equipped with a single screw) lo lubricate the internal channel of the extruder and 

enabling a smoother extrusion with a more homogeneous diameter of the extrudate 

(Beck et al. 2017, Goyanes et al. 2017a). The balance between stiffness and 

brittleness is also important for the filaments (Korte et al. 2018b). In case of excessive 

stiffness, the filament cannot be bent onto spools with a limited use. On the other 

hand, excessive brittleness may cause the rupture of the filament during the printing 

process. In such cases, a plasticizer added to the composition may help to improve 

the flexibility and strength of the filament. However, choosing the right plasticiser with 

the right amount is crucial. An excessive addition of plasticizer may cause the filament 

to become too soft being unable to be loaded in the printer. Therefore, recent works 

aimed at predicting the printability of filaments by using validation methods to assess 

their mechanical properties (Fuenmayor et al. 2018, Nasereddin et al. 2018, Dizon et 

al. 2018, Elbadawi 2019, Solanki et al. 2019, Aho et al. 2019). 

 

1.4.4 Application of FDM in pharmaceutics 

 

The first attempt to utilise FDM 3D printing for the manufacture of oral dosage forms 

was made in 2014 (Goyanes et al. 2014) (Figure 1.17). 
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Figure 1.17 FDM Makerbot 2X employed by Goyanes et al. in 2014 (Goyanes et al. 

2014) and for the work reported in this thesis. 

 

In that work tablets with different internal density (infill percentage) were 

manufactured. The infill percentage is the degree to which the object is filled with 

material inside. When the infill percentage is 100% no empty spaces will be left inside. 

Differently, when the infill is set to be, for instance 25%, only 25% of the volume inside 

the object will be occupied by the material. Figure 1.18 provides a visual example of 

different percentages of infill.  

 

 

 

Figure 1.18 horizontal cross-sections of printlets with different infill percentages: 100, 

50 and 25%.  

 

Tablets with less infill dissolved faster due to the higher surface area in contact with 

the dissolution media. Other works brought to the same conclusions (Goyanes et al. 

2015a, Kadry et al. 2018). Interestingly, at lower infill percentages (< 20%), the 

density of 3D printed tablets is particularly low that promotes their floating. The 
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floating effect can be exploited to increase their residence time in the stomach, 

prolonging drug release, a phenomenon known as gastro-retention (Chai et al. 2017). 

A different approach was used by Fu et al. (Fu et al. 2018a) that realised a floating 

scaffold by FDM to aid floating of conventional compressed tablets (Figure 1.19). 

 

 

Figure 1.19 Two different configurations of Tablet-in-Device (TiD) system. (Fu et al. 

2018a). 

 

An innovative way to reduce the dissolution time and personalise the release profile 

was to design channelled tablets (Sadia et al. 2018a). By controlling the size and 

number of the channels (e.g. width, length and configuration), the drug release could 

be tailored to meet the required dissolution time. Similarly, a radiator-like oral 

formulations (Figure 1.20) were fabricated to increase the surface area in contact with 

the dissolution media (Isreb et al. 2019) or formulations with holes (Gültekin et al. 

2019, Ibrahim et al. 2019). All these complex geometries would be unrealizable by 

conventional manufacturing processes. 
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Figure 1.20 (A1) Model of the radiator oral formulation (A2) photograph of the 3D 

printed formulation (B1) Top view, (B2) side view and (B3) photograph of different the 

3D printed devices (Isreb et al. 2019). 

 

Additionally, oral formulations including internal gaps, termed gaplets, were 

manufactured to facilitate fragmentation, obviating the need for disintegrants (Arafat 

et al. 2018b).  

Similarly, 3D printed networks having varying densities were also realised (Korte et 

al. 2018a). The size and shape of the formulation can also be utilised to control the 

drug release (Skowyra et al. 2015, Pietrzak et al. 2015, Arafat et al. 2018a). Equally, 

the change in the geometrical shape of a 3D printed tablet was found to influence the 

drug release profile (Goyanes et al. 2015e). Size and shape are also important in 

terms of patient acceptability. The first study on patient acceptability of 3D tablets 

showed (Goyanes et al. 2017b) that the torus shape was the most preferable in terms 

of ease of handling and swallowing (Figure 1.21) while the tilted diamond scored the 

lowest in terms of swallowing preference due to the edge of this shape. 
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Figure 1.21 Image of the FDM 3D printed tablet with different shapes and dimensions 

employed in the patient acceptability study. Ruler in cm. (Goyanes et al. 2017b). 

 

The manufacture of 3D printed oral formulations including more than one active 

ingredient by FDM was investigated in 2015 by Goyanes et al. that fabricated caplets 

with different arrangements (multilayer caplets and DuoCaplets) (Goyanes et al. 

2015f). In multilayer caplets, the caplet was printed with alternated horizontal layers, 

while the DuoCaplets contained one drug in the core and one drug in external part. 

Similarly, FDM has been successfully employed to produce a polypill containing 2 

antihypertensive drugs (Sadia et al. 2018b) and 4 drugs to tackle cardiovascular 

diseases (Figure 1.22) (Pereira et al. 2019). However, manufacture of polypills by 

FDM might pose technical challenges as well as material compatibility issues due to 

adhesion of printing layers and co-ordination of printing heads (Sadia et al. 2018b). 

 

Figure 1.22 False-coloured SEM images showing the cross section of the two polypill 

configurations with four different drugs in different orders (Pereira et al. 2019).  

 

FDM 3D printing was also employed to realise hollow capsule shells with separate 

dual compartments (Maroni et al. 2017) (Melocchi et al. 2018). The individual 
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compartments can be manufactured using the same or different materials and/or 

thicknesses, starting the release of the drug from each compartment at different 

times. Oral capsule can be filled with powders or even liquids (Okwuosa et al. 2018) 

(Markl et al. 2017). In other two works, the liquid drug formulation was injected during 

the printing process to obtain delayed release formulations (Smith et al. 2018a, Smith 

et al. 2018b, Linares et al. 2019). Similarly, Zhao et al. (Zhao et al. 2018) fabricated 

an FDM printed shell, subsequently injected with a drug loaded gel to obtain a convex 

release profile due to the shell model structure. Recently FDM has been coupled with 

inkjet printing to produce personalised anti-counterfeit printlets with QR code ( Figure 

1.23) (Trenfield et al. 2019). 

 

Figure 1.23 Left: Representation of the combination of FDM and inkjet printing for 

anti-counterfeit measures. Right: 3D printed tablets with anti-counterfeit designs. A) 

data matrices. B) QR codes. Ruler in cm. (Trenfield et al. 2019). 

 

Apart from tablets and capsules, FDM was employed to realise a wide range of other 

pharmaceutical formulations such as, wearable personalised orthodontic retainers 

(Jiang et al. 2019a), orodispersible films (Ehtezazi et al. 2018) topical masks 

(Goyanes et al. 2016a), transdermal microneedles (Luzuriaga et al. 2018), 

intratumoral implants (Yang et al. 2018), vaginal rings (Fu et al. 2018b), intravescical 

devices (Figure 1.24), intra-uterine devices (IUD) and subcutaneous devices (Genina 

et al. 2016, Melocchi et al. 2019) (Hollander et al. 2016). Additionally, FDM has been 

employed to print molds for candies for ulcers and suppositories (Jiang et al. 2019b, 

Tagami et al. 2019). 
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Figure 1.24 Images of the 3D printed intravesical device before and during the shape 

recovery experiments (37 °C). (Melocchi et al. 2019). 

 

1.5 FDM 3D printing in early phase drug development 

 

Drug development is a time-consuming and costly process. During the early phase 

drug development, which covers from preclinical trials to Phase I clinical trials, a wide 

range of doses is given to obtain the initiation information (e.g. safety, tolerability, and 

toxicity) for decision making on the acceptability of the new drug candidate. 

Nowadays, the failure rate and the overall cost of drug development is high during 

early phase development; in 2014 only 11% of drugs in Phase I trials were approved 

by the Food and Drug Administration (FDA) (Hay et al. 2014). In this case, it is 

essential to obtain a formulation that is ideally inexpensive with adequate 

bioavailability and high dose flexibility and can be progressed rapidly. However, 

traditional manufacturing processes often do not support the small-batch production 

of such formulation in early phase development. As such, there presents the need for 

new approaches to produce customisable dosage forms for a rapid screening of drugs 

at low cost with high reproducibility and simplicity early on in drug development.  

Using such technology could facilitate entry into clinical trials, and hence accelerate 

the rapid clinical go/no-go decisions required early on in drug development (Trenfield 

et al. 2018c). 

 

1.5.1 Pre-clinical studies and FIH trials 

 

Preclinical studies typically involve a series of experiments using in vitro and in vivo 

models to evaluate aspects of pharmacokinetics, pharmacodynamics, and toxicology 
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(Gao et al. 2017). The data obtained often prepares the way for the selection of a new 

drug, and associated dosing schedules, to take forward into FIH clinical trials (Dorato 

et al. 2005, FDA 2005). In vivo studies are based on animal models, particularly in 

rodents (rats, mouse) due to their low cost, fast reproduction rate, and physiological 

similarities with humans (Hatton et al. 2015). Following preclinical testing, the drug 

can progress into FIH studies, which represent the first time that the drug is 

administration into human subjects. These studies are conducted with the aim of 

obtaining safety, tolerability, and pharmacokinetic information in a small group of 

volunteers (typically 10-15) (Buoen et al. 2005). Based on the obtained preclinical 

data, administration given in humans starts at lower doses, which escalates 

incrementally up to 800-fold (Trenfield et al. 2018c).  

 

1.5.2 Motivations for using FDM 3D printing in early phase drug development 

 

3D printing (moving forward in this thesis, by 3D printing will be meant FDM 3D 

printing, unless otherwise stated) could be potentially adapted as an alternative 

platform to benefit early phase drug development by allowing ‘small-batch’ production 

of formulations with low cost and dosing flexibility. The motivations of employing 3D 

printing in preclinical studies and FIH trials could be subdivided into three main 

sections that will be discussed in turn. 

 

1.5.2.1 Dose flexibility 

 

During preclinical studies, frequent dose escalations and adjustment of doses in real-

time are commonly required based on toxicological and pharmacological results. 

Dose flexibility is typically achieved by liquid dosage forms, but solubility and stability 

might be challenging. Solid dosage forms (tablets and capsules) may also be used 

but manufacturing processes, in terms of time and cost, may limit their uses. Liquid 

formulations such as solutions and suspensions require staff to manually dosing the 

medicine which can be laborious and time-consuming (Kuentz et al. 2016). 3D 

printing is a flexible platform that could potentially overcome such challenges for 

preclinical studies or FIH trials. This can be achieved by producing personalised 

printlets in small batches. By physically changing the dimensions of the printlets or 

infill percentage, a variety of doses could be covered (Goyanes et al. 2014, Pietrzak 

et al. 2015). On the other hand, drug concentration in the final dosage form can be 

modified by changing the initial drug loading in the ‘feedstock’ material.  With such a 

versatile technology, dosage forms can be easily and precisely manufactured with the 
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target dose to suit different requirements during preclinical testing, potentially 

accelerating FIH trial entry.  

 

1.5.2.2 Immediate manufacture 

 

3D printing is a powerful and compact tool that could be particularly attractive and 

useful to suit laboratory or clinical trial setting. This technology enables immediate 

manufacture (in seconds) and on-demand production of products. In terms of 

formulation development, rapid production of different dosage forms by 3D printing 

helps the formulator to evaluate different factors such as excipient inclusion and 

compatibility in an easier and quicker manner (Trenfield et al. 2018c). In regards of 

FIH trials, 3D printing could be highly beneficial for medicines with poor stability (e.g. 

liquid formulations) and short shelf life by quick production of printlets. This could 

potentially eliminate the need for stability-improving measures (e.g. refrigeration or 

addition of preservatives) and shorten the time for storage testing, which is typically 

time-consuming and may delay FIH trial entry (Capretto et al. 2017).  

 

1.5.2.3 Unique characteristics 

 

3D printing can be integrated into a laboratory setting for scientists to customise 

printlets with unique characteristics. For example, mini-tablets and size 9 capsules 

could be convenient for dosing rodents in preclinical studies (Shah et al. 2011). 

Goyanes et al. demonstrated the feasibility of 3D printing in fabrication of dosage 

forms with various sizes and geometries for better understanding of gastric emptying 

in rats (Goyanes et al. 2018). By coupling hot melt extrusion and 3D printing (Zhang 

et al. 2017), it presents a potential strategy to formulate drugs with low water solubility 

as a solid dispersion within the polymer matrix, hence improve bioavailability (Ayad 

2015). Within FIH trials, tailored printlets could be useful to aid patients with 

swallowing difficulties that might otherwise be excluded from the unblinded trials (e.g. 

paediatrics and geriatric populations). For blinded trials, 3D printing could be a useful 

tool to formulation dosage forms for drug masking or taste masking. For example, in 

the DuoCaplets design, which is a two-compartment device, the size of the internal 

compartment can be changed (and so the dose) without being noticeable from the 

outside (Goyanes et al. 2015f).  

 



 
52 Introduction 

Encouragingly, by selecting appropriate polymers, 3D model designs, and printing 

parameters, printlets could be developed to have any desired drug release profile to 

suit specific needs.  

 

The drug release mechanism can be characterised as immediate release or modified 

release. On one hand, immediate release formulations disintegrate as soon as they 

reach the stomach for a rapid therapeutic effect (Figure 1.25). On the other hand, 

modified release dosage forms are formulations in which the drug-release 

characteristics of time course and/or location are chosen to accomplish therapeutic 

or convenience objectives not offered by conventional dosage forms. Examples of 

modified release drug products include delayed release formulations (e.g. enteric 

coated) where the drug is released with a delay after its administration. Oral enteric 

dosage forms (gastro-resistant formulations) are used clinically to prevent drug 

release in the stomach and allow release in lower regions of the gastrointestinal (GI) 

tract. The enteric polymers in use include synthetic or semi-synthetic pH sensitive 

material containing ionisable carboxylic acid groups that remain unionised in the low 

pH conditions of the stomach but become ionised at the higher pH environment of the 

small or large intestines, therefore enabling the coating to dissolve and the drug to be 

released (Liu et al. 2009).  

 

Another type of modified release is the one providing a zero-order kinetics (Figure 

1.25). In zero-order reactions, the release rate is independent of drug concentration. 

On the other hand, in a first-order release, the release rate is proportional to the 

concentration of one reactant while in a second-order release, the release rate is 

dependent to either the square concentration of one reactant, or the product of the 

concentrations of two reactants each raised to the first power (i.e. second order 

overall) (Aulton et al. 2017).  
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Figure 1.25 Comparison between first-order and zero-order release kinetics. 

 

FDM 3D printing offers the possibility of fabricating a range of solid oral dosage forms, 

including complex modified release products. Several studies have previously 

demonstrated delayed release profiles (Smith et al. 2018a, Linares et al. 2019, Xu et 

al. 2019). For example, Smith et al. prepared 3D printed capsule shells using polyvinyl 

alcohol and filled the shells with liquid formulations containing API. By varying the wall 

thickness, referring to the 1-wall, 3-wall, and 5-wall capsules in the study, different 

drug release time can be tailored in a controlled and delayed manner (Smith et al. 

2018a). 

 

 

 

Figure 1.26 (A) Images of CAD drawings for 1-, 3- and 5-Wall capsules, (B) Image of 

the printed capsules and (C) A predicted drug release profile for three printed 

capsules with various capsule wall thicknesses (Smith et al. 2018a). 

 

On the other hand, intermittent release profile was demonstrated by Sun and Soh to 

deliver drug in pulses (Sun et al. 2015). In this study, the fabricated printlet contains 
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three components, an impermeable polymer, a surface-eroding polymer without drug, 

and a surface-eroding polymer with drug. In this regard, the whole tablet is coated 

with impermeable polymer except for the opening at the top, therefore, the release of 

drug can be tailored by changing the shape of the surface-eroding polymer. The 

release will be regulated by the surface area to volume ratio.  

  

 

 

Figure 1.27 An illustration of a) the 3D model of the tablet. b) Example of drug 

releases according to the shape of the surface-eroding polymer that contains the drug 

(Sun and Soh 2015). 

 

The surface area volume ratio concept was first investigated by Goyanes et al. that 

manufactured printlets with different shapes (cube, pyramid, cylinder, sphere and 

torus) concluding that the drug release kinetics showed no dependence on the 

surface area but rather on surface area to volume ratio (Goyanes et al. 2015e). 

Similarly to the previous work, PVA has been employed recently to print spheres with 

internal cavities of different shape (Xu et al. 2019). Those cavities were then filled 

with a drug loaded gel. The different releases were achieved based on the shape of 

the cavity, the cylindrical one provided a constant release, the horns released less 

drug initially due to the small exposed surface, then the rates of release increased 

with time. The opposite release was obtained with the reversed horn.  
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Figure 1.28 (a) The first 3D model is a sphere containing 4 cylindrical cavities 

(Cylinder model). (b) The second 3D model is a sphere with 4 horn cavities (Horn 

model). (c) The third 3D model is a sphere with 4 reversed horn cavities (R-Horn 

model) (Xu et al. 2019).  

 

1.6 Thesis aims and outline 

 

The main aim of the work reported in this thesis was to investigate fused deposition 

modeling (FDM) 3D printing as an innovative platform to manufacture personalised 

modified-release oral printlets. FDM was selected amongst all the 3D printing 

technologies because of the possibility to manufacture thin but at the same time 

robust structures, that will help to develop unconventional releases. Powder bed 

based 3D printing technologies are more suitable for fast dissolving formulations 

(Spritam®, the first FDA-approved 3D printed tablet (Aprecia 2019) while 

stereolithography based technologies are using materials with toxicity concerns. 

Therefore, FDM was the best technology to produce modified-release formulations 

that with the potential to go into the clinic. 

 

availability of pharmaceutical grade excipients working with FDM. More importantly, 

the printlets have  possibility to print with different filaments robust structures (even  

This work will benefit scientist and clinicians working in early development stages to 

immediately prepare personalised oral formulations as well as patients that would 
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receive tailored medicines (personalised release, shape, colour etc.) increasing the 

acceptability to the treatment (Goyanes et al. 2017b). 

  

The second chapter will be investigating hot melt extrusion (HME) to produce drug 

loaded filaments suitable to 3D print delayed release printlets including only 

pharmaceutical grade excipients. The aim of the work was to manufacture 

personalised (different drug loading or different release time) delayed release 

formulations in a single-step process by 3D printing avoiding coating processes 

commonly used for delayer release formulations. Two different drug loadings, 5 and 

50% w/w of drug and two different infills 20 and 100% were investigating in terms of 

manufacturing and release profiles. 

 

The third chapter will be investigating FDM 3D printing to fabricate shell-core printlets 

including a slow release matrix core and an insoluble release regulating shell. The 

aim of the work was to manufacture printlets able to release the drug with zero-order 

release profiles within a personalised time without changing the excipient composition 

of the printlet. Three different infills of the core (100, 50, 25%) as well as different shell 

3D models including one or two holes with 6 or 8-mm diameter were investigated to 

produce the range of zero-order releases. Mechanical and rheological 

characterization of filaments and printlets was carried out to provide understanding of 

the excipient’s behaviour in FDM 3D printing. 

 

The fourth chapter will be investigating the manufacture of osmotic pump tablets. 

Osmotic tablets are commonly used in first in human trials (FIH) to provide robust 

results at early stages, however, frequent dose adjustments are required, with time 

and money consuming reformulations. Therefore, the main aim was to investigate 

FDM 3D printing as a flexible platform to produce osmotic tablets with different drug 

loadings, without the need of reformulating the tablet composition. The work was 

carried out by investigating the manufacture of a swellable core and a semipermeable 

membrane. Mechanical and rheological characterization of filaments, printlets and 

membranes was carried out to provide understanding for future development. 
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2 FDM 3D printing of delayed release printlets 

 

2.1 Overview 

 

Delayed release oral formulations require multiple steps for their manufacture. In this 

chapter hot melt extrusion (HME) and fused deposition modelling (FDM) 3D printing 

were coupled to manufacture delayed release printlets (3D printed tablets) in a single-

step. Different grades of Eudragit® and hydroxypropylmethyl cellulose acetate 

succinate (HPMC-AS) polymers were evaluated in terms of extrudability. HPMC-AS 

filaments resulted particularly suitable for FDM 3D printing. Printlets with different 

drug loading (5 and 50% w/w paracetamol) and different internal filling (20 and 100%) 

were realised. All printlets released less than 10% of the drug in the first 2 h, 

complying with the USP requirement for delayed release formulations (less than 10% 

drug release in the first 2 h at pH 1.2). 

 

2.2 Introduction 

 

FDM 3D printing offers the possibility of fabricating solid oral dosage forms, including 

complex modified release products. Eudragit® (Poly(meth)acrylates) polymers were 

first developed in 1954 to preserve the drug during the transit in the acidic stomach 

environment, until the drug reaches the intestine where the pH is higher, and the 

absorption could be more effective (Evonik 2019). Different grades of enteric 

Eudragit® are available on the market which differ in terms of dissolving pH threshold: 

L100-55 dissolves at pH > 5.5 (duodenum), L100 dissolves at pH 6-7 (Jejunum), S100 

dissolves at pH >7 (ileum and colon). HPMC-AS is another enteric polymer, which is 

mixture of acetic acid ad monosuccinic acid esters of hydroxypropylmethyl cellulose. 

HPMC-AS is marketed in three different grades depending on the ratio between acetyl 

and succinoyl groups - L, M and H - with pH thresholds of 5.5, 6.0 and 6.5 respectively 

(Rowe et al. 2009, Shin-Etsu_AQOAT 2015).  

 

The manufacture of budesonide FDM 3D printed tablets with enteric properties 

comparable to two commercial formulations was previously reported by coating 3D 

printed cores with an enteric polymer (Eudragit® L100) in a fluid bed coater (Goyanes 

et al. 2015b). More recently, Eudragit L100-55 filaments were produced and used to 

print the coating of 3D printed cores to provide enteric properties, avoiding the use of 

fluid bed coating (Okwuosa et al. 2017). Although it is necessary to use two filaments, 
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this approach allows the fabrication of single dosage forms and eliminates the need 

of batches for the coating process, one for the core with the drug and one for the 

external layers. A method for rapidly producing delayed release tablets without the 

need for a separate coating or multiple printing nozzles in which the dose can be 

tailored to individual patients with appropriate drug release properties would be of 

great value to produce medicines at the point of dispensing. 

  

2.3 Aims 

 

Delayed release oral formulations are required to prevent the release of the drug in 

the stomach for several different conditions. However, their conventional manufacture 

required multiple steps. This study explored the combination of HME and FDM 3D 

printing to manufacture, using a single extruded filament, delayed release matrix 

printlets containing paracetamol. 

 

The aims of Chapter 2 included: 

 

To extrude filaments using a range of pharmaceutical grade polymers conventionally 

used to manufacture delayed or modified release tablets.  

 

To investigate how different drug loadings (5 and 50% w/w) and different internal 

structure (20 and 100% infill) would change the printability of the formulations. 

 

To evaluate the physical characteristics of the filaments and printlets by using 

scanning electron microscopy (SEM), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), X-ray powder diffraction (XRPD) and X-ray Micro 

Computed Tomography (Micro-CT). 

  

To evaluate the drug dissolution behaviour in biorelevant media based on the different 

drug loading or infill. 

 

2.4 Materials 

 

Paracetamol USP grade (Sigma-Aldrich, UK) was used as a model drug (BCS Class 

I, high solubility and high permeability, MW 151.16, solubility at 37ºC: 21.80 g/L 

(Yalkowsky et al. 2003)). Enteric Eudragit® polymers L100, S100 and L100-55 were 
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kindly donated by Evonik, UK. Eudragit® L 100 and Eudragit® S 100 are anionic 

copolymers based on methacrylic acid and methyl methacrylate. The ratio of the free 

carboxyl groups to the ester groups is approx. 1:1 in Eudragit® L 100 and approx. 1:2 

in Eudragit® S 100. Eudragit L100-55 is a copolymer of methacrylic acid and ethyl 

acrylate (1:1 ratio). Eudragit® time-controlled release polymers (RS, RL) were kindly 

donated by Evonik, UK. Eudragit® RL and RS are poly ethyl acrylate, methyl 

methacrylate, trimethylammonioethyl methacrylate chloride with the ratio 1:2:0.2 and 

1:2:0.1 respectively. Ammonium groups are present as salts and make the polymers 

permeable (RL is more permeable). Ethyl cellulose Aqualon N7 (ethoxyl-grade N, 

ethoxyl content 48.0–49.5%, viscosity 5.6–8 mPa·s) (kindly donated by Ashland) and 

mannitol (Sigma-Aldrich, UK) were used to improve the extrusion process. Three 

different types of granular hydroxypropylmethyl cellulose acetate succinate – HPMC-

AS LG, HPMC-AS MG and HPMC-AS HG – (Aqoat®, from Shin-Etsu Chemical, 

Japan) were evaluated. Methylparaben NF grade (Amresco, USA) was used as a 

plasticizer, and magnesium stearate (Sigma–Aldrich Co. Ltd., UK) as a lubricant. The 

salts for preparing the buffer dissolution media were purchased from VWR 

International Ltd., UK 

 

2.5 Methods 

 

2.5.1 Preparation of drug-loaded filaments by hot melt extrusion (HME) 

 

For each batch, 40 g of a blend of drug and excipients was prepared. The excipients 

were mixed in a mortar with the drug (paracetamol), until no agglomerated particles 

of drug or polymers were observed. The compositions of the formulations evaluated 

in this study are listed in Table 2.1. The theoretical drug contents of the mixtures were 

5 or 50% w/w. The mixture of drug and excipients was then extruded using a single-

screw filament extruder (Noztec Pro hot melt extruder, Noztec, UK) in order to obtain 

the drug loaded filament (extrusion temperature 80-110°C, Table 2.1, nozzle diameter 

1.75 mm, screw speed 15 rpm). The extruded filaments obtained were protected from 

light and kept in a vacuum desiccator until printing.
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 Table 2.1 Composition (% w/w) and extrusion temperature of the hot melt extruded core filaments. 

Filaments 
Eudragit

® S100 

Eudragit

® L100 

Eudragit® 

L-100-55 

Eudragit

® RS 

Eudragit

® RL 

Ethyl 

cellulose N7 

HPMC-

AS LG 

HPMC-

AS MG 

HPMC-

AS HG 
Mannitol 

Methyl 

paraben 

Parace

tamol 

Extrusion 

temperature (ºC) 

S100 75          15 5 130 

L100  75         15 5 95 

L100-55   75        15 5 95 

L100-55-M   55       20 15 5 105 

L100-55-EC   55   20    
 

15 5 140 

RS    75      
 

15 5 80 

RL     75     
 

15 5 80 

HPMC-AS LG/5       75    15 5 80 

HPMC-AS MG/5        75  
 

15 5 80 

HPMC-AS HG/5         75  15 5 80 

HPMC-AS LG/50       40    5 50 110 

HPMC-AS MG/50        40   5 50 100 

HPMC-AS HG/50         40 
 

5 50 110 

All filaments contained 5% w/w magnesium stearate.
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2.5.2 FDM 3D printing  

 

Oral drug delivery formulations were manufactured from the drug-loaded filaments 

using a commercial FDM 3D printer (MakerBot Replicator 2X, MakerBot Inc, USA). 

AutoCAD 2014 (Autodesk Inc., USA) was used to design the templates of the 

printlets, exported as a stereolithography (.stl) file into 3D printer software 

(MakerWare v. 3.7.0, MakerBot Inc., USA). The selected 3D geometry was a 

cylindrical printlet (10 mm diameter x 3.6 mm height). The .stl format contains only 

the object surface data, and all the other parameters need to be defined from the 

MakerBot software in order to print the desired object. The printer settings were 

selected as follows to obtain printlets with the best resolution: High resolution without 

raft and an extrusion temperature of 180-190°C (Table 2.2), speed while extruding 

(90 mm/s), speed while travelling (150 mm/s), number of shells (2) and layer height 

(0.10 mm). The calibration procedure was performed every day before printing and 

within the same day if numerous printlets were produced. The procedure suggests 

that between the nozzle and the platform there must be enough space for a piece of 

thin paper to freely move in between. Two infill percentages were selected (20 and 

100%) in order to produce printlets of low and high density. 
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Table 2.2 Printing parameters and properties of the printlets. 

Printlets Filaments 

Printing 

infill 

(%) 

Printing 

temperature (°C) 

Platform 

temperature (°C) 

Weight 

(mg ± SD) 

Diameter 

(mm ± SD) 

Drug loading 

(% ± SD) 

S100-P S100 - - - - - - 

L100-P L100 - - - - - - 

L100-55-P L100-55 - - - - - - 

L100-55-M-P L100-55-M 100 190 40 356.1 ± 7.6 9.1 ± 0.6 4.9 ± 0.2 

L100-55-EC-P L100-55-EC 100 190 40 314.2 ± 6.5 8.5 ± 0.6 4.8 ± 0.3 

RS-P RS 100 170 40 410.7 ± 15 10.3 ± 0.4 5.1 ± 0.1 

RL-P RL 100 185 40 388.8 ± 12 10.4 ± 0.4 4.9 ± 0.3 

LG 5/20-P HPMC-AS LG/5 20 190 40 265.6 ± 6.2 10.1 ± 0.2 5.0 ± 0.3 

LG 5/100-P HPMC-AS LG/5 100 190 40 371.5 ± 5.1 10 ± 0.1 4.8 ± 0.2 

MG 5/20-P HPMC-AS MG/5 20 190 40 260.1 ± 5.5 10.1 ± 0.2 4.8 ± 0.1 

MG 5/100-P HPMC-AS MG/5 100 190 40 368.1 ± 4.3 10 ± 0.1 4.9 ± 0.1 

HG 5/20-P HPMC-AS HG/5 20 190 40 255.2 ± 7.8 9.9 ± 0.2 5.0 ± 0.2 

HG 5/100-P HPMC-AS HG/5 100 190 40 364.3 ± 4.1  10 ± 0.2 5.0 ± 0.3 

LG 50/20-P HPMC-AS LG/50 20 180 40 261.5 ± 10.9 10.1 ± 0.3 48.3 ± 0.6 

LG 50/100-P HPMC-AS LG/50 100 180 40 387.4 ± 9.5 9.8 ± 0.2 48.2 ± 0.7 

MG 50/20-P HPMC-AS MG/50 20 185 40 268.2 ± 12.1 10 ± 0.4 46.9 ± 1.0 

MG 50/100-P HPMC-AS MG/50 100 185 40 378.1 ± 10.2 9.9 ± 0.2 46.8 ± 0.9 

HG 50/20-P HPMC-AS HG/50 20 180 40 270.2 ± 11.3 9.8 ± 0.3 49.2 ± 0.5    

HG 50/100-P HPMC-AS HG/50 100 180 40 390.6 ± 7.6 10.1 ± 0.3 49.0 ± 0.8 

- The filament was not extrudable 
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2.5.3 Determination of printlets strength 

 

The crushing strength of three printlets of each type was measured using a traditional 

tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm, Germany), whereby 

an increasing force is applied perpendicular to the printlet axis to opposite sides of a 

printlet until the printlet fractures.  

 

2.5.4 Determination of printlets friability 

 

Approximately 6.5 g of printlets were weighed and placed into the drum of a Friability 

Tester Erweka type TAR 10 (Erweka GmbH, Heusenstamm, Germany). The drum 

was then rotated at 25 rpm for 4 min and the sample re-weighed. The friability of the 

cores is given in terms of weight loss, expressed as a percentage of the original 

sample weight. 

 

2.5.5 Thermal analysis  

 

Differential scanning calorimetry (DSC) measurements were performed to excipients 

and 3D printed discs with a Q2000 DSC (TA instruments, Waters, LLC, USA) at a 

heating rate of 10°C/min, after preheating cycle to 120°C to remove residual water of 

the samples. Calibration for cell constant and enthalpy was performed with indium 

(Tm = 156.6°C, ∆Hf =28.71 J/g) according to the manufacturer’s instructions. Nitrogen 

was used as a purge gas with a flow rate of 50 mL/min for all the experiments. Data 

were collected with TA Advantage software for Q series (version 2.8.394) and 

analysed using TA Instruments Universal Analysis 2000. All melting temperatures are 

reported as extrapolated onset unless otherwise stated. TA aluminium pans and pin-

holed hermetic lids (Tzero) were used with an average sample mass of 8-10 mg.  

 

For thermogravimetric analysis (TGA), samples of drug, excipients and extruded 

filaments (average weight: 3-5 mg) were heated at 10°C/min in open aluminium pans 

with a Discovery TGA (TA instruments, Waters, LLC, USA). Nitrogen was used as a 

purge gas with a flow rate of 25 mL/min. Data collection and analysis were performed 

using TA Instruments Trios software and % mass loss and/or onset temperature were 

calculated. 
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2.5.6 X-ray powder diffraction (XRPD) 

 

Discs (23 mm diameter x 1 mm height, 100% infill) made from drug-loaded polymers 

filaments were 3D printed and analysed. Samples of pure paracetamol and pure 

HPMC-AS polymers were also analysed. The XRPD patterns were obtained in a 

Rigaku MiniFlex 600 (Rigaku, USA) using a Cu Kα X-ray source (λ=1.5418Å). The 

intensity and voltage applied were 15 mA and 40 kV. The angular range of data 

acquisition was 3–60° 2θ, with a stepwise size of 0.02° at a speed of 5°/min.  

 

2.5.7 X-ray Micro Computed Tomography (Micro-CT) 

 

A high-resolution X-ray micro computed tomography scanner (SkyScan1172, Bruker-

microCT, Belgium) was used to 3D visualize the internal structure, density and 

porosity of the printlets. Printlets were scanned using no filter with a resolution of 

2000x1048 pixels. Image reconstruction was performed using NRecon software 

(version 1.7.0.4, Bruker-microCT). Beam hardening, ring artefacts and post 

alignments were adjusted to obtain the best possible images. 3D model rendering 

and viewing were performed using the associate program CT-Volume (CTVol version 

2.3.2.0) software. The collected data was analysed using the software CT Analyzer 

(CTan version 1.16.4.1). Different colours were used to indicate the density and 

porosity properties of the extruded filaments and printlets. 

 

2.5.8 Scanning Electron Microscopy (SEM)   

 

Morphology of the extruded feedstock and printlets were evaluated by scanning 

electron microscopy (SEM) using a Philips XL30 FEG SEM, operating at 20 kV. 

Samples were placed on double-sided carbon tape, mounted on stubs and sputter 

coated using a Polaron E5000 machine with Au/Pd. Samples were coated for 1 

minute prior to imaging.  

 

2.5.9 Printlet morphology characterisation 

 

The physical dimensions of the printlets were measured using a digital calliper. 

Pictures of the filaments and printlets were taken with a Sony α6300 camera. 
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2.5.10 Determination of drug loading 

 

A printlet (approx. 0.3 g) was placed in a volumetric flask (1 L deionised water to 

which 2 drops of 5M NaOH were added to increase the pH in order to dissolve the 

polymers) under magnetic stirring until complete dissolution (n=2). Samples of 

solutions were then filtered through 0.45 m filters (Millipore Ltd., Ireland) and the 

concentration of drug determined with high-performance liquid chromatography 

(HPLC) (Hewlett Packard 1050 Series HPLC system, Agilent Technologies, UK). The 

validated HPLC assay entailed injecting 20 L samples for analysis using a mobile 

phase, consisting of water (85% v/v) and methanol (15% v/v), through a Luna 5 µm 

C8 column, 25 x 4.6 cm (Phenomenex, UK) maintained at 40°C. The mobile phase 

was pumped at a flow rate of 1 mL/min and the eluent was screened at a wavelength 

of 247 nm. All measurements were made in duplicate. 

 

2.5.11 Dynamic dissolution testing conditions 

 

Drug dissolution profiles for the formulations were obtained with a USP-II apparatus 

(Model PTWS, Pharmatest, Germany): 1) the formulations were placed in 750 mL of 

0.1 M HCl for 2 h to simulate gastric residence time, and then 2) transferred into 950 

mL of modified Hanks (mHanks) bicarbonate physiological medium for 35 min (pH 

5.6 to 7); 3) and then in modified Krebs buffer (1000 mL) (pH 7 to 7.4 and then to 6.5). 

The modified Hanks buffer based dissolution medium (Liu et al. 2011) (136.9 mM 

NaCl, 5.37 mM KCl, 0.812 mM MgSO4.7H2O, 1.26 mM CaCl2, 0.337 mM 

Na2HPO4.2H2O, 0.441 mM KH2PO4, 4.17 mM NaHCO3) forms an in-situ modified 

Kreb’s buffer (Fadda et al. 2009) by addition of 50 mL of pre-Krebs solution (400.7 

mM NaHCO3 and 6.9 mM KH2PO4) to each dissolution vessel. 

 

The formulations were tested in the small intestinal environment for 3.5 h (pH 5.6 to 

7.4), followed by pH 6.5 representing the colonic environment (Fadda et al. 2009, Liu 

et al. 2011, Goyanes et al. 2015c, Goyanes et al. 2015d). The medium is primarily a 

bicarbonate buffer in which bicarbonate (HCO3
-) and carbonic acid (H2CO3) co-exist 

in an equilibrium, along with CO2 (aq) resulting from dissociation of the carbonic acid. 

The pH of the buffer is controlled by an Auto pH SystemTM (Merchant et al. 2012, 

Merchant et al. 2014), which consists of a pH probe connected to a source of carbon 

dioxide gas (pH-reducing gas), as well as to a supply of helium (pH-increasing gas), 

controlled by a control unit. The control unit can provide a dynamically adjustable pH 
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during testing (dynamic conditions) and to maintain a uniform pH value over the 

otherwise unstable bicarbonate buffer pH. The paddle speed of the USP-II was fixed 

at 50 rpm and the tests were conducted at 37 +/-0.5°C (n=3). Sample of the 

dissolution media (1mL) was withdrawn every hour and the drug concentrations were 

determined by HPLC to calculate the percentage of drug released from the 

formulations. 

 

2.6 Results and discussion 

 

2.6.1 Eudragit-based printlets development 

 

The aim of this work was to couple HME and FDM to produce delayed release 

printlets. Conventionally, these formulations are manufactured following multiple 

steps, however, 3D printing could manufacture them with a single extruded filament, 

simplifying the manufacturing process. A range of different polymers commonly used 

for modified release formulation were investigated (Table 2.1).  

 

The first formulation was prepared by mixing only polymer, plasticizer and drug. 

Despite multiple attempts, with different plasticizer at different concentrations, all the 

extrusion processes failed. In some cases, nothing was coming out of the extrusion 

nozzle, in other cases filaments unsuitable for printing due to the lack of appropriate 

flexibility and resistance characteristics were produced. 

To improve the extrusion process, a lubricant, magnesium stearate, was added to the 

composition at 5% w/w to obtain an improvement of both the extrusion process and 

the quality of the filament (diameter, smoothness etc). Since then all the following 

mixtures were prepared with 5% w/w magnesium stearate. 

  

2.6.1.1 Eudragit S100, L100, L100-55 

 

Eudragit® polymers were first investigated, starting with Eudragit® S100. 

Methylparaben was selected as a main plasticizer due to its superior plasticization 

efficiency and delayed drug release profile compared with other plasticizers (triethyl 

citrate, polyethylene glycol 8000, citric acid monohydrate and acetyl tributyl citrate) 

as reported in a study with Eudragit S100 matrix pellets obtained by HME (Schilling 

et al. 2010). After some trials with different ratios of polymer/plasticizer, the best 

extrusion process was conducted including 15% w/w plasticizer in the powder 
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mixture. Filament S100 (Table 2.1) was successfully extruded with an excellent 

surface texture (Figure 2.1 and Figure 2.2).  

 

 

 

Figure 2.1 Eudragit-based filament. From left to right: S100, L100, L100-55, L100-55-

M, L100-55-EC, RL and RS. 

 

The filament was smooth, flexible and robust. However, a roller was required to pull 

those filaments in order to obtain the desired (1.75 mm) diameter. Without roller, the 

diameter was over 2.5 mm (1.8 mm is the maximum thickness allowed) employing a 

1.5 mm nozzle. 

 

  

  

Figure 2.2 SEM images of S100 filament. 
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Despite the apparently great physical properties of the filament, a preliminary 

evaluation of the FDM printability showed poor results. The high viscosity, responsible 

for the filament to be extruded with a 2.5 mm thickness from a 1.5 mm nozzle, was 

also affecting the printing process. When the filament was heated, the molten material 

regained the high viscosity and became unable to be extruded through the printing 

nozzle. 

 

Printability can be defined as a combination of mechanical, rheological, and physical 

properties that allows the filament: 

 

 to be loaded (correct diameter 1.7-1.8 mm); 

 

 to withstand the continuous feeding without swelling, breaking (excessive 

brittleness) or squeezing (low hardness); 

 

 to be extruded from the printing nozzle as melt polymer (correct viscosity); 

 

 to withstand the printing temperature without degrading; 

 

 to be able to deposit on a platform and retaining its shape layer after layer 

(fast cooling down with reduced deformation).  

 

When at least one of these conditions is missing, the filament is considered not 

printable. 

 

Two other Eudragit® polymers were then evaluated in L100 and L100-55 formulations 

(listed in Table 2.1). Although the extrusion process produced filaments with enviable 

properties (still using the pulling roller) (Figure 2.1 and Figure 2.3), the high viscosity 

was still a problem, impeding the printing process to succeed. 
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Figure 2.3 SEM images of L100-55 filament. 

 

In the attempt to reduce the expanding effect of the filaments after extrusion, either 

mannitol (soluble filler) or ethyl cellulose was added to the composition of formulations 

L100-55-M and L100-55-EC, respectively (Table 2.1). These two polymers have been 

selected being successfully employed in other hot melt extrusion works obtaining high 

quality filaments without expanding side effects (Hall et al. 2012, Goyanes et al. 

2017b). The filament’s diameter and aspect were still appropriate, especially for the 

filament containing ethyl cellulose (Figure 2.1 and Figure 2.4).  

 

 

 

 

 

 

 

 

 

 



 
71 Chapter 2: FDM 3D printing of delayed release printlets 

  

  

  

Figure 2.4 SEM images of L100-55-M (top) and L100-55-EC (bottom) filaments. 

 

Surprisingly, a preliminary evaluation of the printability led to a positive outcome 

(Figure 2.5). Comparably to PVA printlets prepared in previous studies (Goyanes et 

al. 2014, Goyanes et al. 2015a), printlets showed a plastic-like aspect with high 

strength. Evaluation of the mechanical properties of the tablets showed the absence 

of friability, while the conventional hardness test was not able to crush the printlets, 

displaying the highest recordable value for both formulations (>485N).  
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Figure 2.5 Printlets L100-55-M-P (left) and L100-55-M-EC-P (right). Ruler in cm. 

 

However, a considerable degree of shrinking was still present especially for L100-55-

M-EC, making the printing process challenging and the printlets smaller in size (L100-

55-M-EC was 8.5 mm in diameter) compared to the designed model (10 mm 

diameter). Shrinkage occurs because the density of polymer varies from the printing 

temperature to the room temperature. When a polymer melts, its viscosity reduces 

and it flows well, however, when it cools down the viscosity increases, causing the 

material to shrink. Additionally, the amount of material extruded from the printing 

nozzle was intermittent. As a consequence, these printlets were lighter in weight 

compared to the other formulations (Table 2.2). The dissolution profile of the above 

printlets was then evaluated in a dynamic dissolution test (Figure 2.6). 

 

 

 

Figure 2.6 Dynamic dissolution test of L100-55-M-P and L100-55-EC-P. The red line 

indicates the pH values. 
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The dissolution profile showed a slower release of the drug in the first 2 h for both 

formulations compared to the following hours due to the nature of Eudragit® L100-55 

(enteric polymer). However, the inclusion of an additional excipient in the formulations 

changed the dissolution properties of the polymer. When mannitol was included, 

being highly water-soluble, about 15% of the drug was released in the stomach 

condition, therefore not complying with USP requirement for delayed release 

formulations (less than 10% drug release in the first 2 h at pH 1.2). On the contrary, 

by adding ethyl cellulose (water-insoluble excipient), the release in the stomach was 

kept at minimum (between 1 and 2%), however, the overall release reached only 25% 

after 10 h.  

 

2.6.1.2 Eudragit RL and RS 

 

Due to the high viscosity of the Eudragit® enteric polymers, an evaluation of Eudragit® 

time-release polymers (Eugragit RL and RS) was performed (Table 2.1). 

Methylparaben was selected as plasticizer as previously stated suitable as a solid-

state plasticizer for Eudragit RS (Wu et al. 2003). Both Eudragit® RL and RS are 

water-insoluble polymers, however, RL has high permeability, while RS has low 

permeability (Evonik 2019).  These two polymers had a lower viscosity and the roller 

was no longer required to pull the filaments. Using a 1.5 mm nozzle, filaments with 

1.7-1.8 mm in diameter were extruded without pulling force. Filaments were slightly 

wavy and with some potions too irregular in diameter to be loaded into the printed 

(Figure 2.1, Figure 2.7).  
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Figure 2.7 SEM images of RS (top) and RL (bottom) filaments. 

 

Although the not ideal diameter, both filaments resulted printable (Figure 2.8). 

Printlets had a jelly appearance immediately after printing, then after cooling down 

they became hard and shiny. Mechanical properties showed the same results as the 

previous printlets (Table 2.2). 
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Figure 2.8 Printlets RS-P (left) and RL-P (right). Ruler in cm. 

 

The dissolution profile of the RS and RL printlets was also evaluated in the dynamic 

dissolution equipment (Figure 2.9). 

 

 

 

Figure 2.9 Dynamic dissolution test of RS-P and RL-P printlets. The red line indicates 

the pH values. 

 

RS released less than 5% of the drug in 10 h, while RL released 40% of the drug in 

the same time. However, being those polymers insoluble, most of the drug was not 

able to escape from the printlets, remaining trapped inside.  
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2.6.2 HPMC-AS-based printlets development 

 

Different grades of HPMC-AS (LG, MG, HG) were then evaluated in HME and FDM 

3D printing. All three powder mixtures (HPMC-AS LG/5, HPMC-AS MG/5 and HPMC-

AS HG/5) were prepared incorporating 5% w/w paracetamol, 15% w/w 

methylparaben (plasticizer), and 5% w/w magnesium stearate (lubricant) (Table 2.1). 

Methylparaben has been preferred to other plasticizers for the solid state (as powder) 

that ease the extrusion process with the extruder employed in the current study. 

 

The extrusion process for all three formulations was smooth and the extrusion 

temperature (80°C) was particularly low compared with a previous study conducted 

by Mehuys et al. (2005), where a mixture of HPMC-AS LG and 25% w/w plasticizer 

(triacetin) was prepared; even though the amount of plasticizer was almost double 

compared with the current study (15% w/w methylparaben) a higher extrusion 

temperature (110-120°C) was needed. This finding may highlight the important role 

of magnesium stearate in reducing the extrusion temperature. All the extruded 

filaments obtained in the present study showed the appropriate characteristics for 

3DP in terms of diameter and elasticity-brittleness (Figure 2.10). 

 

 

 

Figure 2.10 Hot melt extruded HPMC-AS based filaments. From left to right: HPMC-

AS LG/5, HPMC-AS MG/5, HPMC-AS HG/5, HPMC-AS LG/50, HPMC-AS MG/50 

and HPMC-AS HG/50. Ruler in cm. 
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2.6.2.1 Physical form characterisation 

 

TGA data for the drug and excipients (Figure 2.11) showed a noticeable mass loss 

for the active compound alone could be related to the first stage of decomposition, 

whereas previous studies already confirmed the stability of paracetamol in FDM 3DP 

at temperatures as high as 190°C (Goyanes et al. 2015e, Goyanes et al. 2015f). TGA 

data for magnesium stearate showed an excellent stability at the printing temperature 

and the weight loss observed before 100°C might be attributed to a loss of absorbed 

water. On the other hand, methylparaben showed about 25-30% mass loss at printing 

temperature (180-190°C).  

 

  

 

Figure 2.11 TGA traces of the drug and excipients.  

 

TGA data of drug loaded HPMC-AS filaments showed a predicted weight loss of 

about 5.5% for all the HPMC-AS filaments with 5% w/w paracetamol mainly due to 

the degradation of methylparaben at printing temperature (180-190°C). 
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Figure 2.12 TGA traces of the drug loaded HPMC-AS filaments. 

 

 

DSC and XRPD analysis of powder blends before HME and 3D printed discs were 

performed to explore the degree to which the drug was incorporated into the polymers 

(Figure 2.13 and Figure 2.14). 
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Figure 2.13 DSC traces of pure paracetamol, methylparaben, mixture of the 

excipients and drug before extrusion and 3D printed formulations. 

 

 

 

Figure 2.14 X-ray powder diffractograms of 3D printed discs, HPMC-AS polymers and 

paracetamol. 
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DSC data shows that paracetamol raw material melts at around 168°C indicative of 

form I (Goyanes et al. 2015e). Methylparaben showed a melting endotherm at 127°C 

as previously described in the literature (J.M. Sateesh Babu et al. 2013). The DSC 

data of the 5% paracetamol formulations showed no evidence of melting at around 

168°C, indicating that the drug was either molecularly dispersed within the polymer 

matrix as a solid dispersion or the percentage was too close to the lower detection 

limit of DSC (4% content for paracetamol (Noordin et al. 2004)). XRPD data 

corroborated this extent. Paracetamol diffractogram shows a crystalline structure with 

characteristic peaks (16.5, 18.2, 23.5, 24.3 and 26.5 2θ) confirmed in the literature 

(Hoppu et al. 2007, Perrin et al. 2009).  Diffractograms of the formulations did not 

show any paracetamol peak for the 5% drug loaded formulations and the patterns of 

the pure polymers and the filaments showed the same characteristics (Figure 2.14). 

Being DSC more sensitive than XRPD (Gamal A.E. Mostafa 2017), it can be 

concluded that the drug was in an amorphous state, however, in case there were 

small amounts of crystalline paracetamol (2-3% w/w), they could not be detected. A 

further confirmation stems from the SEM images of the filaments and printlets (Figure 

2.15). Filaments and printlets loaded with 5% w/w paracetamol lacked the presence 

of crystals on the surface.  
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Figure 2.15 SEM images of HPMC-AS LG 5 (top) and LG 5/100-P (bottom) filaments. 

 

Although the slightly wavy aspect of the HPMC-AS filaments (Figure 2.15), the 

printability was excellent and the printlets were yellowish in colour and showed a 

perfect shape (Figure 2.16). The time required to print one tablet was approximately 

5 mins. 

 

 

 

Figure 2.16 Printlets containing 5% w/w paracetamol. From left to right: LG 5/100-P, 

MG 5/100-P, HG 5/100-P. Ruler in cm. 
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HPMC-AS based printlets exhibited great mechanical properties similarly to the 

previously discussed printlets. The breaking force for the printlets was not recorded 

during testing indicating that the real value was higher than the maximum limit of the 

instrument (485N). Conventional tablets have values between 40 and 220N (Apu et 

al. 2009, Sáska et al. 2010) indicating that FDM tablets are much more robust 

compared to conventional compressed tablets. Friability testing showed no physical 

attrition after the test (0%). These results corroborate with previous works where FDM 

tablets showed a robust nature (Okwuosa et al. 2016). 

 

 

2.6.3 In vitro drug release studies 

 

2.6.3.1 5% drug loaded printlets 

 

Dissolution tests of the formulations performed under biorelevant conditions show 

different release profiles for the different grades of HPMC-AS, confirming that the 

grade plays an important role in defining release kinetics (Figure 2.17).  

 

 

 

Figure 2.17 Drug dissolution profiles from printlets with 5% w/w paracetamol and 

100% infill. Red line shows the pH values of the media. 
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Drug release was faster from the printlets prepared with polymers with lower pH-

threshold (HPMC-AS LG > AS MG > AS HG). All the formulations released < 10% 

drug in the acidic environment (first 2 h), complying with the USP criteria for delayed 

release formulations (less than 10% drug release the first 2 h in pH 1.2). HG 5/100 P 

dissolving at pH above 6.5, had limited time to erode (the media in the dynamic 

dissolution stayed above pH 6.5 only for about 3.5 h (red line on Figure 2.17)). As 

result, only 30% of the drug was released from the printlet in 10 h. To further 

personalise the release, FDM 3D printing allowed the infill percentage of the printlets 

to be changed by the user from the printing software. While the external surface of 

the object remained unchanged, the quantity of material inside of the object (infill) can 

be personalized. More infill will make an object stronger and less will make it lighter 

and quicker to build. Since the infill percentage controls the filling of the hollow and 

the mechanical strength of the object, there is the potential to use this parameter to 

modulate the physical properties of the printlet, and hence the dissolution profile 

(Goyanes et al. 2014, Goyanes et al. 2015a).  

 

In the present work, 20% infill was chosen as percentage of material to fill the inside. 

All the 20% infill printlets were successfully printed and showed hollow spaces in the 

inner part of their structure but these spaces are not connected with the outside, 

indicating that the shell was continuous. Although the empty cavities inside, the shell 

of the printlets remained very robust, and all the 20% infill printlets showed absence 

of friability, and a hardness value higher that the instrument measurement limit 

(>485N). X-Ray micro-CT was employed to visualize the internal structure of the 

printlets (Figure 2.18).  

 

 

 

Figure 2.18 X-Ray micro-CT images of LG printlets loaded with 5% w/w paracetamol 

showing the internal structures. (A) LG 5/100-P and (B) LG 5/20-P. 
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All the formulations printed with 20% infill dissolved faster than the analogous printlets 

with 100% infill (Figure 2.19). The pH threshold of the polymers clearly determined 

the drug release rate profile of the printlets. Similarly to the 100% infill printlets, 

printlets with 20% infill showed faster drug release when prepared with HPMC-AS 

with lower pH threshold. All printlets prepared with HPMC-AS LG/5 and HPMC-AS 

MG/5 were completely dissolved after 10 h, however, printlets prepared with HPMC-

AS HG did not completely dissolve after 24 h.  

 

 

 

 

Figure 2.19 Drug dissolution profiles from printlets with 5% w/w paracetamol and 20% 

infill. Red line shows the pH values of the media. 

 

2.6.3.2 50% drug loaded printlets 

 

To evaluate the effect of the drug loading, a second set of filaments loaded with 50% 

w/w paracetamol were extruded (Figure 2.10, Table 2.1). Filaments incorporating 

50% w/w paracetamol required higher extrusion temperatures, however, they 

required lower amounts of methylparaben (5% w/w) due to the plasticizing effect of 

the drug. Therefore, the weight loss (TGA) of the formulations incorporating 50% w/w 

paracetamol is lower (2% against 5.5% for 5% w/w loaded filaments).  
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DSC data from formulations incorporating 50% drug showed a large endotherm at 

162-165°C attributed to the melting of paracetamol (Figure 2.13). The shift from 

170°C to 162-165°C was attributed to the effect of methylparaben that successfully 

plasticized the formulations reducing the melting point of the drug. The presence of 

melting endotherms indicated that part of the drug was in crystalline form, probably 

due to the high percentage of drug that saturates the solubilising capacity of the 

polymers. In accordance with the DSC, X-ray powder diffractograms showed 

crystalline patterns with the presence of the characteristic paracetamol peaks at 16.5, 

18.2, 23.5, 24.3 and 26.5 2θ (Figure 2.14).  

 

SEM images of 50% loaded filaments and printlets corroborated the presence of 

crystalline form of the drug in the formulation. Both filament and printlet showed the 

presence of crystals on the surface. On the contrary, filaments and printlets with 50% 

w/w paracetamol had a much higher presence of crystals on the surface. 

 

 

 

Figure 2.20 SEM images of HPMC-AS LG/50 (top) and LG 50/100-P (bottom) 

filaments. 
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50% loaded filaments were smoother compared to the 5% loaded filaments. However, 

the resolution of the printing was slightly affected by the higher percentage of 

paracetamol in the formulations (Figure 2.21).  

 

 

 

Figure 2.21 Printlets containing 50% w/w paracetamol. From left to right: LG 50/100-

P, MG 50/100-P, HG 50/100-P. Ruler in cm. 

 

The attempt to incorporate higher drug loading percentages reduces, at some point, 

the quality of the filament making it not appropriate for 3D printing, although the use 

of other excipients as plasticizer could help to obtain considerably higher drug loading 

percentages than 50%. 

 

Printlets incorporating 50% w/w paracetamol with 100% infill released the drug faster 

than the same formulations incorporating 5% w/w paracetamol in the buffer stage 

(Figure 2.22).  
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Figure 2.22 Drug dissolution profiles from printlets 100% infill loaded with 50% w/w 

paracetamol. Red line shows the pH values of the media. 

 

The effect of drug loading on the drug dissolution profiles of 3D printed formulations 

has been reported where the influence of porosity of 3D printed caplets containing 

either caffeine or paracetamol was studied (Goyanes et al. 2016b). Microscopical 

image of FDM printed caplets, showed the presence of small empty spaces in 

between the printed strands, defined as microporosity. The total volume of pores 

(microporous volume) was calculated for different formulations or drug contents and 

can vary based on the printing polymer, quality of filaments and other parameters. It 

was concluded that higher the drug loading and drug solubility, the faster the release 

profile, while the microporous volume did not influence dissolution behaviour. The 

effect of drug loading is confirmed in the present study, where printlets loaded with 

50% w/w paracetamol released drug faster compared to the 5% formulations. 

However, all the formulations showed delayed release properties (less than 10% 

release in the gastric phase) even incorporating with 50% w/w paracetamol (BCS 

Class I drug), indicating that the system may be suitable for loading other equally 

highly soluble drug candidates. All the formulations released drug faster once in the 

small intestine stage but even the fastest releasing formulation LG 50/100 P took 8 h 

to release the drug completely. Due to the slow dissolution of the polymer matrix, 

printlets with 20% infill were printed to accelerate drug release. The 20% infill printlets 

showed appropriate shape and the quality was not affected by the hollow core. To 

visualize the internal structure of the printlets and assure that there were no holes in 

the shells of the formulations X-Ray micro-CT analysis was performed (Figure 2.23). 
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Figure 2.23 X-Ray micro-CT images of LG printlets loaded with 50% w/w paracetamol 

showing the internal structures. (A) LG 50/100-P and (B) LG 50/20-P. 

 

Compared to the 5% loaded printlets (Figure 2.18), the more intense red colour of 

both 50% loaded printlets was indicating the higher percentage of paracetamol, which 

agreed with the higher weight of the printlets (Table 2.2).  

 

Even for the printlets with 20% infill, complete drug release in the buffer stage was 

not fully achieved within 3-4 h (mean small intestinal transit time) (Figure 2.24). 

 

 

 

Figure 2.24 Drug dissolution profiles from printlets 20% infill loaded with 50% w/w 

paracetamol. Red line shows the pH values of the media. 

Drug release from the printlets takes place along the small intestine and colon due to 

the slow dissolution of the polymer matrix. The release is slower than from 

formulations prepared by compression and over coating using enteric polymers, 
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where drug release is generally faster once the coating ruptures or dissolves. Another 

variable that might have slowed the release of the drug was the presence of 

magnesium stearate (lubricant) at 5% w/w in the composition of the filaments. At that 

amount, magnesium stearate might have acted as a functional excipient, making the 

printlet quite hydrophobic and, therefore, slowing down the release compared to the 

same formulation without lubricant. On the other hand, since in these printlets the 

whole formulation is a matrix that shows pH sensitive properties, potential damage to 

the coating, which are per se brittle and prone to crack, will not mean the loss of the 

delayed drug release effects. For instance, the adopted general practice of splitting 

tablets that is recommended for some immediate release formulations (e.g. warfarin 

tablets) (Verrue et al. 2011) would not make the printlets lose their delayed release 

properties. It would be expected that the change in size/surface area by splitting could 

have an effect on dissolution (Goyanes et al. 2015e) but without changing completely 

the properties these formulations were designed for (either to release the drug over 

a prolonged period of time or to release it at specific regions of the GI tract). Drug 

release from 3D printed HPMC-AS polymers is essentially governed by the relative 

contribution of two mechanisms, drug diffusion and polymer dissolution (surface 

erosion) (Reynolds et al. 2002). The contribution of each mechanism depends on 

different factors such nature of the excipients and drug loading. In previous works, 

drug release from polyvinyl alcohol-based 3D printed formulations was reported to be 

regulated through an erosion mediated process independent of the pH of the media 

(Goyanes et al. 2014, Goyanes et al. 2015e) 

 

The dissolution data from the different printlets do show that it is possible to design 

devices with controlled and delayed drug release profiles by careful selection of the 

composition of the filaments using a single filament. Gastrointestinal physiology is 

dynamic and complex, and a multitude of known variables (e.g. gender, genetics, sex, 

disease state, food) can affect the overall bioavailability of drugs delivered via the oral 

route (McConnell et al. 2008, Freire et al. 2011, Varum et al. 2013). Since patients 

respond differently to drugs, the development of a patient centric system for 

individuals (e.g. paediatric, elderly, gender) would improve efficacy and reduce side 

effects. FDM appears to be a versatile approach suitable for manufacturing delayed 

release formulations using different polymers, to prepare personalised delayed 

release printlets without using coating approaches, making it possible to adjust the 

dose to the requirements of the patient.  
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2.7 Conclusion 

 

FDM 3D printing allowed rapid manufacture of printlets with a range of modified 

release polymers. Filaments extruded with enteric-release Eudragit® polymers (S100, 

L100, L100-55), were not printable, unless an additional excipient was added to the 

mixture to reduce the viscosity and facilitate the printing process. Time-dependent 

Eudragit® polymers (RL and RS) were successfully extruded and printed, however 

the drug release was limited. Enteric polymer HPMC-AS with three different grades 

(LG, MG and HG) showed a good extrudability and excellent printability. Printlets 

were manufactured with three all different grades using a single filament incorporating 

different drug loadings (up to 50% w/w paracetamol) and different infill. Micro-CT 

analysis showed that printlets with 20% infill contain cavities in the core compared to 

100% infill, and that the density of the 50% drug loading printlets was higher than the 

printlets loaded with 5%. In dissolution, less than 10% drug release took place in the 

gastric phase; in the intestinal phase, drug release profiles were dependent on the 

polymer composition of the printlets, the percentage of drug loading and the internal 

structures. It is therefore feasible to target different regions of the gastrointestinal tract 

using these printlets.  

 

These results may enable manufacture not only of personalised oral dosage forms 

with the required amount of drug but also to adapt the dissolution profile based on the 

personal characteristics of the patient, achieving the full potential of additive 

manufacturing in the development of personalised medicines.
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3 FDM 3D printing of core-shell controlled release printlets 

 

3.1 Overview 

 

In Chapter 2 FDM 3D printing was investigated as a single-step manufacturing 

process to produce delayed-release printlets. Another type of modified release 

formulation are zero-order release tablets that are able to release the drug constantly 

for a prolonged time, thus, reducing the side effects and improving the patience 

adherence to the therapy. However, they are conventionally complex to manufacture 

(multiple steps). In this chapter FDM 3D printing was investigated to produce, in a 

single-step process, core-shell printlets, including a prolonged release core 

surrounded by an insoluble shell able to provide zero-order release profiles. The 

effect of both polyethylene oxide and drug at different amounts was evaluated for the 

hot melt extruded filaments in terms of mechanical, rheological, and physical 

properties. Three different shell designs (different number of holes, or different hole 

sizes) and three different core infills (25, 50, 100%) were investigated to produce a 

range of zero-order release profiles spanning from 12 h to 48 h, without the need of 

reformulating the composition.  

 

3.2 Introduction 

 

The flexibility of FDM 3D printing allows the easy production of personalised 

structures otherwise complex to produce industrially with the current equipment. 

Hence, tablets with unconventional structures can be developed, providing linear 

release profiles, enhancing the patient’s compliance. In this chapter, FDM 3D printing 

was investigated for the manufacture of zero-order release printlets including a 

soluble core and an insoluble release-regulating shell, named core-shell.  

 

In most drug therapies the ideal scenario is to maintain a steady concentration of drug 

at the therapeutic site of action. Frequent intravenous infusion is a common method 

in clinical settings to maintain a constant drug concentration in the blood, especially 

for narrow therapeutic index drugs. However, by using this method, patient 

compliance may be compromised, and the therapy can also be highly costly in long 

term (Li et al. 2006). Oral dosage forms are the most accepted formulations for the 

patient, however, immediate release tablets must be taken multiple times a day 

causing plasma drug level to fluctuate above and below the therapeutic window. 

Controlled release tablets would drastically improve the patient’s compliance by 
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administrating one tablet per day rather than 3 or 6 tablets per day. Along with the 

patient’s compliance, the number of fluctuations of the plasma drug level will be 

reduced together with the side effects (Figure 3.1). 

 

 

 

Figure 3.1 Comparison of the plasma drug level for conventional tablets and 

controlled release tablets. 

 

To provide a controlled release of the drug, the formulation should be able to release 

the drug in a zero-order profile. Zero-order release formulations have always attracted 

interest from the research community. 3D printing of zero-order release formulations 

was first investigated in 2006 by Wang et al. (Wang et al. 2006) in USA. An inkjet 3DP 

system (TheriForm process) already described in previous work (Lee et al. 2003) was 

employed to manufacture zero-order release 3D printed tablets. Various mixtures of 

Kollidon SR and hydroxy propyl methyl cellulose (HPMC) and different binders were 

used to produce an immediate release core and a release rate regulating shell. They 

printed a cube with a small cubic core inside (Figure 3.2). 
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Figure 3.2 Left: Model of the 3D printed formulation. Right: Drug dissolution profile 

(Wang et al. 2006). 

 

However, the 24-h release was not completely linear (as stated in the title of the 

published article) (Figure 3.2). Since then, the drug was included only in the liquid 

binder, but not in the powder mixture. In 2007, Yu et al. (Yu et al. 2007) for the first 

time included the drug in the powder mixture achieving much higher drug loadings of 

the printed tablets. Additionally, in that work, a 3D printed tablet with gradient material 

was manufactured (Figure 3.3). 

 

 

 

Figure 3.3 Representation of the gradient 3D printed tablet (Yu et al. 2007). 

 

The powder mixture was composed of 80% drug, 15% HPMC, 4.8% 

polyvinylpyrrolidone (PVP) and 0.2% silicon dioxide. The spray solution contained 

ethyl cellulose (water-insoluble) was used in the first and last layers, while a retardant 

material was used at different amounts to spray the core. The core was divided in 4 
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zones and the retardant binder was sprayed with decreasing amounts from zone 4 

(highest) to zone 1 (lowest). Zone 4 had the highest surface area but the most 

retardant material, while zone 1 had the smallest area but the lowest amount of 

retardant material. Gradient tablets were therefore able to release the drug almost in 

a linear manner for 12-14 h (Figure 3.4). 

 

 

 

 

Figure 3.4 Picture of the gradient tablet at different time points during the dissolution 

test. (Yu et al. 2007). 

 

In 2009 the same group (Yu et al. 2009a) obtained an accurate zero-order release 

profile from doughnut-shaped tablets (Figure 3.5). Tablets were printed with an ethyl 

cellulose (EC) (water-insoluble) barrier outside and HPMC inside. 

 

 

 

Figure 3.5 Representation of a doughnut-shaped multi-layered drug delivery devices 

printed by 3DP (Yu et al. 2009a). 
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Tablets were designed with different hole sizes, heights, and lengths (Figure 3.6). 

Results showed that the different height did not influence the release profile, while 

different lengths or different aperture’s sizes slightly affected the release profile. All 

these formulations released in a zero-order profile. 

 

  
 

   

Figure 3.6 Dissolution profiles of the tablets designed with different hole diameter 

(left), different heights (middle) and different diameter (right) (Yu et al. 2009a). 

 

In this work some EC was added to the HPMC powder mixture to slow down the 

release of the drug. Zero-order releases profiles up to 16 h were realised. 

 

 

 

Figure 3.7 Dissolution profiles of tablets containing ethyl cellulose in the powder 

mixture as a retardant material (Yu et al. 2009a). 
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With the development of new 3D printing technologies, the manufacture of zero-order 

release tablets was investigated again in 2015 (Khaled et al. 2015). Semi-solid 

extrusion 3D printing was employed to manufacture an insoluble membrane including 

a pore forming excipient (pores formed in situ following the dissolution of the pore 

former). The pores controlled the release of the drug (captopril) achieving a zero-

order profile (Figure 3.8). 

 

  

  

Figure 3.8 Representation of a polypill achieving zero-order release of captopril 

obtained with a pore forming membrane (Khaled et al. 2015). 

 

In 2016 (Lim et al. 2016) Lim et al. employed FDM to realise an insoluble scaffold 

(Acrylonitrile butadiene styrene) to regulate the release from a conventional 

compressed tablet obtaining a zero-order profile (Figure 3.9).  

 

 

 

Figure 3.9 FDM 3D printed scaffold to regulate the drug release from a conventional 

compressed tablet (Lim et al. 2016). On the top, a configuration with 8 holes on the 

side. On the bottom a configuration with 4 holes on the lid. 
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The scaffold was printed as two separated parts: a container and a lid. The 

compressed tablet (broken into powder) was positioned inside the container and the 

lid was then fixed on the top. Different configurations were investigated by introducing 

holes with different diameter, in a different number and position. The best zero-order 

release profile was achieved using 1 mm holes on the side, however, the release was 

too slow to achieve a therapeutic effect (Figure 3.10). 

 

  

  

Figure 3.10 Comparison of the dissolution release profiles of the scaffold tablet with 

different hole diameter size (Lim et al. 2016). 

 

In 2017 (Gioumouxouzis et al. 2017) FDM was employed to manufacture zero-order 

release tablets using a poly-vinyl-alcohol (PVA) -based core and an insoluble shell 

(Figure 3.11). However, the total release of the drug took place within 4 h due to the 

high solubility of PVA. 

 

  

 

Figure 3.11 FDM 3D printed controlled release tablet with zero-order release profile 

(Gioumouxouzis et al. 2017). 

 

More recently (Novak et al. 2018), FDM was employed to manufacture a range of 

matrix tablets that dissolved with different times by changing the infill with relatively 
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linear profiles. However, the authors did not disclose the composition of the 

formulations. 

 

3.3 Aims 

 

Zero-order release formulations can improve the treatment by reducing the side 

effects and the number of pills taken per day, improving the patience adherence to 

the therapy. Conventionally zero-order formulations are complex to manufacture 

(multiple steps). Therefore, FDM 3D printing was investigated as a new technology 

to manufacture oral printlets that can release tailored doses with personalised zero-

order release profiles, without the need of reformulating the excipient composition.  

 

The aims of Chapter 3 included: 

 

To extrude filaments using pharmaceutical grade excipients providing prolonged drug 

release. 

 

To evaluate mechanical, physical and rheological properties of the filaments to further 

understand the variability in printability based on the chosen polymers and excipients 

for the FDM 3D printing process. 

 

To design an insoluble release-regulating shell with different 3D models to fit around 

the core to modulate the drug release towards zero-order profile. Different infills of 

the core were also investigated as a further way to personalise the release. 

 

To evaluate the in vitro dissolution profile of the different formulations. 

 

3.4 Materials 

 

3.4.1 Core  

 

Paracetamol USP grade (Sigma-Aldrich, UK) was used as a model drug (BCS Class 

I, high solubility and high permeability, MW 151.16, solubility at 37ºC: 21.80 g/L 

(Yalkowsky and He 2003)).  

 

Hydroxypropyl cellulose (HPC, Klucel EF, MW 80 KDa, Ashland Pharmaceutics, UK) 

was used as thermoplastic polymer for extrusion. PEO WSR-303 NF (PEO 7M) (MW 
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7,000,000, Colorcon, UK), was used as a gel matrix former. Mannitol (kindly donated 

by Merck, UK), was included as plasticizer. Hydroxyethyl cellulose (Natrasol 250H, 

Hercules, UK) (HEC) was included as matrix former suspending agent. Magnesium 

stearate (Sigma–Aldrich Co. Ltd., UK) was included as a lubricant.  

 

3.4.2 Shell 

 

Acrylonitrile butadiene styrene (ABS) 1.75mm PRO PET-G white filament (RS 

Components, UK) was employed as model material to print the shell. ABS was used 

as a prototype material that can easily be exchanged with a pharmaceutical grade 

excipient in the future for human use.   

 

The salts for preparing the buffer dissolution media were purchased from VWR 

International Ltd., UK. 

 

3.5 Methods 

 

3.5.1 Preparation of drug-loaded filaments by hot melt extrusion (HME) 

 

50 g of a blend of drug and excipients was prepared for each formulation. The 

excipients were mixed in a mortar together with the drug (paracetamol), until no visible 

agglomerates were observed. The composition of the formulations evaluated in this 

study are listed in Table 3.1. The theoretical drug content of the mixtures was either 

10, 25 or 40% w/w. The mixture of drug and excipients was then extruded using a 

single-screw filament extruder (Noztec Pro hot melt extruder, Noztec, UK) in order to 

obtain the drug loaded filament (extrusion temperature 110-120°C, Table 3.1, nozzle 

diameter 1.75 mm, screw speed 15 rpm). The extruded filaments obtained were 

protected from light and kept in a vacuum desiccator until printing.
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Table 3.1 Composition (% w/w) of the hot melt extruded core filaments. 

Filaments 

Hydroxy propyl 

cellulose 

(Klucel EF) 

Hydroxy ethyl 

cellulose 

(HEC) 

Poly ethylene 

oxide (PEO 7M) 
Mannitol 

Magnesium 

Stearate 
Paracetamol 

Extrusion 

temperature (ºC) 

Z1 72 5  10 3 10 110 

Z2 47 5 30 10 3 10 110 

Z3 52 5 20 10 3 10 110 

Z4 57 5 15 10 3 10 110 

Z5 62 5 10 10 3 10 110 

Z6 47 5 10 10 3 25 120 

Z7 32 5 10 10 3 40 120 
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3.5.2 Mechanical characterisation of the filaments 

 

3.5.2.1 Nanoindentation 

 

Nanondentation was employed to measure the hardness (resistence to the 

penetration) of the filaments. Filament strands (~1 cm) were transferred to a glass 

slide (Figure 3.12) and hold in place with a nonviscous adhesive (Permabond). 

 

 

 

Figure 3.12 Filaments placed on the glass slide. 

 

The glass slide was then attached to a metallic sample holder using a small amount 

of the same adhesive. The test was performed using a Nanotester 600 (Micro 

Materials Ltd, Wrexham, UK). The Nanotester continuously recorded the penetration 

depth of the sharp indenter as a function of the applied force throughout a loading-

unloading experiment. The indenter was a diamond three-sided pyramid (Berkovich) 

able to freely move around an essentially frictionless pivot. Ten indentations were 

performed on the surface of the filament (Figure 3.13).  
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Figure 3.13 Indentation test of the filaments. 

 

A minimum distance of 50 µm was set between each indent. The indenter load ranged 

between 0.05 and 500 mN and the depth between 20 and 5000 nm, while typical 

resolution for the instrument was 100 nN and 0.1 nm for load and depth, respectively. 

After the contact between the indenter tip and the filament surface, the indentation 

was performed until a 15000 nm depth was reached. The peak load was then held 

for 10 s and then the indenter was unloaded down to zero. These provided a record 

of load and displacement throughout the test and the plots could be analysed to give 

the required mechanical properties. Hardness value were elaborated from the 

software. 

 

3.5.2.2 Tensile strength measurements 

 

3.5.2.2.1 Fracture tensile strength 

 

CT-5 tester (iHolland limited, UK) was employed to perform the 3-point bending test 

to evaluate the fracture toughness of the filaments. The CT-5 instrument measured 

the breaking force (F) of the filament. The fracture tensile strength can be calculated 

using the following equation: 

 

𝜎𝑇 =
3

2

𝐹 × 𝑆

𝑊 × 𝑡2
 

Equation 3.1 

 

𝜎𝑇 fracture tensile strength (MPa) 

F load applied at fracture (N) 

W  mean width of sample (mm) 
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S distance between lower supports (mm) 

t mean thickness of the sample (mm) 

 

Since the sample was a cylindrical filament, both W and t represented the diameter 

of the filament. The CT-5 test speed was set at 0.42 mm/s. Three replicates for each 

sample were tested. 

 

3.5.2.2.2 Pulling tensile strength  

 

A strength testing equipment 5567 (Instron, Buckinghamshire, UK) was used to 

measure the pulling force required to break the core filaments. Filaments with an 

average diameter approximately 1.75 mm and 40 mm gauge length were selected. 

The diameter of the samples (measured using a digital calliper) for various sections 

and the average (c.a. 1.75 mm) was programmed into the software (Bluehill 2, 

Version 2.35). The tensile extension was set to 5 mm/min and the data were collected 

every 50 ms. Sand paper was used to prevent the slipping of the sample from the 

clamps. Samples that showed signs of slipping from the clamps were rejected and all 

formulations were measured in triplicate. The maximum load at the breaking point 

and the Young’s modulus were measured. 

 

3.5.3 Rheology studies 

 

A Hybrid Discovery Rheometer (HDR) series 3 (TA Instruments) equipped with a 

Peltier plate (temperature working range -60°C to 200° C) and an 8 mm stainless steel 

parallel plate was employed to characterize the core filaments (Figure 3.14). The gap 

between the Peltier plate and the parallel plate was set at 500 µm. The trim gap offset 

was set at 50 µm. The 8-mm disc samples for the measurement were prepared by 

melting a 10-mm filament strand inside a punch mould in an oven. Both surfaces of 

the discs were resulted smooth. 
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Figure 3.14 Hybrid Discovery Rheometer (HDR) series 3 (TA Instruments) equipped 

with a Peltier plate (temperature working range -60°C to 200°C) and an 8 mm 

stainless steel parallel plate. 

 

The first test was conducted in the oscillation mode. An amplitude sweep test was 

performed to evaluate the linear viscoelastic region (LVR). Subsequently, frequency 

sweep tests were performed at a strain amplitude of 0.1% (within the LVR region) and 

an angular frequency range from 0.05 to 200 rad/s. The test temperature was 170ºC 

(corresponding to the printing temperature of the filaments). The number of points per 

decade were set at 10. Complex viscosity data were recorded and plotted against the 

angular frequency.  

 

A second test (tack test, Figure 3.15) was conducted in axial mode to evaluate the 

adhesion forces (affinity of the core material to stick onto a different material, etc. 

printing platform). The temperature was set from at 170ºC (corresponding to the 

printing temperature). The motor direction was in tension mode. The upper plate was 

set to move at a constant linear rate of 100 µm/s. The Trios software provided by the 

manufacturer was used to analyse the data. 
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Figure 3.15 Tack test performed with the rheometer. Left: Starting point, the molten 

filament was in between the two plates (gap 500 µm). Right: The upper plate was 

moving up. 

 

3.5.4 FDM 3D printing  

 

Oral formulations including a central core and an external shell were manufactured 

from the drug-loaded filaments using a commercial fused deposition modeling (FDM) 

3D printer (MakerBot Replicator 2X, MakerBot Inc, USA). 123D Design (Autodesk 

Inc., USA) was used to design the templates of the core-shell printlets, which was 

exported as a stereolithography (.stl) file into 3D printer software (MakerWare v. 3.7.0, 

MakerBot Inc., USA). The .stl format contained only the object surface data, and all 

the other parameters need to be defined from the MakerBot software in order to print 

the desired object. Three different core-shell printlet models T1, T2, T3 were 

designed. The calibration procedure was performed every day before printing and 

within the same day if numerous printlets were produced. The procedure suggests 

that between the nozzle and the platform there must be enough space for a piece of 

thin paper to freely move in between. 

 

3.5.4.1 Core-shell printlet models 

 

3.5.4.1.1 Core-shell printlet design 1 (T1) 

 

The selected 3D model for the core (light blue) and the shell (green) are illustrated in 

Figure 3.16. One 6-mm-hole was included at the top of the shell. 
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Figure 3.16 Left: vertical cross section of T1 3D model. Right: model of the printlet 

from the top showing the 6-mm hole. 

 

3.5.4.1.2 Core-shell printlet design 2 (T2) 

 

To reduce the dissolution time, a second 6-mm-hole was added at the bottom of the 

shell (T2) (Figure 3.17). Additionally, the core was adapted to fill the holes in the shell. 

This adjustment allowed the core to be printed in contact with the platform. 

 

 
 

  

Figure 3.17 Left: vertical cross section of T2 3D model. Right: model of the printlet 

from the top showing the 6-mm-hole. 

 

3.5.4.1.3 Core-shell printlet design 3 (T3) 

 

A third model (T3) was realised with bigger holes (both 8-mm) to further reduce the 

dissolution time (Figure 3.18). 
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Figure 3.18 Left: vertical cross section of T3 3D model. Right: model of the printlet 

from the top showing the 8-mm-hole. 

 

3.5.4.2 FDM 3D printing settings 

 

The printer settings were selected as follows: standard resolution without raft and an 

extrusion temperature of 170°C for the core filaments and 230ºC for the shell filament 

(Table 2.2), platform temperature 80ºC, speed while extruding (90 mm/s), speed while 

travelling (150 mm/s), number of shells (2) and layer height (0.15 mm). Both nozzles 

were 0.3 mm in diameter (Figure 3.19). The calibration procedure was performed 

every day before printing and also within the same day if numerous printlets were 

produced. The procedure suggests that between the nozzle and the platform there 

must be enough space for a piece of thin paper to freely move in between. Infill was 

set at 100% in order to produce cores with high density. Purging walls option was 

activated (recommended for dual extrusion, more material was required but provided 

a better quality). 

 

 

 

Figure 3.19 FDM dual-extrusion 3D printing. Filament on the left was used to print the 

shell, while the filament on the right was used to print the core of the core-shell 

printlets. 
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3.5.5 Mechanical characterisation of the cores 

 

3.5.5.1 Determination of cores strength 

 

The crushing strength of cores and core-shell printlets of each type was measured 

using a traditional tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm, 

Germany), whereby an increasing force is applied perpendicular to the printlet axis to 

opposite sides of a printlet until the printlet fractures. The measurement was repeated 

in triplicate. 

 

3.5.5.2 Determination of core-shell printlets friability 

 

Approximately 6.5 g of core-shell printlets were weighed and placed into the drum of 

a Friability Tester Erweka type TAR 10 (Erweka GmbH, Heusenstamm, Germany). 

The drum was then rotated at 25 rpm for 4 min and the sample was re-weighed. The 

friability of the core-shell printlets was given in terms of weight loss, expressed as a 

percentage of the original sample weight. 

 

3.5.6 Thermal analysis 

 

Differential scanning calorimetry (DSC) measurements were performed on the drug, 

individual excipients, filaments and 3D printed cores with a Q2000 DSC (TA 

instruments, Waters, LLC, USA) at a heating rate of 10°C/min, after preheating cycle 

to 120 °C to remove residual water of the samples. Calibration for cell constant and 

enthalpy was performed with indium (Tm = 156.6 °C, ∆Hf =28.71 J/g) according to the 

manufacturer’s instructions. Nitrogen was used as a purge gas with a flow rate of 50 

mL/min for all the experiments. Data were collected with TA Advantage software for 

Q series (version 2.8.394) and analysed using TA Instruments Universal Analysis 

2000. All melting temperatures are reported as extrapolated onset unless otherwise 

stated. TA aluminium pans and pin-holed hermetic lids (Tzero) were used with an 

average sample mass of 8-10 mg.   

 

For thermogravimetric analysis (TGA), samples of drug, excipients and filaments 

(average weight: 3-5 mg) were heated at 10°C/min in open aluminium pans with a 

Discovery TGA (TA instruments, Waters, LLC, USA). Nitrogen was used as a purge 

gas with a flow rate of 25 mL/min. Data collection and analysis were performed using 
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TA Instruments Trios software and % mass loss and/or onset temperature were 

calculated. 

 

3.5.7 X-ray powder diffraction (XRPD)  

 

Discs (23 mm diameter x 1 mm height, 100% infill) made from drug-loaded polymers 

filaments were 3D printed and analysed. Samples of pure paracetamol, pure 

polymers (Klucel EF and HEC) and filaments Z5, Z6 and Z7 were analysed. The 

XRPD patterns were obtained in a Rigaku MiniFlex 600 (Rigaku, USA) using a Cu Kα 

X-ray source (λ=1.5418Å). The intensity and voltage applied were 15 mA and 40 kV. 

The angular range of data acquisition was 3–60° 2θ, with a stepwise size of 0.02° at 

a speed of 5 °/min.  

 

3.5.8 Cores and shell morphology characterisation 

 

The physical dimensions of the core-shell printlets were measured using a digital 

calliper. Pictures of the filaments and core-shell printlets were taken with a Sony 

α6300 camera. 

 

3.5.9 Scanning electron microscopy (SEM) 

 

Morphology of the extruded filaments was evaluated by scanning electron microscopy 

(SEM) using a Philips XL30 FEG SEM, operating at 20 kV. Samples were placed on 

double-sided carbon tape, mounted on stubs and sputter coated using a Polaron 

E5000 machine with Au/Pd. Samples were coated for 1 minute prior to imaging.  

 

3.5.10 Determination of drug loading 

 

A core (approx. 0.3 g) was placed in a volumetric flask (200 mL deionised water) 

under magnetic stirring until complete dissolution (n=2). Samples of solutions were 

then filtered through 0.45 µm filters (Millipore Ltd., Ireland) and the concentration of 

drug determined with high-performance liquid chromatography (HPLC). The validated 

HPLC assay entailed injecting 20 µL samples for analysis using a mobile phase, 

consisting of 85% v/v of water and 15% v/v of methanol, through a Luna 5 µm C8 

column (25 x 4.6 cm, Phenomenex, UK), maintained at 40°C. The mobile phase was 

pumped at a flow rate of 1 mL/min and the eluent was screened at a wavelength of 

247 nm. All measurements were made in duplicate. 
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3.5.11 Dissolution testing conditions 

 

Dissolution profiles were obtained using a USP-II apparatus (Model PTWS, 

Pharmatest, Germany). In each assay, the core-shell printlets were placed at the 

bottom of the vessel in 0.1 N HCl pH 1.2 (750 mL) for 2h under constant paddle 

stirring (50 rpm) at 37 °C. The core-shell printlets were then transferred to 900 mL 

phosphate buffer (pH 7.4). During the dissolution test, samples of paracetamol were 

automatically removed and filtered through 10 μm filters and the drug concentration 

was determined using an in-line UV spectrophotometer (Cecil 2020, Cecil 

Instruments Ltd., Cambridge, UK) operated at the wavelength of maximum 

absorbance of the drug in 0.1 N HCl (247 nm). Data was processed using Icalis 

software (Icalis Data Systems Ltd., Berkshire, UK). Tests were conducted in triplicate 

under sink conditions. Data was reported throughout as mean ± standard deviation. 

 

3.6 Results and discussion 

 

As reported in Chapter 2, matrix tablets provide prolonged release of the drug due to 

an erosion process rather than a disintegration process. In the current work, an 

insoluble shell was added to the matrix core to reduce the exposed surface to the 

media and investigate the fabrication of prolonged zero-order drug release printlets.  

 

3.6.1 Developing a prolonged release matrix core 

 

The first step was to develop a core that provides prolonged release of the drug. Once 

the core is developed, the release could be personalised based on the inner 

characteristics of the core (infill) or on the shell design (hole size and number ho 

holes).  

 

The initial composition included HPC (Klucel EF) as a main extrudable polymer. 

Klucel ELF (MW 40 KDa) was employed by Goyanes et al. (Goyanes et al. 2017b) 

for 3D printing placebo printlets providing a great printing quality. A higher molecular 

weight HPC, Klucel EF (Ashland 2019) was employed in this study to provide a longer 

sustained release of the drug.  

 

PEO resins are water-soluble, non-ionic polymers (Tiwari et al. 2011). PEO structure 

comprises the repetition of (CH2CH2O)n groups, where n represents the number of 

oxyethylene groups. PEO is highly crystalline in structure and available in molecular 
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weight going from 100 KDa to 7,000 KDa. PEO is a fast hydrating polymer, generating 

hydrogels able to control the drug release. Drug delivery systems employing PEO are 

prone to reach zero-order releases profiles (Tiwari et al. 2011). Especially high 

molecular weight PEO swells to a greater extent and tends to form (when hydrated) 

stronger gels less liable to erode (Ma et al. 2014). With the increasing molecular 

weight, PEO provides an increasing swelling effect already employed for gastro-

retentive effect of gabapentin (Berner et al. 2007). PEO resins melting point ranges 

between 63 to 67ºC becoming thermoplastic, therefore, suitable for hot melt extrusion 

and FDM 3D printing. The highest molecular weight (PEO 7M) was selected for this 

study to prolong the release and to generate a swellable hydrogel where the drug can 

be suspended.  

 

Mannitol is a highly water-soluble sugar, and it was included as a pore former and 

plasticizer in the formulation (Goyanes et al. 2017b). As the water enters the core, it 

will dissolve both sugar and water-soluble polymer, creating a viscous environment 

where the drug would be suspended. To prevent the drug to sediment, Waterman et 

al. (Waterman et al. 2009) investigated a number of polymers in terms of suspending 

properties. Results suggested that Natrosol 250H (hydroxyethylcellulose) between 3 

to 6% w/w was an optimal suspending agent. Therefore, HPC 250H was included at 

5% w/w in the core composition.  

 

The drug content (paracetamol) was initially 10% w/w. 3% w/w magnesium stearate 

was also included in the formulation to facilitate the extrusion process. Filaments Z1 

(extruded for comparison) and Z2 were successfully extruded with 0 and 30% w/w 

PEO 7M, respectively (Figure 3.20). Both filaments were investigated in printability. 

 

 

 

Figure 3.20 Picture of filaments. From the left, commercial ABS (shell) and hot melt 

extruded filaments (core) Z1, Z2, Z3, Z4, Z5, Z6, Z7. 
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Z1 was easily printable, however, Z2 was not printable. During the printing process, 

filament Z2 kept getting blocked inside the nozzle. Printing parameters and properties 

of the printed cores are reported in Table 3.2.
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Table 3.2. Printing parameters and properties of the printed cores. 

Cores Filament 
Printing  

Temperature (ºC) 

Platform  

Temperature (ºC) 

Weight  

(mg ± SD) 

Diameter  

(mm ± SD) 

Drug 

 Loading 

 (% ± SD) 

Friability (%) 

Z1-C Z1 170 80 270 ± 2.4 9.0 ± 0.1 10.2 ± 0.2 0 

Z2-C Z2 - - - - - - 

Z3-C Z3 - - - - - - 

Z4-C Z4 170 80 237 ± 6.3 8.8 ± 0.5 9.7 ± 0.2 0 

Z5-C Z5 170 80 250 ± 12.2 8.8 ± 0.2 10.1 ± 0.4 0 

Z6-C Z6 170 80 258 ± 6.4 8.8 ± 0.2 24.7 ± 0.8 0 

Z7-C Z7 170 80 270 ± 5.2 9.0 ± 0.1 39.4 ± 0.4 0 

- Filament was not printable 
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A closer look at the filaments while printing (Figure 3.21), showed that the one 

containing 30% PEO 7M (Z2) was slightly thicker (top part of the filament in Figure 

3.21) compared to the filament without PEO 7M (Z1), indicating that the high 

temperature might have provoked the filament containing PEO 7M to expand before 

entering the nozzle, clogging the channel and ultimately stopping the printing process. 

 

 

 

Figure 3.21 Hot melt extruded filaments with different PEO 7M content, during the 

printing process. From the left: Z1, Z2, Z3, Z4, Z5. 

 

Considering the important role of PEO 7M to create a slow release matrix core with a 

zero-order release profile, an investigation into lower amounts was needed. Filaments 

Z3 and Z4 were extruded with 20 and 15% w/w PEO 7M respectively (Table 3.1), 

however, the printing process was still unsuccessful. Z5 was then extruded with 10% 

w/w PEO 7M and the printability was acceptable. 

 

Other two different drug contents were then investigated, 25% w/w (Z6) and 40% w/w 

(Z7) paracetamol content. Both filaments were extrudable (Figure 3.20 and Figure 

3.22) All three filaments were printable; surprisingly, the best printing quality was 

obtained from the filament with the highest drug loading (Z7, 40% w/w). SEM images 
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of the filaments showed a good texture for all three filaments with the different drug 

loading (Figure 3.22).  

 

 

 

Figure 3.22 SEM images of core filaments with different drug loading. From the left 

Z5 (10%), Z6 (25%), Z7 (40%). 

 

3.6.2 Mechanical and rheological characterisation 

 

3.6.2.1 Pulling tensile strength 

 

To understand the difference in printability, an investigation into the mechanical 

properties of the filaments was conducted. Pulling tensile strength measurements 

were performed on the core filaments (Figure 3.23 and Figure 3.24). The two ends of 

the filaments were stretched apart until they broke into two parts. The maximum load 

at break was then recorded (Figure 3.23). From the results, no trend was shown 

amongst filaments containing different PEO 7M amounts (Z1, Z2, Z3, Z4, Z5). 

However, a proportionally increased maximum load was present with the increased 

drug content (Z5, Z6, Z7). 

 

 

 

Figure 3.23 Maximum load at break of the core filaments. 
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Figure 3.24 showed the Young’s modulus data for filaments with different amounts of 

PEO 7M. Materials with high Young's modulus are stiff and change their shape only 

slightly under elastic loads (e.g. diamond). On the other hand, materials with low 

Young's modulus are flexible and change their shape considerably (e.g. rubbers). 

Considering the wide standard deviations in the results, it can be concluded that there 

was not a statistically clear difference between the samples analysed. 

 

 

 

Figure 3.24 Young’s modulus of the core filaments. 

 

The impact of PEO on the mechanical properties of hot melt extruded filaments was 

recently evaluated in another study (Isreb et al. 2019). The authors included PEO with 

different molecular weight (100K, 300K, 600K and 900K) in the filament composition. 

They concluded that the higher molecular weight, the greater the strength of the 

filaments. Filaments including PEO 100K were quite brittle, while the ones formulated 

with PEO 900K showed an increasing maximum load at break, and they were able to 

withstand more pressure from the gears in the FDM printer, reducing the risk of 

filament breakage. Increasing the PEO molecular weight they observed a reduction 

in the Young’s modulus indicating that the filaments were more flexible. 

 

Interestingly, by increasing the amount of drug (Z5, Z6, Z7), the Young’s modulus 

notably increased and reached almost 150 MPa for Z7. The drug acts as plasticizer 

at lower concentrations (10-25% w/w), however, at 40% w/w, the solubilizing effect of 

the polymer is saturated and most of the drug remains suspended in crystalline form 

increasing the stiffness of the filament. 
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3.6.2.2 Rheology analysis 

 

Rheology is considered a great tool to evaluate the polymer processability for melt 

processing such as HME and 3D printing (Aho et al. 2015, Aho et al. 2019, Elbadawi 

2019). In the current study, rheology was therefore employed to provide more 

information about the melt viscosity and adhesiveness of the samples.  

 

3.6.2.2.1 Complex viscosity 

 

In the first test, the pre-made discs were located in between the upper plate and 

Peltier plate (500 µm gap), then sweep tests were performed to evaluate the complex 

viscosity (Figure 3.25). A clear trend was observed for the complex viscosity of 

filaments with different PEO 7M content. Increasing the PEO 7M content 

proportionally increased the complex viscosity. In case of filaments Z3 and Z2, the 

printability was reduced probably due to the high viscosity of the filaments.  

 

 

 

Figure 3.25 Rheology measurement of the complex viscosity of filaments with 

different PEO 7M contents. 

 

Rheology characterisation of filaments containing PEO was recently performed in 

another study (Isreb et al. 2019). They investigated filaments containing PEO with 
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increasing molecular weight (100, 300, 600 and 900K Da). They observed an 

increased complex viscosity with the increased PEO molecular weight.  

 

The sweep test was then performed for the filaments with different drug loadings; the 

results showed the highest viscosity for Z7 (the filament with the highest printability) 

(Figure 3.26). Although, the viscosity was not as high as Z3 and Z2 (Figure 3.25) 

these data did not help to understand why filaments with highest PEO 7M contents 

were not well printable. Sweep tests were not performed for ABS filaments since the 

Peltier plate could go only up to 200ºC, whereas the printing process with ABS was 

performed at 230ºC. 

 

 

 

Figure 3.26 Rheology measurement of the complex viscosity of filaments with 

different drug loadings. 

 

3.6.2.2.2 Adhesivity 

 

In the second test (Tack test) (Figure 3.15) the rheometer was employed to evaluate 

the adhesivity of filaments depending on PEO 7M content (Figure 3.27) and on the 

drug loading (Figure 3.28). The adhesivity is important to understand the affinity of 

the filament to adhere to a different material substrate (printing platform). The first 
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printing layer needs to strongly adhere to the printing platform to ensure that the 3D 

object does not move during the printing process. In case the object detaches from 

the printing platform, the printing process fails. Before starting the test, the molten 

filament was located in between the upper plate and Peltier plate (500 µm gap) 

(Figure 3.15 left). Once the test was started, the upper plate moved up (Figure 3.15 

right) and dragged the polymer strands. With high adhesive materials, the strands are 

extended, resulted in a higher strain percentage (Figure 3.28) (Z5 had the longest 

tail, 63% strain). Strain can be defined as the extent of deformation.  From the results, 

no trend was observed for the tail length that was similar for all the filaments samples 

with different PEO 7M contents. 

 

 

 

Figure 3.27 Tack test performed with the rheometer for filaments with different PEO 

7M content. 

 

However, a clear trend was observed for the stress values that increased 

proportionally with the increased PEO 7M content (Figure 3.27). Filaments with high 

stress values (Z2 showed the highest value), required a higher force to move the 

upper plate up. In other words, the material was stickier. Z1 (0% w/w PEO 7M) 

showed the lowest stress value (less than 30 KPa) while Z2 (30% w/w PEO 7M) 

showed the highest value (almost 60 KPa). 
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Interestingly, the different drug loading (Figure 3.28) did not increase the stress value. 

Z5, Z6, Z7 showed the same stress values (~35 KPa). However, the increasing 

amount of paracetamol reduced the strain percentage. 

 

 

 

Figure 3.28 Tack test performed with the rheometer for filaments with different drug 

loading. 

 

Z7 (filament with the highest printability) showed a lower stress (35 KPa) (second only 

to Z1, the filament without PEO 7M) and the lowest strain (30%) indicating that lower 

extent of deformation and adhesiveness, might improve the printability. Overall, the 

higher amount of PEO 7M increased the adhesiveness of the filaments that were not 

able to freely extrude from the printing nozzle leading to inconstant flow of material 

from the nozzle. 

 

Rheology studies (viscosity and adhesion) were recently performed by Elbadawi 

(Elbadawi 2019) to investigate the effect of different molecular weight poly ethylene 

glycols (PEG 200, PEG 4000, PEG 8000) on polycaprolactone (PCL) drug loaded 

(ciprofloxacin) filaments. The results showed an increased complex viscosity with the 

increased molecular weight. Adhesion test (tack test) was also performed on the 

filaments concluding that increasing the PEG molecular weight, the adhesiveness 

increased proportionally. 
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3.6.2.3 Flexural tensile strength 

 

Flexural tensile strength was employed to measure the brittleness of the filaments. 

The ability of an object to deform plastically without fracturing is called ductility. 

Objects with low ductility are called “brittle” (Zhang et al. 2017, Palekar et al. 2019). 

Brittleness measurements were performed for the shell filament (ABS) and the 

filaments with different drug loading (Z5, Z6, Z7) (Figure 3.29). 

 

 
 

  

Figure 3.29 Left: 3-point bend tester of the filaments with different drug loadings. 

Right: SEM image of commercial ABS filament. 

 

ABS showed ideal properties, being difficult to fracture (~50 MPa). ABS was also 

evaluated in terms of pulling tensile strength (Figure 3.23 and Figure 3.24). However, 

the sample was impossible to break, and it was slipping out of the clamps and results 

were not reported in the graphs. On the other hand, drug loaded filaments showed a 

much lower tensile strength that increased slightly with the higher drug content. Z5 

had the lowest value (~5 MPa). Although the low tensile strength, all three drug loaded 

filaments (Z5, Z6, Z7) were printable. Analysis of other filaments produced in the 

current study, showed that filaments with less than 5 MPa are likely not to be printable 

due to the excessive brittleness or flexibility (Figure 6.2). These data confirmed that 

higher fracture tensile strength values were likely to increase the printability of the 

filament (Z7 has the highest value and the highest printability). 

 

 



 
123 Chapter 3: FDM 3D printing of core-shell controlled release printlets 

3.6.2.4 Indentation hardness 

 

Filaments were characterized in terms of hardness using a nanoindenter (Figure 3.30, 

Figure 3.31 and Figure 3.32). Hardness values can help to predict the printability of 

the filaments together with the other mechanical measurements (Gioumouxouzis et 

al. 2018). Result for the ABS filament showed that about 250 mN were necessary to 

indent the surface of filament down to 15 µm in depth. Once reached 15 µm, the load 

was maintained constant for 30 s to evaluate any further penetration. Almost no 

further penetration was recorded, indicating that the filament was very tough.  

 

 

 

Figure 3.30 Nanoindentation analysis of the ABS filament.  

 

Load values were then measured for the filaments Z5, Z6 and Z7 (Figure 3.31). With 

the increasing drug loading, a proportional increased load was required to achieve a 

15 µm penetration of the indenter. Interestingly, no significative difference was 

recorded between the filament with 10 (Z5) and 25% (Z6) w/w paracetamol, with 7 

and 10 mN respectively. While the filament with 40% w/w drug content required over 

20 mN to be penetrated indicating that the drug increased the hardness of the filament 

resulting in a better performance of the filament during the printing process and a 

higher printing quality (better grip of the filament in between the pushing wheels). 

Additionally, during the 30-s-hold, the indenter further penetrated Z7 for only ~3.5 µm 

(the horizontal line of Z7), compared to ~6.0 µm obtained from Z5 and Z6. These 

results confirmed the higher hardness of Z7 compared to Z5 and Z6.  

 



 
124 Chapter 3: FDM 3D printing of core-shell controlled release printlets 

 

 

Figure 3.31 Nanoindentation analysis of the core filaments with different drug loading: 

Z5 (10% w/w paracetamol), Z6 (25% w/w paracetamol), Z7 (40% w/w paracetamol).  

 

From the load values, the hardness of the filaments was therefore calculated from the 

software (Figure 3.32). The hardness value confirmed as Z7 with 40% w/w 

paracetamol was mechanically different from Z5 and Z6 that reported very similar 

properties.  

 

 

 

Figure 3.32 Hardness values for the core-shell filaments. 
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3.6.3 Physical form characterisation 

 

TGA was performed for the commercial ABS and the filaments with different drug 

loading (Z5, Z6, Z7) to assure their stability at printing temperature (Figure 3.33). ABS 

was printed at 230ºC and the residual weight at that temperature was almost 100% 

indicating the total stability of the polymer. Core filaments (Z5, Z6, Z7) also showed 

over 95% of the total weight at printing temperature (170ºC) indicating the suitability 

of these compositions for FDM 3D printing. 

 

 

 

Figure 3.33 TGA of the core-shell filaments, drug and individual excipients included 

in the compositions.  

 

XRPD and DSC analysis were performed to evaluate in which form the drug was 

incorporated in the filaments and cores (Figure 3.34 and Figure 3.35). XRPD data 

showed broad halos for Z7 and Z6 discs indicating that the drug was incorporated in 

an amorphous form. Z5, containing  a higher amount of HPC (62% w/w), showed a 

diffractogram similar to HPC powder, with some small peaks at 18 and 23° indicating 

the presence of either mannitol and/or PEO in a crystalline form. The presence of 

crystalline material only in Z5 disc can be explained with the lower extrusion 

temperature (110°C compared to 120°C for the other two filaments) or with the 

plasticizing effect of the increasing drug loading that might have contributed to better 
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solubilisation of mannitol and/or PEO in Z6 and Z7. DSC analysis (Figure 3.35) 

exhibited small endothermic peaks at 70°C for all the printed formulations, indicating 

that part of PEO was still in crystalline form after extrusion and printing. In all the 

powder mixtures a broader peak (composed of two peaks) was present at 160-165°C 

indicating that both paracetamol and mannitol were crystalline. However, only a small 

endothermic peak was present at 170°C in all the filaments indicating that the drug 

became amorphous after extrusion. Only in Z7 a second endotherm was still present 

(shifted at 150°C) indicating that a small amount of the drug was still in crystalline 

form but could not be detected by XRPD (Z7 disc showed a complete amorphous 

diffractogram, Figure 3.34). In Z7 the drug endotherm was anticipated to 150°C due 

to the plasticizing effect of the drug.  

 

 

Figure 3.34 XRPD diffractogram of the printed formulations discs, the powdered 

excipients and the drug. 
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Figure 3.35 DSC traces analysis of the drug, individual excipients, powder mixtures, 

extruded filaments (Z5, Z6, Z7) and printlets (Z5-C, Z6-C, Z7-C). 

 

3.6.4 3D printing and in vitro drug release studies 

 

Z5, Z6 and Z7 were then evaluated in terms of printability. Cylindrical cores (9 mm 

diameter x 4 mm height) were printed with all three filaments (cores named Z5-C, Z6-

C and Z7-C, respectively). Althought all filaments were printable, the best printing 

results were obtained with Z7-C. To achieve an acceptable printability, in first place 

the filaments need to show good feedability to allow the smooth and continuous 

access of the filaments to the heated section of the printing head (Nasereddin et al. 

2018). Filament loaded with 10 and 25% paracetamol were quite ductile and 

underwent occasional squeezing in between the feeding wheels during the printing 

process causing interruption or inappropriate feeding. On the other hand, Z7 did not 

present these inconveniences, showing a smooth and continuous printing process. 

Although possessing the same dimensions, cores printed with Z7 were heavier (270 

± 5.2 mg) compared to Z6 (258 ± 8.4 mg) and Z5 (250 ± 15.2 mg). Additionally, the 

increasing standard deviation showed that the printing process with Z5 and Z6 was 

more variable compared to Z7. These observation correlate with the mechanical 

characterizations of the filaments. As the drug loading of the filament increased the 

hardness and the tensile strength (pulling and flexural) of the filaments increased 

resulting in a better performance of the filament during the printing process (better 
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grip of the filament between the pushing wheels) and consequently, a higher printing 

quality. 

The filament with the highest drug loading (Z7) exhibited the most optimal mechanical 

properties and was therefore selected to investigate the manufacture of printlets. Z7-

C (Table 3.2) were evaluated in a preliminary dissolution test in HCl 0.1N (Figure 

3.36).  

 

 

 

Figure 3.36 Preliminary dissolution test for Z7-C only in HCl 0.1N. 

 

Preliminary dissolution test of Z7-C in HCl 0.1N showed an 18-h first-order release 

profile. To achieve an accurate zero-order release, an insoluble shell was 3D printed 

with ABS on to the core to regulate the rate of release. ABS filament was selected 

over other materials for the high toughness and water resistance that provide a shell 

able to withstand long dissolution tests without deformation (Rohringer 2020). The 

first model was T1 (Table 3.3, Figure 3.16) with a single 6 mm hole at the top. 
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Table 3.3 Characteristics of the core-shell printlets.  

Core-shell 

printlets 

Core 

filament 

Shell 

filament 
Infill (%) 

Weight (mg ± 

SD) 

Number of 

holes 

Hole size 

(mm) 
 

Printlet Diameter 

(mm ± SD) 

T1 Z7 ABS 100 465 ± 5.8 1 (Top) 6  12.03 ± 0.04 

T2 Z7 ABS 100 473 ± 4.3 2 6  12.06 ± 0.07 

T3 Z7 ABS 100 475 ± 4.6 2 8  12.06 ± 0.15  

T2-50 Z7 ABS 50 393 ± 7.8 2 6  12.04 ± 0.14 

T2-25 Z7 ABS 25 333 ± 9.5 2 6  12.09 ± 0.12 

T3-50 Z7 ABS 50 395 ± 8.1 2 8  12.07 ± 0.12 

T3-25 Z7 ABS 25 335 ± 8.7 2 8  12.03 ± 0.04 
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The T1 core-shell printlets were successfully printed (Figure 3.37) using dual-

extrusion FDM (one filament for the core and one for the shell, Figure 3.19). To 

improve the quality of the printlets, walls were used to avoid interaction between the 

two molten materials during the printing process (Goyanes et al. 2015f, 

Gioumouxouzis et al. 2020). The inclusion of walls increased the printing time 

(compared to printlets in chapter 2 which required in 5 mins each) to 10 mins per 

core-shell printlet. 

 

  

  

Figure 3.37 T1 core-shell printlet before the dissolution test (left) and after (right). The 

shell was printed with ABS filament, while the core was printed with Z7. 

 

A preliminary dissolution test in HCl 0.1N of the T1 core-shell printlets showed a zero-

order release profile extended for 48 h.  
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Figure 3.38 Dissolution test in HCl 0.1N for T1 core-shell printlets. 

 

Two new shell models (T2 and T3) were designed with double holes (6-mm and 8-

mm respectively) (Table 3.3, Figure 3.17, Figure 3.18). T2 and T3 core-shell printlets 

were successfully printed (Figure 3.39). All the printlets that were prepared were 

physically robust and maintained the required geometry (Figure 3.37 and Figure 3.39) 

with a diameter very close to the 3D model designed (Table 3.3). Mechanical 

characterization of the printlets showed ideal properties. The breaking force for the 

printlets was not recorded during testing indicating that the real value was higher than 

the maximum limit of the instrument (485N). Friability testing showed no physical 

attrition after the test (0%). These results corroborate with previous works where FDM 

tablets showed a robust nature (Okwuosa et al. 2016). T2 and T3 core-shell printlets 

were then evaluated in a dissolution test with the first 2 h in HCl 0.1N followed by 

phosphate buffer pH 7.4. 

 

  

  

Figure 3.39 Left: T2 core-shell printlet (6-mm holes) before (left) and after (right) the 

dissolution test. Right: T3 core-shell printlet (8-mm holes) before (left) and after (right) 

the dissolution test. 
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The dissolution profile of the core-shell printlets T2 and T3 (Figure 3.40) showed a 

zero-order release profile for both designs. T2 released all the drug within 48 h, while 

T3, due to the larger hole sizes (8-mm), reached complete drug release in 32 h.  

 

 

 

Figure 3.40 Dissolution profile of the Z7-C core only, and the core-shell printlets T2 

and T3. 

 

Recently, FDM dual-extrusion was employed to include to the core an insoluble 

regulating release shell to achieve zero-order release profiles (Gioumouxouzis et al. 

2017) (Tagami et al. 2018). However, the zero-order release was extended for only 

4-7 h since both studies employed simply PVA as polymer for the core.  

 

To wider the release profile of the core-shell printlets, two different core infills (50% 

and 25%) were investigated (Figure 1.18, Table 3.3). Dissolution profiles for T2 (6-

mm holes) core-shell printlets showed a reduction in the dissolution time 

proportionally with the reduced infill (Figure 3.41). Lowering the core infill percentage 

produced cores with empty spaces inside. In consequence, cores were lighter in 

weight (Table 3.3) indicating that the infill was another way to personalise the dosage 

form. Additionally, the inclusion of empty spaces inside allowed the media to access 

a higher surface of the core reducing the dissolution time for a further personalisation 

of the drug release. T2 core-shell printlets were able to release the drug in 48, 32 or 

28 h depending on the infill percentage.  
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Figure 3.41 Dissolution profile of T2 (100% infill), T2-50 (50% infill) and T2-25 (25% 

infill). 

 

Dissolution tests for T3 formulations (8-mm holes) showed similar results as the T2 

core-shell printlets (Figure 3.42). By reducing the infill percentage (100, 50, 25%) of 

the core, printlets releasing in 32, 20, 16 h respectively were realised. Since the infill 

percentage can be set precisely at any point percentage between 100 an 0%, virtually 

numerous dosage forms with a personalised release time can be produced. 

 

 

 

Figure 3.42 Dissolution profile of T3 (100% infill), T3-50 (50% infill) and T3-25 (25% 

infill). 
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3.7 Conclusion 

 

FDM dual-extrusion 3D printing allowed the manufacture of core-shell printlets 

releasing the drug with zero-order release profiles. Filaments including hydroxy propyl 

cellulose (extended release polymer) and polyethylene oxide 7M (expandable 

hydrogel) were successfully extruded with three different drug loadings (10, 25 and 

40% paracetamol) and printed to produce prolonged release cores. The core 

composition allowed the formation of a hydrogel when hydrated, allowed the drug to 

follow the multi-diffusional pathway to produce a constant release of the drug from 

the printlets. Rheological and mechanical characterisation of the filaments, including 

fracture tensile strength, pulling tensile strength and nanoindentation, shed light on 

the role of the individual components such as polyethylene oxide 7M (first time used 

in FDM) or paracetamol in affecting the extrusion and the FDM 3D printing processes. 

ABS insoluble filament was employed to print a release regulating shell around the 

core to further optimise the release of the drug. A range of zero-order release profiles 

(spanning from 12 to 48h) was realised. Total degree of personalisation could be 

achieved by choosing the core infill (from 0 to 100%), the hole size (6-8 mm) and the 

number of holes in the shell, without the need of reformulating the filament 

composition.  

 

These results might enable the manufacture of personalised oral dosage forms with 

the required amount of drug and a personalised zero-order release profile, reducing 

side effects and improving the patient’s compliance to the therapy. Further work, 

however, will be necessary before moving into the on-demand production of zero-

order release printlets in a clinical setting. Specifically, the ABS shell needs to be 

replaced with oral acceptable materials (for instance ethylcellulose)  without 

compromising the release profiles. 
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4 FDM 3D printing of osmotic pump printlets 

 

4.1 Overview 

 

In Chapter 3 fused deposition modeling (FDM) dual-extrusion 3D printing was 

successfully employed to manufacture core-shell printlets releasing the drug with 

personalised zero-order release profiles with a single-step manufacturing process. A 

more advanced example of modified release formulation is the osmotic pump tablet, 

that can provide robust results in first-in-human (FIH) trials. Osmotic tablets are 

minimally affected by external factors (pH, media, food, etc.) resulting in a high degree 

of in-vivo in-vitro (IVIVC) correlation. However, frequent changes of the dosage are 

required at that early stage, slowing down the development of the new medicine. FDM 

3D printing was therefore investigated as a potential new technology to manufacture 

osmotic pump printlets in a simple step to produce different dosage strengths without 

reformulating the tablet. Hot melt extrusion (HME) was coupled with FDM 3D printing 

to manufacture the two components of an elementary osmotic pump printlet: 

swellable core, and semi-permeable membrane. Mechanical and physical 

characterisations of the filaments were performed to better understand the required 

properties for FDM 3D printing. Rheology studies were conducted to understand how 

to maintain the integrity of the membrane during in vitro dissolution tests. 

 

4.2 Introduction 

 

Osmotic pump tablets are utilised in the pharmaceutical industry during the FIH trials. 

They are minimally affected by external factors (pH, media, presence of food, 

individual physiological conditions) which results in a high degree of in-vivo in-vitro 

(IVIVC) correlation. Such a robust platform is desirable at an initial stage of the drug 

development, to reduce the variables from the medicine itself an understand the effect 

of the medicine within the body. However, during the FIH trials the dosage must be 

frequently adjusted. In the industry, the process includes reformulating the osmotic 

tablets and performing stability tests which are pricy and time-consuming (up to 6 

months). Having a 3D printed osmotic printlet that allows dose changing without 

reformulating the whole medicine would be invaluably beneficial. 

 

Osmotic tablets are usually composed of a compressed tablet core containing the 

drug, which is coated with a water-permeable and water-insoluble membrane, that 

allows only water to freely move through it. In solution, water enters the tablet 
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following the osmosis principle. The rate at which the core absorbs water is correlated 

to the osmotic pressure of the core components and the permeability of the semi-

permeable membrane. As the core hydrates, the viscosity of the drug-entraining 

polymer decreases, and the drug is extruded through the orifice drilled in the 

membrane, due to the hydrostatic pressure generated inside by the water-swellable 

composition. The drug can be released either as a solution or as a suspension, 

depending on its solubility. Obviously, any drug released as a suspension, must 

dissolve in the in-vivo environment to be absorbed. Once the drug is released, the 

membrane of the tablet remains intact and will be excreted in faeces as a ‘ghost pill’ 

(Tungaraza et al. 2013).  

 

The principle of osmosis refers to the movement of solvent from areas with lower 

concentration of solute to areas with higher concentration across a semi-permeable 

membrane. The presence of an osmotic excipient (generally a salt or sugar), known 

as an osmagen, within the osmotic tablet, draws water inside, generating an osmotic 

pressure that constantly forces the drug out of the dosage form (Cath et al. 2006). 

This results in a zero-order release profile, avoiding plasma concentration peaks and 

fluctuations. Furthermore, osmotic tablets release is independent of external factors 

such as pH and presence of food in the gastrointestinal tract (Li and Jasti 2006), 

providing a reliable release with less side effects and improved patient compliance. 

On the other hand, due to their complexity, osmotic tablets can be expensive, they 

can be toxic in case of dose dumping and it is more challenging to assure the integrity 

of the formulation compared to standard tablets.  

 

4.2.1 Fundamentals of osmosis 

 

Osmosis is a fundamental phenomenon in biology that regulates the water balance 

within cells and plants (Herrlich et al. 2012). An osmotic flow is generated when a 

semi-permeable membrane (a membrane that allows the passage of solvent 

molecules only) separates two solutions with different solute concentrations. In these 

conditions, the solvent from the less concentrated solution will move through the 

semi-permeable membrane to dilute the more concentrated compartment.  

 

The first experiment on the osmotic phenomenon dates to 1748 (Abbe Nollet), 

however the first quantitative measurement was performed in 1877 by Pfeffer (Santus 

et al. 1995). The experiment consisted of a membrane (permeable to water but 

impermeable to sugar) used to separate two compartments, one with water and one 
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with sugar solution. In those conditions, water started to flow into the compartment 

with the sugar solution unless an opposite pressure was applied to the sugar solution 

to equilibrate the system, named osmotic pressure π. Pfeffer demonstrated that the 

osmotic pressure π of the sugar solution is directly proportional to the solution 

concentration and the absolute temperature. Soon after Van’t Hoff showed the 

analogy of these results with the ideal gas laws with the following equation: 

 

π = ϕcR⊤ 

Equation 4.1 

 

ϕ: osmotic coefficient  

C: concentration of sugar in the solution 

R: gas constant (8314 J mol -1 K-1) 

T: absolute temperature (K) 

 

Concentrated solutions can generate high osmotic pressures up to 500 atm (lactose-

fructose mixture) with consequent high water flow across the membrane. The water 

flow across the membrane can be calculated using the following equation: 

 

dV

dt
=

AθΔπ

l
 

Equation 4.2 

 

dV / dt: water flow across the membrane 

A: Area of the membrane 

l: thickness of the membrane 

θ: osmotic permeability 

Δπ: osmotic pressure difference between the two solutions 

 

Equation 4.2 is only valid for membranes totally impermeable to the osmotic agent; 

however it represents a good approximation for most membranes (Santus and Baker 

1995). 
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4.2.2 Historical development 

 

4.2.2.1 The Rose-Nelson pump 

 

The first prototype of osmotic device was developed in 1955 by two Australian 

physiologists, Rose and Nelson (Rose et al. 1955). Their device consisted of three 

chambers: a drug chamber, a salt chamber and a water chamber (Figure 4.1). 

 

 

 

Figure 4.1 Illustration of the Rose-Nelson osmotic pump developed in 1955 (Rose 

and Nelson 1955). Image taken from (Santus and Baker 1995). 

 

A semi-permeable membrane was located in between the water chamber and the salt 

chamber. The difference in concentration between the two compartments generated 

a water flux across the membrane to dilute the more concentrated chamber. The salt 

chamber increased in volume and distended the latex diaphragm that in consequence 

pushed the drug out. The pumping rate for the Rose-Nelson pump was calculated by 

the following equation: 

 

dMt

dt
=

dV

dt
⋅ c 

Equation 4.3 
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ⅆMt

ⅆt
: drug release rate 

ⅆV

ⅆt
: volume flux of water into the salt chamber 

c: concentration of drug in the drug chamber 

 

Substituting the Equation 4.3 with the equation for the flux across the membrane 

(Equation 4.2) gives Equation 4.4: 

 

dMt

dt
=

AθΔπc

l
 

Equation 4.4 

 

A downside of the Rose-Nelson pump was that it must be stored empty and loaded 

with water immediately before use. This limitation was addressed by a company 

called Pharmetrix who patented a new device which included a seal between the 

semi-permeable membrane and the water chamber (Pharmetrix 1989). The new 

device could be stored with water inside and the pump could be activated when 

needed by removing the seal. However, this device had yet to find a commercial use. 

 

4.2.2.2 Higuchi-Leeper pump  

 

The Higuchi-Leeper pump was developed by Alza Corporation in early 1970s as a 

simplification of the Rose-Nelson pump. The internal water compartment was 

removed, and the pump was designed to be activated by liquids from the surrounding 

environment (Figure 4.2). Only two compartments were present, a compartment 

containing the osmotic agent and a compartment containing the drug. The pump had 

a rigid housing and the semi-permeable membrane was located only at the bottom of 

the pump. 
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Figure 4.2 Representation of the Higuchi-Leeper pump. Image taken from (Santus 

and Baker 1995). 

  

4.2.2.3 Higuchi-Theeuwes pump 

 

The Higuchi-Theeuwes pump was developed in 1970s, similarly to the Higuchi-

Leeper pump, the water compartment was removed (Figure 4.3). Rather than having 

a rigid housing with a semi-permeable membrane exclusively at the bottom, the semi-

permeable membrane was extended to the whole tablet, becoming the outer casing 

of the pump. Once in solution, the water was drawn inside through the semi-

permeable membrane by the salt layer. The water uptake increased the volume of 

the salt chamber squeezing the internal collapsible membrane which released the 

drug out. This system is sold nowadays under the name Alzet®. 
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Figure 4.3 Representation of the Higuchi-Theeuwes pump. Image taken from (Santus 

and Baker 1995). 

 

4.2.3 Contemporaneous devices 

 

4.2.3.1 Elementary Osmotic Pump (EOP) 

 

Developed in 1974 by Theeuwes (Theeuwes 1975), this invention was a further 

innovation of the Higuchi-Theeuwes pump. The compartment containing the osmotic 

agent was removed leaving only the drug compartment inside (Figure 4.4). The 

prerequisite was that the drug must be highly water-soluble, and it must produce a 

sufficiently high osmotic pressure while dissolving. As a result, the drug will be 

released already in solution following a zero-order release profile. In the first attempt, 

Theeuwes compressed 500 mg of potassium chloride (KCl) into a tablet which was 

then coated with a semi-permeable membrane and a small orifice drilled on it. In 

solution, the core imbibed water in a controlled manner which depended on the 

osmotic pressure of the core and on the membrane permeability (Theeuwes 1975). 

The water inside started to dissolve the core, forming a saturated solution. Since the 

semi-permeable membrane was rigid, the device kept the internal volume constant, 

therefore, the volume of saturated solution delivered through the orifice was equal to 

the volume of solvent uptake. The condition was that there is always excess solid 

inside the core, when the system is no longer saturated, the release will drop 

drastically. To draw water inside, there must be a difference in osmotic pressure 

between inside and outside. To overcome the osmotic pressure of the body, a 

relatively high osmotic pressure of the drug solution inside the core was needed, 
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therefore, the drug must be highly water soluble. Theeuwes concluded that the 

delivery rate was unaffected by the size of the orifice within the predictable range (75 

to 274 µm). The range size could be calculated based on Poiseuille’s law, the coating 

and the core properties (Nokhodchi et al. 2008). Within the calculated range, the 

release should remain unchanged except in case of highly viscous compositions. 

Several drilling techniques were developed, such as manual drilling (Özdemir et al. 

1997), laser drilling (Theeuwes et al. 1978) and indentation (Liu et al. 2006). 

Moreover, the delivery rate was not affected by the pH of the environment (no 

difference between pH 2.0 and pH 7.5) and by the outside environment agitation 

(stirred or not). Overall, the behaviour of the EOP was well understood, therefore the 

in vitro delivery rate of the drug and the fraction of drug delivered at zero-order could 

be easily predicted. Since the in vivo delivery rate was essentially the same as the 

predicted in vitro delivery, the EOP represented a device with a high IVIVC. This 

device was patented by Alza in November 5th, 1974 under the name OROS® (osmotic-

controlled release oral delivery system) in their first key patent (U.S. Patent 

3,845,770).  

 

 

 

Figure 4.4 Representation of an elementary osmotic pump (EOP) vertical cross 

section, before dissolution (left) and in solution (right).  
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4.2.3.2 Controlled-porosity osmotic pump (CPOP) 

 

In 1980s Alza employed OROS® technology for several commercial drugs. The first 

two products were Osmosin® to deliver indomethacin (Theeuwes et al. 1983) and 

Acutrim™ (Weintraub et al. 1986) for phenylpropanolamine. Unfortunately, the 

preannounced success and excitement for the new technology lasted a short time. 

Osmosin® was withdrawn after one year due to unexpected adverse effects (gastro-

intestinal irritation and perforation) (Calin 1984). In case of stagnation of the tablet, 

the release of indomethacin from a small hole may cause localised irritation of the 

gastro-intestinal mucosa ultimately leading to mucosal perforation.  

 

To address this issue, Merck & Co. (Haslam et al. 1989) developed a controlled-

porosity osmotic pump (CPOP) (Figure 4.5). In CPOP, the hole was removed from 

the semi-permeable membrane and a water-soluble pore former excipient was added 

to the membrane composition. Once in solution the pore-former dissolves creating 

multiple holes in situ (Zentner et al. 1985). Therefore, the drug could be released in 

different directions, avoiding the local irritation of the gastro-intestinal mucosa. Since 

the core composition was considered the critical factor for a constant release, CPOP 

was still able to release the drug in a zero-order manner, whereas the membrane 

properties (thickness and amount of pore former) were only regulating the rate of drug 

release (Malaterre et al. 2009). 

 

 

 

Figure 4.5 Representation of a controlled porosity osmotic pump (CPOP).  
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4.2.3.3 Push-Pull and Push-Stick Osmotic Pump (PPOP and PSOP) 

 

Since both EOP and CPOP, were limited to only relatively soluble drugs, Alza tried to 

investigate new platforms able to deliver drugs independently of their solubility. Two 

new technologies, namely “Push-Pull” (Swanson et al. 1987) and “Push-Stick” (Cruz 

et al. 2005) osmotic pumps were successfully developed. The Push-Pull osmotic 

pump (PPOP) was composed of a bi-layer core including a swelling component 

(Push, 20-40% w/w) and a drug osmotic component (Pull, 60-80% w/w). The PPOP 

was essentially a revision of the Higuchi-Leeper pump (Santus and Baker 1995), the 

only difference is that the semi-permeable membrane was present throughout the 

whole perimeter of the tablet (Figure 4.6). 

 

 

 

Figure 4.6 Vertical cross section of push-pull osmotic pump (PPOP). 

  

The advantage was that both layers could imbibe water across the membrane at the 

same time. The pushing layer started to swell generating a hydrodynamic pressure, 

at the same time the osmotic layer started to either dissolve or disperse, allowing an 

easier release of the insoluble drug particles through the hole. PPOP could release 

the drug independently from their solubility properties, in fact the release occurred 

under the hydrodynamic pressure generated by the swelling layer. PPOP technology 

was successfully marketed as Procardia XL (Alza) in US and Adalat CR (Pfizer) in 

Europe for delivering the insoluble nifedipine as a finely dispersed form ready to 

dissolve, turning out to become a blockbuster (Malaterre et al. 2009). A downside of 

PPOP was the required side identification of the “pull” layer before drilling the orifice. 
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The Push-Stick osmotic pump (PSOP) included two internal drug compartments 

(different concentrations of the same drug) plus an external immediate release drug 

layer. Once in solution, the immediate release drug layer provided a rapid onset of 

action, then the osmotic pump would keep the plasma concentration within the range 

for a prolonged time. PSOP technology was marketed as Concerta® (Figure 4.7). 

 

 

 

Figure 4.7 Representation of Concerta® extended-release tablets. Redrawn from  

(Janssen 2019). 

 

4.2.3.4 Monolithic osmotic pump tablet (MOPT) 

 

Despite the success of PPOP and the good zero-order drug release rate of insoluble 

drugs, the manufacturing process of these tablets remained complex. Stringent 

demands were placed on the two formulations within the core that must be 

compressed together. Moreover, tablets must be oriented during the manufacturing 

prior to hole drilling. Furthermore, because of the presence of an additional layer 

(Push), less space was available for the Pull layer (containing drug), limiting the drug 

loading to less than 200 mg (Waterman et al. 2009). EOP on the other hand, was an 

easy to manufacture platform, however, it delivered only soluble drugs. Therefore, 

more effort was invested in developing a monolithic tablet able to deliver insoluble 

drugs designed with only a single core (same design as EOP) (Figure 4.8).  
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Figure 4.8 Vertical cross section of a monolithic osmotic pump tablet (MOPT). 

 

In 2000, Liu et al. (Liu et al. 2000a) developed a monolithic tablet for nifedipine. The 

core contained KCl as osmagen, and polyethylene glycol (PEO) 300,000 Da as 

thickening agent to maintain the drug particles in suspension. PEO 100,000 Da and 

900,000 Da were also evaluated, however, the former was unable to sufficiently 

suspend the drug particles and the latter produced suspensions which were too 

viscous to be extruded through the small orifice. The membrane was drilled on both 

sides (no need for side identification) and the ideal pore size was found to be between 

0.25 and 1.41 mm in diameter. Liu et al. demonstrated their tablet was able to release 

nifedipine at an approximate zero-order rate up to 24 h independent of both 

environment agitation and media composition, comparable to the push-pull system. 

In 2009 Waterman et al. (Waterman et al. 2009) improved the MOPT by developing 

an extrudable core system (ECS) which can osmotically deliver low solubility drugs. 

When the drug is poorly water-soluble, an osmotic agent, must be included in the core 

formulation. Sugars (mannitol, sorbitol, xylitol, fructose) showed to be excellent 

osmagens (Table 4.1).  
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Table 4.1 List of osmagents (osmotic agents) (Sahoo, Sahoo et al. 2015). 

 

Osmagen 
Osmotic pressure 

(Atm) 

Lactose 23 

Mannitol 38 

Potassium Sulphate 39 

Tartaric Acid 67 

Citric Acid 69 

Dextrose 82 

Sorbitol 84 

Xylitol 104 

Potassium Phosphate 105 

Melanic Acid 117 

Sucrose 150 

Potassium Chloride 245 

Fructose 335 

Mannitol-Fructose 415 

Lactose-Fructose 500 

 

If the core contained only a low-solubility drug and sugar, the water would dissolve 

the sugar and push the dissolved material outside. However, most of the drug would 

be left behind as the sugar exits the tablet. To prevent the drug particles from settling, 

an entraining polymer with a sufficient viscosity was required. With insufficient 

polymer, the drug particles would not be suspended, whereas with plenty of polymer, 

less space would be left available for the drug. The authors obtained the best 

performance with hydroxy ethyl cellulose (Natrosol 250H) at 3-6% w/w. Other 

polymers that performed well were Polyox coagulant grade (PEO MW 5,000,000 Da), 

Polyox N80 (PEO MW 200,000 Da) and Xanthan gum (Waterman et al. 2009). The 

semi-permeable membrane was realised with a combination of cellulose acetate (CA) 

(water-insoluble) and poly ethylene glycol (PEG, water-soluble) polymers. The 

solubility of the membrane was related to the ratio CA:PEG going from 2 to 3.5. In 

another study, Thombre et al. (Thombre et al. 2004) developed a swellable-core 

technology (SCT) that used both osmotic pressure and polymer swelling properties 

to deliver the drug in a reproducible manner. Table 4.2 lists the excipients investigated 

in the study.  
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Table 4.2 Composition (% w/w) of the swellable-core technology (SCT) (Thombre et 

al. 2004). 

 

Excipient Composition (% w/w) Role 

Sildenafil citrate salt 10 Drug 

PEO MW 200,000 Da             

or 29 Entraining polymer 

PEO MW 600,000 Da 

Xylitol 30 Osmagen 

Sodium Starch Glycolate  

or 

30 Swelling polymer PEO MW 5,000,000 Da          

or 

Croscarmellose sodium 

Magnesium Stearate 1 Lubricant 

 

The entraining polymer aimed at keeping the drug in suspension while the core was 

hydrating and dissolving. Xylitol was included to imbibe water inside. Either sodium 

starch glycolate, croscarmellose sodium or PEO 5,000,000 was included as an 

expandable polymer to create pressure inside the tablet. The semi-permeable 

membrane was found to provide the best performance with a CA/PEG 3350 ratio of 

8/2 or 7/3. The 0.9 mm (diameter) hole in the membrane was drilled mechanically or 

by laser. The in vitro drug release from SCT formulations was robustly independent 

of external conditions (pH, media composition etc.) and showed a good IVIVC in dogs. 

 

4.2.3.5 Sandwiched Osmotic Tablets System (SOTS) 

 

The monolithic tablet system was simple to manufacture and usable for water-

insoluble drugs. However, the release profile deviated from the straight line (not 

exactly zero-order) (Liu et al. 2000b). To obtain a more robust platform, Liu et al. 

proposed a sandwich osmotic tablet system (SOTS) to deliver nifedipine (Liu et al. 

2000b). SOTS internal core was composed of a middle pushing layer between two-

drug-containing layers (Figure 4.9).  
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Figure 4.9 Vertical cross section of sandwiched osmotic tablets system (SOTS). 

 

PEO 300,000 Da was included in the drug layers as a thickening agent, while PEO 

7M was added in the pushing layer as a swelling agent. A semi-permeable membrane 

containing one orifice on both side surfaces, allowed the release of the drug from both 

sides. Liu et al. concluded that the drug release from SOTS was almost identical to 

PPOP, however, SOTS technology did not require side identification, since one orifice 

was drilled in each side of the semi-permeable membrane being more beneficial in 

the manufacturing process. Additionally, the presence of two orifices reduced the 

potential local irritation occurred with EOP. 

 

4.2.4 3D printing of osmotic tablets 

 

The first attempt to manufacture osmotic tablets by 3D printing was in 2015 by Khaled 

et al. (Khaled et al. 2015). They employed semi-solid extrusion 3D printing to include 

a CPOP compartment in a multi-compartment tablet. The CPOP compartment was 

realised with an osmotic core and a pore-forming membrane. Mannitol was included 

in the membrane composition (32%) together with cellulose acetate. Once in solution, 

mannitol rapidly dissolved, leaving numerous pores in the membrane. Therefore, the 

water was able to pass through the membrane, dissolve the core and start releasing 

the drug. Khaled et al. obtained a near zero-order drug release profile for 14 h. 

However, during the first 4 h (less than 10% drug released) the release was not linear 

due to the lag time required for the mannitol to dissolve and create pores. Additionally, 

the release profile of the remaining 35% of the drug was not shown in the graph 
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suggesting that the linearity might had ended after 14 h. Overall, only 45% of the drug 

was released linearly (from hour 4 to 14). 

Osmotic tablets have been manufactured so far with conventional methods that 

required multiple steps, including spraying the core with an enteric polymer and 

drilling holes in the coating. A one-step process that allows the production of osmotic 

tablets with personalised doses based on the patient needs, would represent a 

substantial improvement. To the best of our knowledge, there are no further studies 

investigating the manufacturing of osmotic pump tablets by 3D printing. 

  

4.3 Aims 

 

Osmotic pump tablets represent a reliable dosage form utilized in FIH trials. However, 

frequent changes of the dosage, with consequent reformulation of the medicine are 

required, slowing down the development of new medicines. This study explored FDM 

3D printing as a potential technology to produce on-demand osmotic pump printlets 

to employ in a drug developing setting.  

 

The aims of Chapter 4 included: 

 

To design an osmotic pump printlet suitable for FDM 3D printing. 

 

To couple HME with FDM 3D printing to manufacture the two components of an 

elementary osmotic pump tablet: swellable osmotic core and semi-permeable 

membrane. 

 

To manufacture osmotic cores and characterize how different excipients affect the 

swelling index and printability of the core. 

 

To measure mechanical, physical and rheological properties of the filaments to 

evaluate the role of the excipient in producing filaments suitable for FDM 3D printing. 

To investigate the best polymer and excipient composition, to produce a semi-

permeable membrane by coupling HME and FDM 3D printing. 

 

To perform rheological studies to understand how plasticizer and lubricant would 

affect the integrity of the membrane leading to delamination behaviour of the 

membrane in solution. 
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4.4 Materials 

 

4.4.1 Core 

 

Paracetamol USP grade (Sigma-Aldrich, UK) was used as a model drug (BCS Class 

I, high solubility and high permeability, MW 151.16, solubility at 37ºC: 21.80 g/L 

(Yalkowsky and He 2003)).  

 

Polyvinyl alcohol (PVA) (Parteck® MXP, Millipore Sigma) with an 87 - 89% hydrolysis 

grade, MW approx. 32,000 Da (kindly donated by Merck, UK) and poly ethylene glycol 

(PEG) 6000 (Sigma–Aldrich Co. Ltd., UK) have been used as thermoplastic polymers 

for extrusion. PEO WSR-303 NF (PEO 7M) (MW 7,000,000, Colorcon, UK), xanthan 

gum (Keltrol®CG, UK), sodium starch glycolate (Explotab, JRS Pharma, Germany) 

have been used as swelling agents. Mannitol (kindly donated by Merck, UK), sorbitol, 

fructose, xylitol (Sigma–Aldrich Co. Ltd., UK), have been included as osmotic agents. 

 

4.4.2 Semi-permeable membrane 

 

Cellulose acetate (CA) with 39.8% wt.% acetyl content (MW 30,000, Sigma–Aldrich 

Co. Ltd., UK) was used as the main polymer. Diethyl phthalate, PEG 8000, PEG 3350 

(Sigma–Aldrich Co. Ltd., UK), and methylparaben (VWR International) were 

evaluated as plasticizers. Magnesium stearate (Sigma–Aldrich Co. Ltd., UK) was 

included in both core and membrane compositions as a lubricant.  

The salts for preparing the buffer dissolution media were purchased from VWR 

International Ltd., UK. 

 

4.5 Methods 

 

4.5.1 Preparation of core filaments by hot melt extrusion (HME) 

 

For each batch, 40 g of a blend of excipients and drug was prepared. The excipients 

were mixed in a mortar with the drug (paracetamol) until no agglomerated particles 

were observed. The theoretical drug content of the mixtures was 10% w/w. The 

powder mixtures were then extruded using a single-screw filament extruder (Noztec 

Pro hot melt extruder, Noztec, UK) to obtain filaments of 1.75 mm in diameter 

(extrusion temperature 58-124°C, (Table 4.3, Figure 4.15) with a die diameter 1.5 
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mm, screw speed 15 rpm). The list of core filaments (named as C) evaluated in this 

study, is reported in Table 4.3.  

 

The process was optimised by stopping the rotation of the screw when the material 

was near the extrusion nozzle for about 5 min and follow by increasing the 

temperature by 10ºC to allow more heat and time for all the components to melt. After 

5 min the temperature was brought back to the extrusion temperature, 10 min were 

waited to allow the molten mixture to go back to the extrusion temperature, and the 

screw was turned on again. When half metre of filament was extruded, the screw 

rotation was stopped again, and the process repeated.  

 

Industrial twin-screw extruders have longer screws with different sections within the 

barrel, set at different temperatures. The extruder used for this work had a shorter 

barrel with a uniform temperature. The direct extrusion of a powder mixture with 

components with similar melting point does not pose any problem, however, in case 

of significantly different melting points of the components, the optimised process 

described above was required to obtain a homogeneous filament without solid 

particles inside. The extruded filaments obtained were protected from light and kept 

in a vacuum desiccator until printing.  

 

4.5.2 Preparation of membrane filaments by hot melt extrusion (HME) 

 

For each batch, 40 g of a blend of excipients was prepared. The excipients were 

mixed in a mortar until no agglomerated particles were observed. The powder 

mixtures were then extruded using a single-screw filament extruder (Noztec Pro hot 

melt extruder, Noztec, UK) to obtain filaments of 1.75 mm in diameter (extrusion 

temperature 110-125°C, (Table 4.4 and Figure 4.32), with a die diameter 1.5 mm, 

screw speed 15 rpm). The list of semi-permeable membrane filaments (named as 

SP) evaluated in this study, is reported in Table 4.4. The extrusion process was 

optimised by stopping the rotation of the screw to allow more time to the mixture to 

melt and homogenise (process description in the precedent paragraph).
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Table 4.3 Composition (% w/w) of the hot melt extruded core filaments. 

Filaments 

Poly Vinyl 

Alcohol 

(PVA) 

Poly ethylene 

glycol (PEG) 

6000 

Poly ethylene 

oxide (PEO 7M) 

 

Sodium 

Starch 

Glycolate 

Xanthan 

Gum 
Mannitol Sorbitol Xylitol Fructose 

Magnesium 

Stearate 
Paracetamol 

Extrusion 

Temperature 

(ºC) 

C1 67  10   10    3 10 124 

C2 52  25   10    3 10 120 

C3 42  25 10  10    3 10 110 

C4 42  15 10 10 10    3 10 115 

C5 42  15 10 10  10   3 10 110 

C6 42  15 10 10   10  3 10 110 

C7 42  15 10 10    10 3 10 110 

C8 47  10 10 10   10  3 10 110 

C9 52  5 10 10   10  3 10 112 

C10 57   10 10   10  3 10 - 

C11 32  15 10 10   20  3 10 110 

C12  42 10 10    20  3 10 58 

-  The filament was not extrudable
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Table 4.4 Composition (% w/w) of hot melt extruded semi-permeable membrane filaments. 

Filaments 
Cellulose 

Acetate (CA) 

Poly ethylene 

glycol (PEG) 

3350 

Poly ethylene 

glycol (PEG) 

8000 

Diethyl 

Phthalate 
Methylparaben 

Magnesium 

Stearate 

Extrusion 

temperature (ºC) 

SP1 75 20    5 - 

SP2 75  20   5 - 

SP3 75   20  5 120 

SP4 75    20 5 110 

SP5 77.5    20 2.5 110 

SP6 78.5    20 1.5 115 

SP7 79.5    20 0.5 122 

SP8 80    20  125 

SP9 59.5 20   20 0.5 - 

- The filament was not extrudable
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4.5.3 Mechanical characterisation of the filaments 

 

4.5.3.1 Pulling strength studies 

 

A strength testing equipment 5567 (Instron, Buckinghamshire, UK) was used to 

measure the pulling force required to break the core and membrane filaments. 

Filaments with an average diameter approximately 1.75 mm and 40 mm gauge length 

were selected. The diameter of the samples (measured using a digital calliper) for 

various sections and the average (c.a. 1.75 mm) was programmed into the software 

(Bluehill 2, Version 2.35). The tensile extension was set to 5 mm/min and the data 

were collected every 50 ms. Sand paper was used to prevent the slipping of the 

sample from the clamps. Samples that showed signs of slipping from the clamps were 

rejected and all formulations were measured in triplicate. The maximum load at the 

breaking point and the Young’s modulus were measured. 

 

4.5.4 Rheology studies 

 

A Hybrid Discovery Rheometer (HDR) series 3 (TA Instruments) equipped with a 

Peltier plate (temperature working range -60°C to 200°C) and an 8 mm stainless steel 

parallel plate was employed. The gap between the Peltier plate and the parallel plate 

was set at 500 µm. The trim gap offset was set at 50 µm. The 8-mm disc samples for 

the measurement were prepared by melting a 10-mm filament strand inside a punch 

mould in an oven. Both surfaces of the discs were resulted smooth. 

 

4.5.4.1 Core 

 

The first test was conducted in oscillation mode. An amplitude sweep test was 

performed to evaluate the linear viscoelastic region (LVR). Subsequently, frequency 

sweep tests were performed at a strain amplitude of 0.1% (within the LVR region) and 

an angular frequency range from 0.05 to 200 rad/s. The test temperatures were 

ranging from 65 to 180ºC (corresponding to the printing temperatures of the 

filaments). The number of points per decade were set at 10. Complex viscosity data 

were recorded and plotted against the angular frequency.  

A second test (tack test) was conducted in axial mode to evaluate the adhesion forces 

(affinity of the core material to stick on another material, etc. printing platform of semi-

permeable membrane). The temperature was set from 65 to 180ºC (corresponding to 
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the printing temperature). The motor direction was in tension mode. The upper plate 

was set to move at a constant linear rate of 100 µm/s. 

 

4.5.4.2 Semi-permeable membrane 

 

The test was conducted in axial mode to evaluate the cohesion forces between 

stacked layers of the same material. The temperature was set at 190ºC 

(corresponding to the printing temperature). A 1 mm thick 3D printed disc with 8 mm 

diameter was attached to the upper plate to simulate the cold extruded material 

already deposited onto the platform (Figure 4.10, left). The motor direction was in 

compression mode first and then in tension mode. The upper plate was set to move 

down at a constant linear rate of 500 µm/s until it encountered the molten material on 

the Peltier plate (compression mode) (Figure 4.10, right). Then it moved up with the 

same constant rate (500 µm/s, tension mode).  

 

 

 

  

Figure 4.10 Left: Small 8-mm (diameter) disc (1 mm thickness) was 3D printed and 

attached on the upper plate (not heated) of the rheometer. Right: Small 8-mm 

(diameter) disc (1 mm thickness) was 3D printed and attached on the Peltier plate 

(190°C). The upper plate was moving down, and they were almost in contact. 
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4.5.5 FDM 3D printing  

 

Osmotic tablets were manufactured from the drug-loaded filaments using a 

commercial FDM 3D printer (MakerBot Replicator 2X, MakerBot Inc, USA). 123D 

Design (Autodesk Inc., USA) was used to design the 3D models of both core and 

semi-permeable membrane, exported as a stereolithography (.stl) file into 3D printer 

software (MakerWare v. 3.7.0, MakerBot Inc., USA). The .stl format contains only the 

object surface data, and all the other parameters need to be defined from the 

MakerBot software in order to print the desired object. The calibration procedure was 

performed every day before printing and within the same day if numerous printlets 

were produced. The procedure suggests that between the nozzle and the platform 

there must be enough space for a piece of thin paper to freely move in between. 

 

4.5.5.1 Core design and 3D printing 

 

The selected 3D geometry was a cylinder (10.5 mm diameter x 3.7 mm height) (Figure 

4.11).  

 

 

Figure 4.11 Core 3D model design. 

 

The printer settings were selected as follows: Standard resolution without raft and an 

extrusion temperature of 65-180°C (Table 4.5) platform temperature 40ºC, speed 

while extruding (90 mm/s), speed while travelling (150 mm/s), number of shells (2) 

and layer height (0.15 mm). Infill was set at 100% in order to produce cores of high 

density. Printing nozzle was 0.3 mm. 
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4.5.5.2 Semi-permeable membrane design and 3D printing 

 

The selected 3D geometry details are reported in Figure 4.12.  

 

 

 

Figure 4.12 Vertical section of the semi-permeable membrane 3D model design. 

 

The printer settings were selected as follows: Standard resolution without raft and a 

printing temperature of 190°C (Table 4.7), platform temperature 130ºC, speed while 

extruding (90 mm/s), speed while travelling (150 mm/s), number of shells (2) and 

layer height (0.15 mm). The printing procedure was performed before starting the 

printing as already described in section 2.5.2. Infill was set at 100% in order to 

produce membranes of high density. Printing nozzle was 0.3 mm. Dual-extrusion was 

employed to produce the osmotic printlet. In dual-extrusion, the two filaments are 

loaded inside the printer and they are intermittently used to print the object. Purging 

walls option was activated to avoid contamination between the two filaments while 

printing (recommended for dual-extrusion 3D printing (Figure 3.19), it uses more 

material but provides a better quality). 

 

4.5.5.2.1 Optimisation of the semi-permeable membrane 3D printing  

 

A specific adaption of the printer was required to print a thin undamaged first layer 

(the layer in contact with the platform) to resemble the semi-permeable membrane’s 

thickness (Figure 4.13) The printing parameters were the same as in section 4.4.5.2., 

however, the shell number was changed to 50 in the software. 
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Figure 4.13 3D model design of the first layer of the semi-permeable membrane. 

 

The standard procedure (Figure 4.14 left) to calibrate the printer suggests that 

between the nozzle and the platform there must be enough space for a sheet of paper 

to freely move in between. In the present work, the distance between nozzle and 

platform had to be precisely reduced by adding one or more pieces of fine tape (about 

50 µm in thickness) in between them. By doing so, the space in between the nozzle 

and the platform could be precisely reduced, but they were still not in contact (the 

piece of paper was not able to slice freely in between anymore, Figure 4.14 right). 

 

  

  

Figure 4.14 Left: Standard calibration procedure. A sheet of paper must slice freely in 

between the nozzle and the platform. Right: Modified approach. Distance between 

nozzle and platform was reduced. The sheet of paper is no longer passing in between 

the nozzle and the platform. 

 

4.5.6 Mechanical characterisation of the cores 

  

4.5.6.1 Determination of cores strength 

 

The crushing strength of three cores of each type was measured using a traditional 

tablet hardness tester TBH 200 (Erweka GmbH, Heusenstamm, Germany), whereby 
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an increasing force is applied perpendicular to the printlet axis to opposite sides of a 

printlet until the printlet fractures.  

 

4.5.6.2 Determination of cores friability 

 

Approximately 6.5 g of cores were weighed and placed into the drum of a Friability 

Tester Erweka type TAR 10 (Erweka GmbH, Heusenstamm, Germany). The drum 

was then rotated at 25 rpm for 4 min and the sample was re-weighed. The friability of 

the cores was given in terms of weight loss and expressed as a percentage of the 

original sample weight. 

 

4.5.6.3 Swelling Index measurement 

 

Cores were weighed individually prior to the dissolution test and dissolved in 900 mL 

of HCl 0.1N at 37.0 ± 0.5ºC. and 50 rpm rotation. At 1-h, 2-h, 3-h, 4-h, 5-h, 6-h, 7-h 

and 8-h intervals, cores were withdrawn and gently dabbed with filter paper to absorb 

excess solution and then weighed again. The swelling degree of the cores was 

expressed as the following:  

 

Swelling index =
wt − w0

w0
x 100 

Equation 4.5 

 

w0= initial weight of the core 

wt= weight of the swollen core at time t 

 

4.5.7 Thermal analysis 

 

Differential scanning calorimetry (DSC) measurements were performed on drug, 

individual excipients, powder mixtures before extrusion and 3D printed cores with a 

Q2000 DSC (TA instruments, Waters, LLC, USA) at a heating rate of 10°C/min, after 

preheating cycle to 120°C to remove residual water of the samples. Calibration for 

cell constant and enthalpy was performed with indium (Tm = 156.6°C, ∆Hf =28.71 J/g) 

according to the manufacturer’s instructions. Nitrogen was used as a purge gas with 

a flow rate of 50 mL/min for all the experiments. Data were collected with TA 

Advantage software for Q series (version 2.8.394) and analysed using TA Instruments 

Universal Analysis 2000. All melting temperatures are reported as extrapolated onset 
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unless otherwise stated. TA aluminium pans and pin-holed hermetic lids (Tzero) were 

used with an average sample mass of 8-10 mg.   

 

For thermogravimetric analysis (TGA), samples of core filaments (C11 and C12) and 

membrane filaments (SP3 and SP7) as well as drug and individual excipients 

(average weight: 3-5 mg) were heated at 10°C/min in open aluminium pans with a 

Discovery TGA (TA instruments, Waters, LLC, USA). Nitrogen was used as a purge 

gas with a flow rate of 25 mL/min. Data collection and analysis were performed using 

TA Instruments Trios software and % mass loss and/or onset temperature were 

calculated. 

 

4.5.8 X-ray powder diffraction (XRPD)  

 

Discs (23 mm diameter x 1 mm height, 100% infill) made from drug-loaded polymers 

filaments were 3D printed and analysed as well as sample of pure paracetamol, pure 

polymers (PVA and PEG 6000). The XRPD patterns were obtained in a Rigaku 

MiniFlex 600 (Rigaku, USA) using a Cu Kα X-ray source (λ=1.5418Å). The intensity 

and voltage applied were 15 mA and 40 kV. The angular range of data acquisition 

was 3–60° 2θ, with a stepwise size of 0.02° at a speed of 5°/min.  

 

4.5.9 Cores and membranes morphology characterisation 

 

The physical dimensions of the 3D printed cores and membranes were measured 

using a digital calliper. Pictures of the devices were taken with a Sony α6300 camera. 

 

4.5.10 Scanning Electron Microscopy (SEM) 

 

Morphology of the extruded feedstock, cores and membranes were evaluated by 

scanning electron microscopy (SEM) using a Philips XL30 FEG SEM, operating at 20 

kV. Samples were placed on double-sided carbon tape, mounted on stubs and sputter 

coated using a Polaron E5000 machine with Au/Pd. Samples were coated for 1 

minute prior to imaging.  

 

4.5.11 Determination of drug loading 

 

A core (approx. 0.3 g) was placed in a volumetric flask (200 mL deionized water) 

under magnetic stirring until complete dissolution (n=2). Samples of solutions were 
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then filtered through 0.45 m filters (Millipore Ltd., Ireland) and the concentration of 

drug determined with high-performance liquid chromatography (HPLC) (Hewlett 

Packard 1050 Series HPLC system, Agilent Technologies, UK). The validated HPLC 

assay entailed injecting 20 L samples for analysis using a mobile phase, consisting 

of water (85% v/v) and methanol (15% v/v), through a Luna 5 µm C8 column, 25 x 

4.6 cm (Phenomenex, UK) maintained at 40°C. The mobile phase was pumped at a 

flow rate of 1 mL/min and the eluent was screened at a wavelength of 247 nm. All 

measurements were made in duplicate. 

 

4.5.12 Dissolution testing conditions 

 

Dissolution profiles were obtained using a USP-II apparatus (Model PTWS, 

Pharmatest, Germany). In each assay, the osmotic cores/tablets were placed at the 

bottom of the vessel in 0.1 N HCl (pH 1.2, 750 mL) under constant paddle stirring (50 

rpm) at 37°C. During the dissolution test, samples of paracetamol were automatically 

removed and filtered through 10 μm filters and drug concentration was determined 

using an in-line UV spectrophotometer (Cecil 2020, Cecil Instruments Ltd., 

Cambridge, UK) operated at the wavelength of maximum absorbance of the drug in 

0.1 N HCl (247 nm). Data were processed using Icalis software (Icalis Data Systems 

Ltd., Berkshire, UK). Tests were conducted in triplicate under sink conditions. Data 

are reported throughout as mean ± standard deviation. 

 

4.6 Results and discussion 

 

FDM technology has the potential to print a semi-permeable membrane with 

acceptable thinness and robustness by using pharmaceutical grade excipients. 

Therefore, amongst all the different 3D printing technologies, FDM was chosen to 

investigate the development of osmotic tablets. Specifically, FDM dual-extrusion 

could operate with two filaments: one filament to print the semi-permeable membrane 

and the other to print the osmotic core. Although two filaments would be suitable for 

an EOP, they would not be enough for a PPOP which requires an additional layer 

(three filaments in total) for the pushing compartment. Therefore, the aim of this work 

was to start with the development of an EOP in a single-step process. 3D design of 

the osmotic tablet is reported in the Method section (Figure 4.11 and Figure 4.12). 
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4.6.1 Core development 

 

Ideally, a 3D printed osmotic pump tablet manufactured with the same excipients 

currently used in the pharmaceutical industry would allow an easy comparison 

between the two manufacturing methods (conventional and 3D printing). 

Unfortunately, FDM 3D printing is a very different manufacturing process, therefore 

using the same composition as commercial osmotic tablets would not be possible. 

The main reason is that FDM requires extrusion of a filament, and then a printing 

process; both processes utilise relatively high temperatures (100-150ºC), therefore, 

a thermoplastic polymer must be included in the composition to allow the shaping of 

both the filament and the tablet.  

 

Poly Vinyl Alcohol (PVA) is a well-known thermoplastic polymer commonly used for 

HME and FDM 3D printing (Goyanes et al. 2016b, Tagami et al. 2018). For this 

reason, PVA was included in the first formulation (C1) as the main thermoplastic 

polymer (Table 4.3). Paracetamol (10% w/w) was selected as a model drug for its 

thermal stability. Paracetamol being highly water-soluble, could be used as the 

osmotic agent itself (EOP, Figure 4.4), however, the aim of the present work was to 

develop an osmotic pump platform that delivers different drugs with the same release 

profile (similarly to a MOPT). Mannitol has been widely used in previous studies 

(Goyanes et al. 2017b, Gioumouxouzis et al. 2017) as a plasticizer. Being also an 

efficient osmogen (Sahoo et al. 2015), mannitol (10% w/w) was included in the 

formulation. Similarly to Thombre et al. (Thombre et al. 2004) work, a swelling 

polymer, WSR-303 NF (PEO 7,000,000, PEO 7M) was added in the formulation to 

build up internal pressure. PEO 7M has excellent swelling properties, can be used as 

an expandable hydrogel and can also work as an entraining polymer to suspend the 

drug (Ma et al. 2014). Magnesium stearate was added in the formulation to facilitate 

the extrusion process.  

 

C1 was successfully extruded (Figure 4.15) and printed (C1-C) (Table 4.5 and Figure 

4.16) and it was considered the basic formulation for an osmotic core. Cores were 

printed in 5 mins (comparable to printlets in chapter 2). HPLC analysis of the C1-C 

drug loading showed no drug degradation after printing (Table 4.5). The breaking 

force for the core was higher than the maximum limit of the instrument (485N). 

Friability testing showed no physical attrition after the test (0%). These results 

corroborate with previous works with FDM 3D printed tablets (Goyanes et al. 2015a). 
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Figure 4.15 Hot melt extruded core filaments (named as C). From left to right: C1, C2, 

C3, C4, C5, C6, C7, C8, C9, C11, C12. C10 was missing from the picture since it was 

not extrudable. 
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Table 4.5 Printing parameters and properties of the printed cores. 

Cores Filaments 
Printing 

Temperature (ºC) 

Platform 

Temperature (ºC) 

Weight 

 (mg ± SD) 

Diameter 

(mm ± SD) 

Drug loading  

(% ± SD) 

Friability 

(%) 

C1-C C1 170 40 357.3 ± 2.4 10.5 ± 0.1 10.2 ± 0.2 0 

C2-C C2 165 40 337.2 ± 6.2 10.4 ± 0.2 10.5 ± 0.1 0 

C3-C C3 175 40 339.1 ± 7.3 10.6 ± 0.1 9.8 ± 0.4 0 

C4-C C4 165 40 331.2 ± 6.3 10.6 ± 0.1 9.7 ± 0.2 0 

C5-C C5 175 40 239.1 ± 12.1 10.3 ± 0.2 10.1 ± 0.4 0 

C6-C C6 165 40 317.4 ± 6.4 10.4 ± 0.1 10.0 ± 0.2 0 

C7-C C7 - - - - - - 

C8-C C8 180 40 318.3 ± 5.6 10.6 ± 0.1 9.6 ± 0.3 0 

C9-C C9 160 40 358.8 ± 5.5 10.5 ± 0.1 9.8 ± 0.1 0 

C10-C C10 - - - - - - 

C11-C C11 180 40 306.2 ± 4.4 10.4 ± 0.1 9.9 ± 0.4 0 

C12-C C12 65 40 305.1 ± 22.3 9.9 ± 0.3 9.4 ± 0.3 0 

- The filament was not printable
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C1-C cores were tested in terms of dissolution profile and swellability degree (swelling 

index) using a USP-II apparatus. The experiment was performed in 750 mL of 0.1N 

HCl. The cores were removed from the vessels and weighed every hour. C1-C cores 

showed already a degree of swelling (about 25% after 1 h) due to the PEO 7M content 

(Figure 4.17), however, several modifications to this formulation were attempted to 

optimise the dissolution rate and swelling indices of the cores.  

 

As previously mentioned, in the swellable-core technology (SCT), high molecular 

grade PEO was included at 30% w/w (Thombre et al. 2004), therefore, C2 was 

formulated with an increased amount of PEO 7M (25% w/w). In the SCT technology 

they also evaluated sodium starch glycolate at 30% w/w as a swellable polymer 

(Thombre et al. 2004). Sodium starch glycolate is commonly used in commercial 

tablets as a disintegrant, gelling agent and suspending agent. Sodium starch 

glycolate promptly absorbs water, resulting in swelling which leads to rapid 

disintegration of the tablet. Therefore, sodium starch glycolate (10% w/w) was 

included in formulation C3 for evaluation. In a previous study, xanthan gum showed 

great entraining properties (suspension of the drug) (Waterman et al. 2009), and 

swellable properties (Talukdar et al. 1995). C4 was then formulated to include 

xanthan gum (10% w/w). All three compositions were extrudable (Figure 4.15) and 

printable (C2-C, C3-C and C4-C, respectively (Figure 4.16)), with different degrees of 

easiness. 

 

 

 

Figure 4.16 Images of the 3D printed cores (named as filament-C). The top row, from 

left to right, C1-C, C2-C, C3-C, C4-C, C5-C. The bottom row, from left to right C6-C, 

C8-C, C9-C, C11-C, C12-C. Ruler in cm. 

 

Cores C2-C, C3-C and C4-C were then evaluated in terms of swelling index (Figure 

4.17) and dissolution performance (Figure 4.18). 
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Figure 4.17 Comparison of the swelling indices of cores printed with different 

compositions. All three small pictures showed the core before dissolution test (left) 

and the core during dissolution test (right) at the time indicated by the arrow.  

 

 

 

Figure 4.18 Comparison of the dissolution performance of cores printed with different 

compositions. 

 

While 10% w/w PEO 7M provided limited swelling properties to C1-C (Figure 4.17, 

grey image, core after 2 h), C2-C showed a large increase in the swelling properties 
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being formulated with 25% w/w PEO 7M, reaching 68% swelling index after 2 h. After 

9 h, 90% of the drug was released (Figure 4.18) and the core was still the same size 

as the core before the dissolution test (Figure 4.17, red image). However, the release 

rate of the drug was reduced.  

 

Ideally, the almost complete release rate of the core itself should be around 6 h to get 

a 24 h release when it is printed with the semi-permeable membrane. Therefore, to 

increase the swelling index and reduce the dissolution time, sodium starch glycolate 

was included in C3 formulation. As a result, C3-C swelled more (92% swelling index 

after 2 h) and released the drug within the same time (Figure 4.17, blue image).  

 

Interestingly, C1-C and C3-C showed the same drug release profile at the 2 hours 

timepoint (Figure 4.18), however C3-C exhibited a much higher swelling degree 

(Figure 4.17). This finding suggested as the drug was released by erosion and the 

swelling degree was not involved in accelerating the drug release. In fact, the swelling 

effect achieved after 2 hours was only due to the PEO on the surface and not on the 

total PEO contained within the printlet. As the erosion process continued with time, 

the media encountered more PEO providing a constant swelling effect throughout the 

dissolution test. 

 

Despite the good properties of C3-C, the printability of this formulation containing 25% 

w/w PEO 7M was challenging (C2-C was also challenging to print). PEO 7M 

increased the complex viscosity of the molten material and reduced the printability, 

as discussed in Chapter 3 (Figure 3.25). Therefore, PEO 7M was reduced to 15% 

w/w and 10% w/w xanthan gum was included to maintain the swelling properties (C4, 

Table 4.3). The release profile remained almost unchanged (Figure 4.18) while the 

swelling index decreased, indicating a more effective swelling property of PEO 7M. 

However, the printability was greater, therefore, C4 formulation was further 

investigated.  

 

Mannitol has been successfully used in 3D printing as found in the literature (Goyanes 

et al. 2017b), however, the osmotic pressure is only 38 atm (Table 4.1). Therefore, 

three different sugars with higher osmotic pressures were evaluated in the present 

study. Mannitol was replaced with either sorbitol (C5), xylitol (C6) or fructose (C7) and 

all the filaments were successfully extruded (Table 4.3). These sugars might have 

one or more polymorphic forms that might influence the mechanical properties as well 

as the stability (Carson et al. 1943, Cares-Pacheco et al. 2014). However, the 
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polymorphic investigation was out of the scope of this thesis. Cores with C5 and C6 

filaments were successfully printable except for C7. During the printing process, the 

filament containing fructose (C7) was bubbling and browning (turning into brown 

colour). Fructose is the sugar with the highest osmotic pressure (335 atm, Table 4.1), 

and it is often used in combinations with other sugars to enhance the osmotic 

pressure (Fructose-Lactose 500 atm). While mannitol, sorbitol and xylitol are stable 

at 170-180ºC (printing temperature), fructose starts to degrade, leading to a printing 

failure (Table 4.6). Unfortunately, the printing temperature poses a limitation for the 

stability of fructose that cannot be used to print cores in the present work. 

 

Table 4.6 Melting points and degradation points of different sugars. 

Sugar 

 

Osmotic pressure 

(atm) 

Melting 

point (ºC) 

Degradation 

point (ºC) 
Reference 

Mannitol 38 165 280 
(Kaizawa et al. 

2008) 

Sorbitol 84 97 240 
(Kaizawa et al. 

2008) 

Xylitol 104 93 200 
(Kaizawa et al. 

2008) 

Fructose 335 120 180 (örsi 1973) 

 

Stability of the sugars was also evaluated by TGA (Figure 4.19). These data 

corroborated with Table 4.6 and the experienced browning of C7 (containing fructose) 

during the printing process. At printing temperature (around 170ºC), both fructose 

pure powder and filament C7 (thicker lines in the graph) lost more weight compared 

to other sugars and filaments.  
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Figure 4.19 TGA of the of the sugars as pure powders or as filaments. 

 

 

Cores printed with C4, C5 and C6 were evaluated in terms of swelling index (Figure 

4.20) and drug release profile (Figure 4.21).  

 

 

 

Figure 4.20 Comparison of the swelling indices of cores printed with different sugars: 

C4-C (mannitol), C5-C (sorbitol), C6-C (xylitol). The picture showed C6-C before the 

dissolution test (left) and after 2 h dissolution test (right). 
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Figure 4.21 Comparison of the dissolution performance of cores printed with different 

sugars: C4-C (mannitol), C5-C (sorbitol), C6-C (xylitol).  

From the results, the swelling indices of the core printed with mannitol and the one 

printed with sorbitol were very similar. However, a higher swelling index was recorded 

with the core containing xylitol (Figure 4.20, yellow image, core after 2 h), which is 

the sugar with the highest osmotic pressure value (Table 4.1). Regarding the 

dissolution profile of C4-C, C5-C and C6-C (Figure 4.21), there was practically no 

differences shown in terms of dissolution performance. Therefore, the formulation 

containing xylitol (C6) was considered for further development.  

 

An investigation into the role of different PEO 7M contents was made to evaluate 

swelling indices and dissolution profiles. C6, C8, C9 containing 15, 10, 5% w/w PEO 

7M content respectively, were extruded (Figure 4.15 and Table 4.3) and printed (C6-

C, C8-C, C9-C, Figure 4.15 and Table 4.5). Interestingly, C10 with 0% w/w PEO 7M 

content was not extrudable, indicating that PEO 7M was acting as an important 

plasticizer for the formulation. As expected, C9-C formulated with only 5% w/w PEO 

7M dissolved faster (Figure 4.23) but had the lowest swelling index (Figure 4.22). 
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Figure 4.22 Comparison of the swelling indices of cores printed with different PEO 

7M amounts. 

 

 

 

Figure 4.23 Comparison of the dissolution performance of cores printed with different 

printed with different PEO 7M amounts. 

 

Interestingly, C6-C and C8-C with 15 and 10% w/w PEO 7M respectively, exhibited 

overlapping dissolution profiles. However, the swelling index of C6-C was much 

greater, therefore, C6-C containing 15% w/w PEO 7M was kept for further 

optimisation.  
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With the aim of reducing the dissolution time as well as enhancing the swelling 

properties, the amount of xylitol was increased to 20% w/w. Filament C11 was 

successfully extruded (Table 4.3, Figure 4.15). As expected, the dissolution time was 

reduced for C11-C (xylitol is highly water-soluble) (Figure 4.25). More interestingly, 

the swelling index notably increased (Figure 4.24). Overall, C11-C could release 90% 

of the drug in about 5 h and the core was still 50% heavier than the original size.  

 

 

 

Figure 4.24 Comparison of the swelling indices of cores C6-C, C11-C and C12-C. 

 

 

 

Figure 4.25 Comparison of the dissolution performance of cores C6-C, C11-C and 

C12-C. 
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To reduce the dissolution time of the core, C12 filament was prepared by replacing 

PVA with PEG 6000. The filament was extruded at 58ºC and printed at only 65ºC. 

Printing at low temperatures with pharmaceutical grade excipients was recently 

achieved at 90 and 54ºC by Kollamaram (Kollamaram et al. 2018) et al. and Kempin 

et al. (Kempin et al. 2018), respectively. The drug was released within 3 h (Figure 

4.25), however, the swelling index at 3 h was approximately 60% (Figure 4.24), 

indicating that the swelling properties were dramatically affected. Additionally, the 

resolution of the core was not excellent (Figure 4.16) due to the low melting point of 

the mixture that requires longer time to solidify while printing at room temperature. 

Furthermore, the filament was brittle and easy to break during the loading or the 

printing.  

 

 

4.6.1.1 Mechanical characterisation of the core filaments 

 

4.6.1.1.1 Pulling tensile strength 

 

To determine the physical robustness of the filaments, their mechanical properties 

were analysed (Figure 4.26).  

 

  

  

Figure 4.26 Tensile strength data: Left, Maximum load at break; Right, Young’s 

modulus for core filaments. 

 

The Young's modulus is a measurement of the ability of a material to withstand 

changes in length when under lengthwise tension or compression. As mentioned in 

Chapter 3 (section 3.6.2.1), materials with high Young's modulus are stiff and change 
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their shape only slightly under elastic loads, while materials with low Young's 

modulus are flexible and change their shape considerably. 

 

In the present work, the highest value of Young's modulus was recorded for C3 and 

it was due to the high PEO 7M content that provided strength to the filament. As the 

percentage of PEO 7M was reduced, the Young’s modulus reduced accordingly (C3, 

C6, C8, C9). C11, with the same PEO 7M amount as that of C6, exhibited a lower 

Young’s modulus, due to the higher content of sugar (xylitol) which reduced the 

flexibility and increased the hardness of the filament (the maximum load at break was 

much higher for C11).  

 

On the other hand, C12 showed the lowest Young’s modulus, thus, the highest 

flexibility. However, as previously mentioned, C12 was very easy to break during the 

printing process which can be confirmed from the low maximum load at break (5 N). 

As mentioned in Chapter 3 (Figure 6.2), filaments should have a maximum load at 

break higher than 5 N to avoid breaking during the printing process.  

 

From an overall consideration of the printing quality, mechanical properties, 

dissolution profile, and the swelling index, the best formulation was C11.  

 

4.6.1.2 Physical characterisation of the core filaments 

 

The thermal stability of the filament C11 and C12 was evaluated by TGA (Figure 

4.27). TGA data showed overall a good stability of the filaments at printing 

temperature (about 170ºC). The loss in weight for PVA, sodium starch glycolate and 

xanthan gum was attributed to water evaporation due to their hygroscopic nature. The 

loss in weight at printing temperature for the filaments was more pronounced for C11 

(approximately 5%) compared to C12 (approximately 3%) and it was attributed to the 

addition of xanthan gum (13% weight loss at printing temperature) in the formulation. 

Additionally, C12 was extruded with PEG 6000 (no weight loss at printing 

temperature) as a main polymer while C11 included PVA (2.5% weight loss at printing 

temperature). 
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Figure 4.27 TGA of the filament C11 and C12 and their single components (as pure 

powders). 

 

DSC (Figure 4.28) and XPRD (Figure 4.29) were then employed to evaluate how the 

drug was incorporated in the polymer matrix. The absence of endothermic events at 

around 170°C for both the 3D printed formulations (C11-C and C12-C) was indicating 

that the drug was either incorporated in the formulations in an amorphous form or the 

amount was too low to be detected. XRPD diffractograms, helped to confirm that the 

drug was in an amorphous state. C11 3D printed disc showed a completely 

amorphous diffractogram, while C12 disc showed crystalline peaks due to PEG 6000.  
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Figure 4.28 DSC traces of the drug, C11 and C12 powder compositions before 

extruding (C11 and C12 powder mixtures) and after printing (C11-C and C12-C). 

 

 

 

Figure 4.29 XRPD diffractograms of drug, C11 and C12 3D printed discs, and 

polymers PVA and PEG 6000. 
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4.6.1.3 Rheology analysis of the core filaments 

 

A rheometer was employed to evaluate the adhesion forces (tack test) of the cores 

(the affinity of a material to stick to a different material) (Elbadawi 2019). Adhesion is 

important in FDM 3D printing to guarantee that the first layer of the printed object 

adheres to the platform. If the adhesion properties are not optimal, the object may 

detach during the process, leading to a printing failure. C4, C5 and C6 containing 

15% w/w PEO 7M showed greater adhesion properties (Figure 4.30). Amongst them, 

C6, containing xylitol showed the highest adhesion forces, confirming xylitol to be a 

promising osmagen for osmotic printlets manufactured by FDM. A comparison 

between different amounts of PEO 7M in C6, C8 and C9 with 15, 10, and 5% w/w 

PEO 7M, respectively, showed the role of PEO 7M in providing better adhesion 

properties to the core. Particularly, C9 with only 5% w/w PEO 7M, showed adhesion 

forces close to the baseline. C12 showed low adhesion forces due to the reduction in 

PEO 7M, the removal of xanthan gum and the change in the main polymer (from PVA 

to PEG 6000).  

 

 

 

Figure 4.30 Core adhesive test (tack test) performed using a rheometer. All samples 

were presheared from 0.1 to 100 rad/s at 165-180ºC (printing temperature) and then 

analysed for their adhesive properties. 
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4.6.2 Semi-permeable membrane development 

 

Conventionally, to manufacture an osmotic tablet, cores are made by compression of 

drug and excipients, and then coated with a solution of CA and PEG (ratio 2:1) in 

water and acetone (Waterman et al. 2009). The coating (100-200 µm) represents 

about 10% w/w of the total weight of the osmotic pump tablet and is homogeneously 

distributed on the core’s surface.  

 

4.6.2.1 Design optimisation 

 

Conversely, in FDM 3D printing, the semi-permeable membrane must be printed layer 

by layer. While the first layer (bottom layer, Figure 4.31) could potentially be printed 

with a 150 µm thickness, the membrane on the side cannot be made as thin as the 

first layer because it is made of overlapping layers. The attempt to print the side 

(Figure 4.31) of the membrane with a thickness of 150 µm (SP3, Table 4.4) led to 

premature delamination (separation of the single layers) during the printing process 

(for instance when the tablet was removed from the platform) or during the in vitro 

dissolution test. In order to withstand the gastrointestinal conditions including 

peristaltic movements and presence of fluids, the membrane must be thicker on the 

side. Moreover, the membrane must be able to withstand the osmotic pressure 

generated inside the tablet from the osmotic core that will be imbibing water and 

swelling. 

 

 

 

Figure 4.31 3D model of the semi-permeable membrane. 

 

After several tests, an optimal compromise between thickness of the side membrane 

and mechanical strength was 750 µm (SP3, Table 4.4). Potentially, the top of the 

membrane could be manufactured with a thickness of 150 µm. However, the hole 
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would not be printed correctly. Therefore, the only portion of the osmotic printlet that 

could be semi-permeable was the bottom layer (in contact with the platform). A model 

of the proposed membrane is reported in Figure 4.12. The proposed design is similar 

to the Higuchi-Leeper pump (Figure 4.2) mentioned in the introduction of this chapter 

where the semi-permeable membrane is located only at the bottom of the osmotic 

pump (Santus and Baker 1995).  

 

4.6.2.2 Formulation optimisation 

 

As for the core, the investigation of the best formulation started with excipients 

conventionally used to manufacture osmotic tablet. Normally, the semi-permeable 

membrane is prepared as a combination of a water-insoluble polymer such as CA 

(Thombre et al. 2004, Waterman et al. 2009) or ethyl cellulose (Li et al. 2015) and a 

water-soluble component such as PEG 3350 (Waterman et al. 2009) to regulate the 

permeability.  

 

Fortunately, CA is a thermoplastic polymer, therefore it can be used as the main 

polymer in the formulation to manufacture filaments. PEG 3350 in HME might also 

act as a plasticizer for CA, therefore CA and PEG 3350 were formulated as 

formulation SP1 (Table 4.4). Unfortunately, PEG was not a suitable plasticizer for the 

extrusion of this formulation and no filament was obtained. A higher molecular weight 

PEG (8000) was then employed to replace PEG 3350 in formulation SP2 (Table 4.4), 

however, the extrusion process failed again, probably because PEG was not a 

suitable plasticizer for CA.  

 

Based on the literature, an effective plasticiser for CA is diethyl phthalate (Bao et al. 

2015). However, diethyl phthalate has a rather low (1 mg/mL) water solubility (Chem 

2019a), therefore it would keep the membrane rather impermeable. Additionally, 

being a liquid, when added to the powder mixture in the mortar, it formed a sticky 

paste that led to a challenging extrusion feeding process. Despite the slow extrusion 

process, a filament with acceptable quality was successfully extruded at 120ºC (SP3, 

Table 4.4 and Figure 4.32).  
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Figure 4.32 Hot melt extruded semi-permeable membrane filaments (named as SP). 

From left to right: SP3, SP4, SP5, SP6, SP7, SP8. 

 

The SEM images of the surface of filament SP3 (Figure 4.32 Figure 4.33, left) showed 

an excellent smoothness while the cross section showed the lack of pores making 

this filament comparable in aspect to a commercial filament (Figure 3.29).  

 

  

  

Figure 4.33 SEM images of semi-permeable membrane filaments. Left: SP3. Right: 

SP7. 
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4.6.2.3 Mechanical characterisation of the semi-permeable membrane 

filaments 

 

4.6.2.3.1 Pulling tensile strength 

 

The mechanical properties of SP3 filaments were assessed by Instron (Figure 4.34) 

as previously discussed with the core filaments (Figure 4.26). 

  

  

Figure 4.34 Tensile strength data. Left: Maximum load at break. Right, Young’s 

modulus for semi-permeable membrane filaments. 

  

Compared to the core filaments, where the highest values for maximum load at break 

was 28 N (C11), the SP3 filament was much tougher, recording 90 N. The Young’s 

modulus was also greater (500 MPa) compared to the highest value of the core 

filaments (400 MPa (C3)), indicating that SP3 was a strong and rigid filament, with 

good mechanical properties for FDM 3D printing. 

 

4.6.2.4 Physical characterisation of the semi-permeable membrane filaments 

 

TGA was employed to evaluate the thermal stability of SP3 and their single 

components (Figure 4.35). 
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Figure 4.35 TGA of SP3 and SP7 filaments, and the single powder components. 

 

From the results, SP3 was stable at printing temperature (190ºC). However, diethyl 

phthalate weight loss at printing temperature (190ºC) was considerable (15% weight 

loss) due to the relatively low boiling point of 295ºC (Chem 2019a). The evaporation 

of the plasticizer started at about 120ºC leading to an 8% weight loss for SP3. 

 

4.6.3 FDM 3D printing and in vitro dissolution test (part 1) 

 

Dual-extrusion FDM 3D printing was used at this point to print the osmotic pump 

printlet (OP3, Table 4.7) with C11 as core filament and SP3 as semi-permeable 

membrane filament (Figure 4.36).
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Table 4.7 Printing parameters and properties of the osmotic printlets. 

Osmotic 

printlet 

Core 

filament 

Membrane 

filament 

Printing 

temperature core 

(ºC) 

Printing 

temperature 

membrane (ºC) 

Platform 

temperature 

(ºC) 

Weight 

(mg ± SD) 

Diameter 

(mm ± SD) 
Delamination 

OP3 C11 SP3 180 190 130 532.2 ± 8.2 12.0 ± 0.1 Yes 

OP4 C11 SP4 180 190 130 520.1 ± 10.2 12.0 ± 0.1 Yes 

OP5 C11 SP5 180 190 130 524.5 ± 7.1 12.0 ± 0.1 Yes 

OP6 C11 SP6 180 190 130 529.2 ± 6.2 12.0 ± 0.1 Yes 

OP7 C11 SP7 180 190 130 530.5 ± 4.3 12.0 ± 0.1 No 
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Figure 4.36 Picture of the osmotic pump printlet (OP3) printed with C11 (core) and 

SP3 (membrane) filaments. 

 

Osmotic printlets were well printed (Figure 4.36). Walls were used to improve the 

printing quality, increasing the printing time to about 10 mins per printlet. Mechanical 

properties were performed, and the results were similar to the core only. The breaking 

force was higher that the limitation of the instrument (485N). Friability testing showed 

no physical attrition after the test (0%). Preliminary dissolution test to evaluate the 

dissolution profile in 0.1N HCl was performed (Figure 4.38). Surprisingly, most of the 

osmotic printlets were found in the vessel in a delaminated condition (Figure 4.37). 

 

  

  

Figure 4.37 Left: OP3 printlet delaminated after the dissolution test in HCl 0.1N. Right: 

SEM image of the delaminated membrane strands after the dissolution test. 

 

Interestingly, the dissolution profile of three replicates (A, B, C) of the same printlet 

type (OP3) was very different amongst the replicates (Figure 4.38). Analysing those 

data, it was concluded that printlet A delaminated at very early stage; printlet B 
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partially delaminated at the beginning, then the membrane totally delaminated at 19 

h; printlet C only partially delaminated at the beginning. 

 

 

Figure 4.38 Preliminary dissolution test in 0.1N HCl of OP3 printlets. The dissolution 

graph reports three repeats of the same formulation, showing significant examples of 

membrane delamination. 

 

FDM printlets are generally very different from conventional tablets. Most of the 

defects that are encountered in conventional tablets are not reported in FDM printlets 

(friability, hardness, chipping etc. (Baroutaji et al. 2017)). However, some others like 

delamination and capping that already known in the pharmaceutical field are also 

occurring in FDM printlets. Delamination (separation of the tablet in two or more 

horizontal layers) might occur in conventional tablets in case of excess of lubricant or 

presence of oily or waxy materials in the granules. Interestingly, this same defect was 

also found in FDM printlets. FDM printlets are prone to delaminate in case of excess 

use of lubricant due to their layer-by-layer structure. 

 

The reason for the poor cohesion of successive printed layers of the membrane was 

attributed to the hydrophobic plasticizer (diethyl phthalate) and to the excessive 

lubricant (magnesium stearate) included in the formulation. SEM images of OP3 after 

printing confirmed as the single stands of the semi-permeable membrane were not 

fused together but they appeared as individual strands (Figure 4.39). 
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Figure 4.39 SEM images of the vertical section of OP3. The image on the right better 

visualise the single polymer strands of the semi-permeable membrane that were not 

fused together causing delamination. 

 

Diethyl phthalate was replaced with a powder plasticizer, methylparaben, with slightly 

higher water solubility (2.5 mg/mL) (Chem 2019b) in formulation SP4. The feeding 

and the extrusion process were much easier since methylparaben was in a powder 

form. The filament extruded was regular in diameter and it was printable. However, 

preliminary data showed that the delamination of the membrane still occurred. 

 

The delamination issue was probably due to the inclusion of 5% w/w magnesium 

stearate in the formulation. Magnesium stearate is a hydrophobic lubricant (0.05 

mg/mL solubility in water) commonly used in the pharmaceutical industry during the 

manufacture of tablets.  

With an addition of 0.5% w/w to the powder mixture, magnesium stearate facilitates 

the powder flow and avoids sticking of compressed tablets to dies and punches 

(Bolhuis et al. 1981). Higher amounts would have a positive effect on the equipment, 

however, tablets may have wettability problems since magnesium stearate could also 

act as a hydrophobic barrier. In previous studies (Goyanes et al. 2017a, Goyanes et 

al. 2018) 5% w/w magnesium stearate was included in the filament formulation to 

facilitate the single-screw extrusion process, and it was found to be extremely helpful. 

However, in the present work, an investigation into the reduction of the amount of 

lubricant was necessary.  
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Filaments with 2.5 (SP5), 1.5 (SP6), 0.5 (SP7) and 0% (SP8) w/w magnesium 

stearate content were formulated and successfully extruded. As expected, filament 

SP8 (without magnesium stearate) was barely extrudable. The extrusion was very 

slow, and the filament was wavy, thick and inconstant in diameter (not suitable for 3D 

printing) (Figure 4.32). On the other hand, SP5, SP6 and SP7 were all extrudable with 

acceptable speeds, uniform diameters and smooth textures (Table 4.4, Figure 4.32). 

 

4.6.3.1 Tack test 

 

Rheology studies (tack test) were conducted for the semi-permeable membrane 

filaments to evaluate the cohesion between layers depending on the type of 

plasticiser or amount of magnesium stearate.  

 

To evaluate the cohesion between layers, a small disc (8 mm diameter x 1 mm 

thickness) was 3D printed and attached on the upper plate (not heated) of the 

rheometer (Figure 4.10, left) to simulate the printlet on the platform that is being 

printed (cold polymer). Another 3D printed disc with the same size and composition, 

was then located on the Peltier plate (heated at 190ºC) to simulate the hot polymer 

during the extrusion from the nozzle of the printer (Figure 4.10, right).  

 

During the test, the upper plate moved down until it encountered the hot disc on the 

Peltier plate. After the contact, the upper plate moved back up and the cohesion 

forces between the cold and hot polymers were measured by the rheometer (Figure 

4.40). When the cohesion forces between the two discs were weak, no connections 

were formed (Figure 4.40, red image). On the contrary, when the adhesion forces 

were strong, many polymer strings were formed (Figure 4.40, yellow image). If those 

strings were protracted for long distance, a higher strain % was reported in the graph 

(long tail).  

 

On one hand, formulations containing higher amounts of magnesium stearate (SP3, 

SP4, SP5) showed a much shorter tail that almost ends at 20% strain. On the other 

hand, SP6, SP7, SP8 formulated with lower amounts of magnesium stearate, showed 

a longer tail in the graph (over 20 KPa at 40% strain). Interestingly, there was a great 

difference between SP3 and SP4, highlighting the effect of the plasticizer (diethyl 

phthalate and methyl paraben, respectively) in changing the cohesion forces.  
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Analysing the data, it was clear that the best adhesion was obtained when 

magnesium stearate was absent in the formulation (SP8). However, as previously 

mentioned, the filament had a very irregular diameter (Figure 4.32, last filament on 

the right) which was not suitable to be printed. SP7 was therefore considered as the 

best formulation in terms of extrudability, printability and layer’s cohesion. 

 

 

 

Figure 4.40 Rheology data showing the cohesion forces between the 3D printed 

layers of the membrane. The red image shows the absence of cohesion between the 

two discs. The green image shows a degree of cohesion. The yellow image shows 

strong cohesion forces. 

 

4.6.3.2 Mechanical and physical characterisation of filament SP7 

 

SP7 was therefore considered the optimal filament to manufacture the osmotic 

printlet. Therefore, mechanical and physical characterisation were performed to it.  

 

Pulling tensile strength of the filament SP7 (Figure 4.34) showed a reduced maximum 

load at break, and a higher Young’s modulus indicating that filament SP7 was more 

rigid and less flexible compared to SP3. However, the overall mechanical properties 
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were also perfectly suitable for FDM 3D printing. The SEM image of SP7 was showing 

the similarity to SP3 in terms of appearance (Figure 4.33, right). 

 

TGA was performed for SP7 to evaluate the stability and weight loss with the different 

plasticizer. From the results (Figure 4.35), SP7 was stable at printing temperature 

(190ºC). However, methyl paraben weight loss at printing temperature (190ºC) was 

considerable higher (40% weight loss) compared to SP3, due to the boiling point 20ºC 

lower (275ºC) than diethyl phthalate (295ºC) (Chem 2019b). The evaporation of the 

plasticizer started at about 110ºC leading to an 11% weight loss for SP3 filament. 

 

4.6.4 FDM 3D printing and in vitro dissolution test (part 2) 

 

Subsequently, OP5 and OP7 were printed (Table 4.7 and Figure 4.41) and evaluated 

in terms of delamination during the in vitro dissolution test.  

 

 

 

Figure 4.41 Osmotic pump printlet (OP7) after printing with C11 (core) and SP7 

(membrane). 

 

SEM images of OP7 showed the good printing resolution of the printlet with a 1 mm 

hole printed correctly on the top (Figure 4.42). 

 

 

 

 



 
192 Chapter 4: FDM 3D printing of osmotic pump printlets 

  

  

Figure 4.42 SEM images of the vertical section of OP7 showing the releasing hole in 

the membrane. 

 

OP5 partially delaminated (the membrane was broken in several points) (Figure 4.43 

left). Surprisingly, OP7 kept the membrane completely intact after a 24-h in vitro 

dissolution test (Figure 4.43 right). 

 

  

  

Figure 4.43 Osmotic printlets after the in vitro dissolution test. On the left OP5 printlet 

partially delaminated. On the right OP7 printlet completely intact. 

 

SEM images of OP7 (Figure 4.44) provided a visual confirmation of the better 

cohesion between adjacent layers in the semi-permeable membrane. Layers are 

better fused together when less magnesium stearate was included in the composition.  
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Figure 4.44 SEM images of the vertical section of OP7. 

 

Unfortunately, the drug release from OP7 printlet was almost zero. The limited drug 

release indicated that the membrane was not semi-permeable. A closer analysis at 

the printed membrane was therefore necessary. Despite the printing setting for the 

layer thickness being set to 150 µm, the real thickness was much higher (300-400 

µm) (Figure 4.45), which prevented the membrane from being semi-permeable.  

 

 

 

Figure 4.45 First layer of the semi-permeable membrane. 

 

4.6.5 Optimisation of the semi-permeable membrane thickness 

 

To achieve a thickness of 150 µm, a modified approach was required (Figure 4.14). 

Additionally, the setting for the number of shells was changed from 2 to 50, so that 

the printing pattern of the membrane became circular. By finely adjusting the distance 
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between nozzle and platform using a thin 50 µm tape, different thicknesses were 

realisable, even under 100 µm (Figure 4.46). 

 

   

   

Figure 4.46 Membranes printed with SP7 with different thicknesses: left 250 µm, 

middle 150 µm, right 50-80 µm. 

 

SEM images of membrane printed with SP7 showed the perfect cohesion between 

the polymer strands (Figure 4.47). 

 

  

  

Figure 4.47 SEM images of the semi-permeable membrane printed with SP7 with a 

thickness of 150 µm. Left: magnification 100x. Right: magnification 500x.  

 

4.7 Conclusion 

 

This work aimed at showing the potential of FDM 3D printing to manufacture an EOP 

printlet. 

 

HME was employed to manufacture filaments with suitable properties for FDM 3D 

printing for the production of a swellable core and a semi-permeable membrane. 
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Mechanical, physical and rheological characterisations of the filaments showed the 

effects of different excipients on the FDM printing process. 

 

The swellable core was developed by progressive evaluation of the excipient effect 

on the core swelling. 10 different cores were successfully printed with different degree 

of swelling. The best formulation, C11, was able to release over 90% of the drug 

within 7 h and to maintain the same size and weight as before the dissolution test. 

CA, a polymer commonly used in the pharmaceutical industry to manufacture semi-

permeable membranes, was successfully translated to HME and FDM 3D printing to 

produce 3D printed semi-permeable membranes. Rheological studies showed as the 

membrane integrity depended on the amount of lubricant in the formulation, with 0.5% 

w/w magnesium stearate being the optimal content to avoid delamination. Semi-

permeable with different thicknesses ranging from 250 to 50 µm were manufactured 

and SEM images showed their integrity. 

 

Printing a thin semi-permeable membrane at the bottom of the osmotic printlet could 

be possible with a modified procedure, however, it will remain challenging for the 

membrane to remain intact throughout the whole dissolution test. More studies are 

required to ensure the integrity of the membrane and the degree of permeation to 

water and drug. 

 

To the best of our knowledge, this is the first work investigating the production of EOP 

tablets by 3D printing. For the first time a CA membrane with a thickness lower than 

100 µm was realised, indicating that FDM 3D printing holds the potential to be 

implemented in FIH trials for on-demand production of osmotic printlets.
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5 Conclusions and future work 

 

5.1 Introduction  

 

The main aim of the work reported in this thesis was to investigate the feasibility of 

using fused deposition modelling (FDM) 3D printing, the most widely used 3D printing 

technology, as an innovative platform to manufacture personalised modified release 

oral tablets (named as printlets) in a single step using pharmaceutical grade 

excipients. Since FDM uses 1.75 mm in diameter filaments as feedstock material, hot 

melt extrusion (HME), a commonly used approach in the pharmaceutical industry to 

manufacture polymeric filaments, was adapted to manufacture drug-loaded filaments 

suitable for FDM.  

 

5.2 FDM 3D printing of delayed release printlets 

 

FDM 3D printing was successfully exploited to produce oral enteric dosage forms 

(gastro-resistant formulations). Enteric tablets are used clinically to avoid drug 

release in the stomach and allow release in lower regions of the gastrointestinal (GI) 

tract. In the present chapter, an enteric polymer, hydroxypropylmethyl cellulose 

acetate succinate (HPMC-AS) with three different grades (LG, MG and HG) was 

utilised to produce enteric printlets by FDM 3D printing. All the filaments with three 

different compositions showed good extrudability and excellent printability. Printlets 

were then manufactured with all three different grades using a single filament 

incorporating different drug loadings (up to 50% w/w paracetamol) and different infill 

percentages. All printlets released less than 10% of the drug in the first 2 h, complying 

with the USP requirement for delayed release formulations (less than 10% drug 

release in the first 2 h at pH 1.2). In the intestinal phase, drug release profiles were 

dependent on the polymer composition of the printlets, the percentage of drug loading 

and the internal structures. Therefore, these enteric printlets exhibited feasibility to be 

used to target different regions of the GI tract.  
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5.2.1 Future work 

 

5.2.1.1 Role of magnesium stearate 

 

HPMC-AS printlets release might have been influenced by the 5% w/w content of 

magnesium stearate. This excipient was found to be useful to improve hot melt 

extrusion with the single screw extruder employed in this study. However, magnesium 

stearate, being hydrophobic, at 5% w/w might have acted as functional excipient 

delaying the release of the formulations. Particularly, HPMC-AS HG did not even 

completely dissolve after the dissolution test. A limitation of this work was the single 

extruder employed that was not able to extrude acceptable pharmaceutical grade 

filaments without a certain amount of lubricant. The inclusion of the lubricant might 

have changed the drug release properties of those printlets. Therefore, it will be 

interesting to evaluate the release of these formulations by manufacturing the same 

filaments without magnesium stearate by using a different type of extruder.  

 

5.3 FDM 3D printing of core-shell controlled release printlets 

 

Zero-order release tablets, another example of modified release formulation, have 

been manufactured using FDM dual-extrusion (printing with two different filaments at 

the same time) 3D printing. Zero-order release formulations can improve the 

treatment by reducing the side effects and the number of pills taken per day, 

improving patience adherence to the therapy. Filaments including hydroxy propyl 

cellulose (extended release polymer) and polyethylene oxide 7,000,000 Da (PEO 7M) 

(expandable hydrogel) were successfully extruded with three different drug loadings 

(10, 25 and 40% paracetamol) and printed with FDM to produce prolonged release 

cores. The core composition allowed the formation of a hydrogel, which when 

hydrated, allowed the drug to follow the multi-diffusional pathway to produce an 

almost constant drug release from the printlets. Rheological and mechanical 

characterisations of the filaments, including fracture tensile strength, pulling tensile 

strength and nanoindentation, shed light on the role of individual components such 

as PEO 7M (first time used in FDM) or paracetamol in affecting the extrusion and 

FDM 3D printing processes. Commercial acrylonitrile butadiene styrene insoluble 

filaments were employed to fabricate a release regulating shell around the core to 

further optimise the release of the drug. A range of zero-order release profiles 

(spanning from 12 to 48 h) was realised. Results revealed that total degree of 
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personalisation was achievable by choosing the core infill (from 0 to 100%), the hole 

size (6-8 mm) and the number of holes in the shell without the need of reformulating 

the filament composition. These results might enable the manufacture of personalised 

oral dosage forms with a required amount of drug and a personalised zero-order 

release profile, potentially reducing side effects and improving the patient’s 

compliance to the therapy.  

 

5.3.1 Future work  

 

5.3.1.1 Zero-order mathematical models 

 

Several equations have been developed to describe osmotic systems in the past as 

described in section 4.2.2. The next step would be to investigate whether the present 

devices are following one of those models. Valuation of mathematical models 

(including zero-order, first-order, Higuchi and Korsmayer-Peppas) to describe the 

kinetic behaviour could be also implemented to evaluate the coefficient of linearity of 

the release from the printlets. 

 

5.3.1.2 Printability prediction models 

 

Z7-C core (10% w/w PEO 7M) without the shell, released the drug in about 18 h. 

Interestingly, preliminary experiments of the same formulation with a reduced amount 

of PEO 7M (5 and 0% w/w) released the drug in 9 h and 3 h, respectively (not shown 

in the thesis). These results highlighted the important role of PEO 7M in extending 

the release time. Therefore, the fine dosing of PEO 7M in the formulation, together 

with the hole size of the shell and the infill of the core, can enlarge the spectrum or 

zero-order releases potentially ranging from less than 1 h to more than 3 days. 

Prediction models can be developed in the future and can be employed by doctors 

and pharmacists to design printlets with personalised release time more suitable for 

the patient. Additionally, mechanical, physical and rheological characterisation of the 

filaments provided in this work, can be combined with more data produced in the 

future to develop models to predict the extrudability and the printability of hypothetical 

new formulations (different drug, different drug loading, different excipients). 
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5.3.1.3 Limitations 

 

Only one model of FDM printer (Makerbot 2X) was investigated in this study. It would 

be interesting to manufacture the same formulations using a different type of FDM 

printer which might also include different approaches for setting up the infill in the 

software or new functions.  

 

5.4 FDM 3D printing of osmotic pump printlets 

 

FDM 3D printing showed the potential in manufacturing elementary osmotic pump 

(EOP) printlets. Osmotic pump tablets are a further example of modified release 

product that are designed to constantly release the drug over a long period (12-24 h) 

independently of physiological conditions (pH, presence of food, etc). Osmotic tablets 

are composed of a soluble core containing the drug, coated with a semi-permeable 

membrane that allows only water to freely move through it. Water enters the tablet 

following the osmosis principle and creates an internal pressure that forces the drug 

to exit the tablet through a small orifice (about 1 mm diameter) in a zero-order release 

profile, thus, independent of the remaining amount of drug inside the tablet. In the 

present work, the swellable core was developed by progressive evaluation of the 

excipient effect on the core swelling. 10 different cores were successfully printed with 

different degrees of swelling. The best core formulation, C11, was able to release 

over 90% of the drug within 7 h, maintaining the same size and weight as before the 

dissolution test. Cellulose acetate (CA), a polymer commonly used in the 

pharmaceutical industry to manufacture semi-permeable membranes, was 

successfully translated to HME and FDM 3D printing to produce 3D printed 

membranes. Rheological studies showed as the membrane integrity depended on the 

amount of lubricant in the formulation, with 0.5% w/w magnesium stearate being the 

optimal content to avoid delamination. Semi-permeable membranes with different 

thicknesses ranging from 250 to 50 µm were manufactured. To the best of our 

knowledge, this is the first work to investigate the production of EOP tablets by 3D 

printing. For the first time a CA membrane with a thickness lower than 100 µm was 

realised, suggesting that FDM 3D printing has a great potential to be implemented in 

FIH trials for on-demand production of osmotic tablets.  
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5.4.1 Future work 

 

5.4.1.1 Permeability properties of the semi-permeable membrane 

 

More studies are required to ensure the integrity of the membrane and the degree of 

permeation to water and drug. To evaluate the permeability properties of the printed 

semi-permeable membranes, a Franz cell apparatus, which is commonly used to 

measure the skin permeation of drugs (Ng et al. 2010) could be employed in the 

future. To put this into context, a 3D printed membrane could be positioned in 

between the two compartments of the cell. Then a drug solution is poured in the above 

compartment, and the liquid that permeates thought the membrane can be collected 

in the receptor compartment at the bottom. Finally, the drug content can be analysed 

by HPLC to evaluate the permeability of drug through the semi-permeable 

membranes printed with at different thicknesses. Another approach would be to keep 

an adequate thickness to provide strength to the membrane (150-200 µm) and to 

include a water-soluble leaking agent in the membrane such as mannitol to increase 

the permeation of water. Different pore former excipients at different percentages 

should be evaluated in the future. Further investigation of the filament SP3 (containing 

diethyl phthalate) including only 0.5% w/w magnesium stearate should be pursued. It 

might be that the delamination was mostly due to the content in magnesium stearate.  

 

5.4.1.2 3D printing of a push-pull osmotic pump printlet 

The next step would be to print an osmotic printlet (push-pull osmotic pump) with a 

thin semi-permeable membrane (50-100 µm) at the bottom. Figure 5.1 shows a 

possible approach. To print this type of printlet, a 3D printed able to use both filaments 

and a gel syringe is required. 
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Figure 5.1 Schematic procedure for the 3D printing of a push-pull osmotic pump 

printlet. 

The semi-permeable membrane (0.2 µm) can be realised at the bottom of the printlet 

as described in Chapter 4 by FDM with cellulose acetate, potentially adding a pore 

former to increase the water permeation. The rest of the membrane (printed with the 

same cellulose acetate filament) will be thicker (>0.5 µm), therefore not permeable. 

The choice of making the only bottom semipermeable is to guarantee the integrity of 

the printlet during the dissolution test (avoid delamination). A pushing compartment 

can be printed by FDM with a swellable composition (PEO 7M based with other 

excipients such as guar gum) without drug. It has been demonstrated in Chapter 4 as 

some cores (C3, C11) are able to swell more than twice their original size, therefore, 

they can be employed as a push layer in the osmotic push-pull printlets. 

Subsequently, a pull compartment can be formulated as a semi-solid paste containing 

the drug (either suspended or dissolved) and printed on top of the push compartment 

by gel extrusion 3D printing. Finally, the printlet will be closed by FDM with the 

cellulose acetate filament, leaving a small orifice (1-2 mm in diameter) at the centre. 

A limitation in my work was the lack of access to a 3D printer able to use both 

filaments and semi-solid paste at the same time.  

 

5.5 Conclusion 

 

To conclude, this thesis has demonstrated the feasibility of coupling HME and FDM 

3D printing as a potential enabling strategy to manufacture a range of modified 

release oral formulations using pharmaceutical grade excipients. The ability of 3D 
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printing to manufacture bespoke objects was fully exploited by developing oral 

medicines with personalised doses and release profiles without changing the 

formulation composition. Mechanical, physical and rheological characterisations of 

the filaments and printlets provided information on the role of the excipients in 

affecting the extrusion and FDM printing process and could be potentially useful for 

developing optimised formulations in the future as well as developing prediction 

models.  
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6  Appendices 

 

 

 

Figure 6.1 Calibration curve of Paracetamol 

 

 

 

Figure 6.2 Flexural tensile strength (CT-5) performed on 57 HME filaments. Each dot 

represents an individual filament. Red dots are filament not printable, blue dot are 

printable filaments. It is clear from the chart as filaments that break with less than 

5MPa were likely not to be printable. 
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