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 Abstract 

Most pharmaceutical manufacturing techniques are well suited for mass 

manufacturing but are wholly unsuitable for the manufacturing of tailored dosage 

forms, wherein they entail the use of inherently laborious, dose-inflexible and lengthy 

processes.  This calls for the embracement of modern, innovative technologies, such 

as three-dimensional (3D) printing. 3D printing is an additive manufacturing technique 

that enables the production of bespoke objects of virtually any shape and size. The 

aim of this work was to investigate different 3D printing technologies for the 

fabrication of personalised dosage forms, providing contemporary solutions for 

persistent and existing pharmaceutical challenges. Selective laser sintering (SLS) 3D 

printing was used to create 3D printed multiparticulates (miniprintlets) with 

controlled release properties. Moreover, dual SLS 3D printing was employed for the 

fabrication of miniprintlets with two individual controllable systems that integrate 

different drugs. This offered a novel way for dispensing fixed-ratio multi-drug 

combinations suitable for dosing to different patient groups. SLS 3D printing was also 

employed to create 3D printed medications (printlets) specific for visually impaired 

patients. Orally disintegrating printlets with tactile patterns were fabricated, 

facilitating self-administration of medications and improving patient compliance. 

Subsequently, direct powder extrusion (DPE) 3D printing was used for the preparation 

of alcohol-resistant and abuse-deterrent printlets incorporating the opioid analgesic 

tramadol. Finally, 4D printing was applied for the fabrication of self-transforming, 

gastroretentive printlets. DPE 3D printing was found to offer a rapid, single-step and 

solvent-free system that enables the fabrication of oral dosage forms that transform 

and reside in the stomach region, reducing the frequency of medication intake and 

improving adherence to treatment plans. Overall, this work demonstrates the 

transformative potential of 3D printing within healthcare, wherein it could be 

integrated to complement current fabrication methods by expediting the 

development of dosage forms that are specific to certain patient groups or medical 

conditions.  
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 Impact Statement 

In the current era of digital innovation, conventional ‘one-size-fits-all’ treatments are 

becoming outdated and instead patient-centred medications are being embraced. 

However, existing pharmaceutical production technologies are unsuitable for such 

applications. Instead, this demands the use and adaptation of innovative digitised 

systems that are capable of creating bespoke therapies that are tailored to individual 

patients. In this work, the potential of 3D printing as a transformative technology 

within pharmaceutical production has been demonstrated. The current study firstly 

confirmed that 3D printing can serve as a rapid, single step method for the creation of 

multi-unit dosage forms with modified release properties. Moreover, for the first 

time, it was determined that it is possible to produce multiparticulates with multiple 

individual controllable systems that could integrate different drugs. This offers a 

universal drug delivery system that can be utilised to accurately dispense fixed-ratio 

multi-drug therapeutics to patients from different age groups. 3D printing was also 

presented as a novel and practical way to create orally disintegrating tablets with 

tactile patterns that can be read by blind and visually impaired patients. This is 

especially useful when medications are taken out from their original packaging, 

allowing blind patients to identify medicines independently. Furthermore, as these 

tablets disintegrate in the mouth, patients can take them without the help of a carer. 

Printing tablets in different shapes can also be used to provide more information 

relating to the medication use or its dosing regimen. Collectively, this improves the 

adherence of blind patients to treatments and aids in reducing medication errors. 

Additionally, the use of 3D printing to create oral dosage forms that can deter opioid 

abuse has been described. These tablets have also shown not to cause fluctuations in 

drug activity when co-ingested with alcohol. The small-scale production of bespoke 

opioid dosage forms is anticipated to control the use of opioid medications by 

reducing the amounts of drug available for abuse and misuse. Lastly, the concept of 

pharmaceutical 4D printing was demonstrated by 3D printing self-transforming oral 

formulations. Due to the ability of these formulations to reside in the stomach for 

extended periods of time, they can be dosed less frequently and aid in the 
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management of chronic diseases. In summary, this work highlights that 3D printing 

has the potential to cause a paradigm shift in the way medicines are designed and 

made and as such, its power in pharmaceutical production should not be overlooked. 

This work also aims to inspire researchers to develop novel pharmaceutical dosage 

forms that are typically challenging to produce using current pharmaceutical 

production methods, thus improving treatment outcomes. 
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1.1.  Overview 

Throughout history, the industrial world has experienced a series of periodic 

changes extending across a myriad of fields [1, 2]. With the emergence of the 

technological era, digitisation and automation, infinite opportunities have emerged, 

reshaping the manufacturing domain [3]. However, the pharmaceutical industry is 

generally reluctant to change. As a result, whilst most pharmaceutical manufacturing 

techniques, such direct compression and capsule filling, have been invented 200 years 

ago, they are still widely in use at present.  Although these techniques are well suited 

for mass manufacturing, arguably, when dose flexibility is required, they become 

inherently time-consuming and labour intensive.  This calls for the embracement of 

modern, innovative technologies. 

 

1.2.  Three-dimensional printing 

Three-dimensional (3D) printing is an additive manufacturing technique that 

enables the production of bespoke objects of virtually any shape and size [4]. Due to 

its ability to transform 3D digital models into finalised end-products, 3D printing is set 

to play a major role in bridging the gap between the physical and virtual worlds. Since 

its introduction nearly three decades ago, this additive technology has gained 

momentum in many industries, reinvigorating the way goods are designed, produced 

and used. Up to the present time, 3D printing has been most notably applied to 

produce prototypes and moulds [5]. This is mainly due to its fast production speed 

and cost-effectiveness, lowering manufacturing restrictions whilst enabling a high 

degree of customisation. Although 3D printing was first invented for this purpose, its 
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current uses are only limited by one’s imagination. This spans across multiple 

applications ranging from cars, planes, houses, art, jewellery, footwear all the way to 

the bioprinting of organs and tissues [6]. Indeed, it is anticipated that in the coming 

years 3D printing will govern the manufacturing realm. 

 

Within healthcare, 3D printing has offered innovative opportunities to 

revolutionise the treatment process, streamlining a new pharmaceutical era. 3D 

printing can be used to fabricate small or one-off batches of ‘printlets’, which are 3D 

printed dosage forms, directly at the point of care [7]. In particular, this multi-

disciplinary technology could be employed across the entire drug development 

course, ranging from drug discovery and pre-clinical development all the way through 

to drug manufacture and frontline medical care [8]. 

 

1.3.  Rethinking one-size-fits-all 

The diversity between humans affects the way medicines function in their 

bodies. It is well recognised that due to the complexity of the human body, different 

factors, including age, sex, disease/health state, and human genes, play a major role 

in the pharmacokinetic and pharmacodynamic behaviours of drugs [9-19]. Therefore, 

different individuals will require different drug doses or dosage forms, which are not 

always available. In addition, the attempt to dilute or manipulate a medication is often 

associated with high risks of errors and variability, putting many patients’ lives at risk 

[20]. This understanding forged the way for personalised medicines, moving away 

from traditional ‘one-size-fits-all’ treatment approaches [21]. 
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Normally, medicines are produced in a few discrete dose strengths. Whilst this 

supports mass-manufacturing and provides the dose required for a suitable effect in 

the majority of the population, such doses are not fit all [22]. In particular, the 

challenges can be more pronounced in certain patient groups, often bearing negative 

implications on drug safety and efficacy. An example of such are young children and 

older patients, which are some of the most challenging patient subgroups. Primarily, 

due to the differences in their physical characteristics and pharmacokinetics, their 

dosing requirements can distinctly differ in comparison to adult patients [23]. As such, 

it has become a common habit for carers or patients to acquire the required dose by 

crushing or splitting tablets [24-26]. However, this comes with high risks of dose 

variation, wherein it could result in dose-dumping (which refers to the unintended, 

rapid and uncontrollable drug release in a short time frame) in the case of enteric-

coated tablets [27, 28]. More importantly, both subgroups are usually unwilling or 

unable to swallow medications, limiting the number of dosage forms suited for them 

[29, 30]. Whilst some might argue that liquid formulations are an appropriate 

alternative, the risk lies in their instability and inaccuracy in measuring the correct 

volumes [31]. In the case of elderly patients, the risks are higher, as most patients are 

on multi-drug therapies, which affects their adherence to treatment plans. Therefore, 

a more appropriate approach would involve the printing of tailored pharmaceuticals, 

wherein a healthcare professional could design bespoke medications containing a 

precise dose specific to each patient [32]. This could even be taken a step further, 

where patients could be empowered to design their most preferable dosage form and 

select its specific element (e.g., shape, colour and taste) [33, 34]. In the case of multi-
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drug therapies, a polypill, which is a single dosage form containing multiple active 

pharmaceutical ingredients (APIs), could be designed [35-38]. As an example, 

chewable dosage forms that are suitable for paediatric patients can be easily created 

to include multiple APIs [39]. Overall, this could improve medication adherence, while 

ensuring treatment efficacy and diminishing risks of adverse effects. 

 

Typically, the drug development journey is lengthy and costly, extending to 

about 10-15 years, where out of 5,000 to 10,000 chemical compounds, only one 

makes it to the market [40]. In this regard, 3D printing could be utilised in early drug 

development and within first-in-human trials, wherein multiple iterations of drug-

loaded dosage forms could be customised to meet the needs of the study design [33, 

34]. This provides a rapid mean for adjusting formulations while evaluating their 

suitability within both animal models and humans [41, 42]. As a result, this could 

facilitate data collection and expedite entry into clinical trials whilst saving on time 

and costs. Furthermore, 3D printing could serve as an ideal method for the purpose 

of blinding. In this case, the patients are given two forms of the medication, one 

containing the drug, whereas the other is a placebo (e.g., contains no drug). Therefore, 

3D printing could be applied to print immediate release placebo tablets. The same 

formulation could be used to print a thin, outer shell where the drug-loaded tablets 

are printed or placed inside [43-45]. 

 

Another practical approach for 3D printing would include its exploitation for 

the production of orphan drugs [46]. An orphan drug refers to a medicinal product 

that is produced to treat a rare disease or medical condition (e.g., 1 in 2000 people). 
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Such drugs have limited consumer markets, rendering their production costly and 

unfeasible for pharmaceutical companies and thus, 3D printing could accelerate 

production and reduce costs.  

 

1.4.  Understanding the fundamentals 

Throughout the years, multiple 3D printing technologies were developed, with 

each technology having its own distinctive set of features.  These processes differ from 

each other in the nature of the material employed, mode of material deposition, 

mechanism of layer formation and/or aspects of the final product. According on the 

American Society for Testing and Materials (ASTM), the 3D printing technologies can 

be classified into seven main categories (Figure 1.1) [47-49]: 

 

1.4.1. Vat polymerisation 

This refers to a process that employs a light source (e.g., laser or light 

projector) to selectively cure a vat or tank of a liquid photopolymerisable resin, 

converting it into a solid product. Vat polymerisation is further subclassified into 

stereolithography (SLA), digital light processing (DLP), two-photon polymerisation 

(2PP) and continuous liquid interface production (CLIP). 

 

1.4.2. Binder jetting (BJ) 

This technology selectively binds powder particles by spraying a liquid agent, 

wetting them and solidifying them into a 3D object. The spraying is controlled using 

two types of drop-on-demand (DoD) heads; namely a piezoelectric or thermal head.
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Figure 1.1. Graphical representation of the different 3D printing technologies. SLA, stereolithography; DLP, direct light processing; CLIP, 

continuous liquid interface production; BJ, binder jetting; SLS, selective laser sintering; DMLS/SLM, direct metal laser sintering/selective laser 

melting; MJF, multi-jet fusion; EBM, electron beam melting; NPJ, nanoparticle jetting; MJ, material jetting; DoD, drop-on-demand; LENS, laser 

engineering net shape; EBAM, electron beam additive manufacturing; LOM, laminated object manufacturing; UAM, ultrasonic additive 

manufacturing; FDM, Fused deposition modelling; DPE, direct powder extrusion; and SSE, semi-solid extrusion. 
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1.4.3. Powder bed fusion 

This is a thermal process that selectively fuses powder particles together using 

a laser or other heat source and is further subdivided into selective laser sintering 

(SLS), multi-jet fusion (MJF), direct metal laser sintering/selective laser melting 

(DMLS/SLM) and electron beam melting (EBM).  

 

1.4.4. Material jetting 

This technique selectively deposits liquid droplets of materials onto a flat 

surface. These droplets could either spontaneously solidify, which is known as DoD, 

or can be cured or fused using a UV light, which is known as material jetting (MJ), or 

using a heat source, which is known as nanoparticle jetting (NPJ).  

 

1.4.5. Direct energy deposition 

This is a process that selectively points a form of focused thermal energy (e.g., 

laser beam) at a bed of powder particles, melting and fusing them together. This 

includes two main processes; laser engineering net shape (LENS) and electron beam 

additive manufacturing (EBAM).  

 

1.4.6. Sheet lamination 

This process bonds sheets of materials together (e.g., sheets of paper, plastic 

or metal), forming 3D objects. It can be further subclassified into laminated object 

manufacturing (LOM) and ultrasonic additive manufacturing (UAM).  
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1.4.7. Material extrusion  

This is a technology that heats and selectively dispenses a semisolid material 

onto a flat surface. It can be subdivided into fused deposition modelling (FDM), where 

the starting materials are thin strands of thermoplastic filaments, and semisolid 

extrusion (SSE), where the starting materials are gels and pastes. Recently, a new 

subdivision that extrudes powder mixtures, termed direct powder extrusion (DPE), 

has been developed. 

 

An overview of the main distinctive attributes of the different 3D printing 

technologies is shown in Table 1.1. Whilst some of the 3D printing systems share 

similar features with each other and with other production techniques (e.g., injection 

moulding), their starting materials and end-products may inherently differ (e.g., 

physical properties, surface finish and appearance). With the technologies having 

different underlying mechanisms, the benefits and/or shortcomings they offer can 

significantly differ, influencing their suitability to be implemented as pharmaceutical 

manufacturing platforms.  
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Table 1.1. An overview of the different additive manufacturing technologies. UV, ultraviolet; CNC, Computer numerical control; N/A, not 

available. 

Additive 

manufacturing 

process 

Technology 
Power 

source 

Average 

resolution 

(mm) 

Speed Material Advantages Disadvantages Ref. 

Vat 

polymerisation 
SLA Laser beam 

0.025-

0.125 
Average 

Liquid 

photopolymer 

High precision and 

accuracy 

Potential toxicity. 

Requires post-processing and support. 

[35, 

36, 

50-55] 

 DLP 
Digital light 

projector 
0.012-0.2 Fast 

Liquid 

photopolymer 

Higher resolution 

and smooth finish 

for small objects. 

Potential toxicity. 

Requires post-processing and support. 

Restricted by pixel size. 

[56] 

 2PP 
Titanium sapphire 

femtosecond laser 

0.0001-

0.0004 
Average 

Liquid 

photopolymer 

Ultra-high 

resolution (<100 

nm) 

Potential toxicity. 

The high resolution comes at the cost of 

speed. 

[57] 

 CLIP 
Digital light 

projector 
0.05-0.1 

Extremely 

fast 

Liquid 

photopolymer 

Fastest technology. 

High precision. 

Very expensive. 

Potential toxicity. 
[58] 
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Table 1.1. An overview of the different additive manufacturing technologies. UV: ultraviolet; CNC: Computer numerical control; N/A: not 

available – (Continued). 

Additive 

manufacturing 

process 

Technology 
Power 

source 

Average 

resolution 

(mm) 

Speed Material Advantages Disadvantages Ref. 

Sheet lamination LOM Laser beam 0.1-0.2 Fast 
Paper sheets and 

adhesive agent 

Cheap and eco-friendly 

material. 

Multi-colour printing. 

Mechanical properties dependent 

on adhesive agent. 

Limited material options. 

[59] 

 UAM 
Ultrasonic 

vibration 
0.1-0.15 Slow Metal sheets 

Low temperatures and energy 

required. 

Multi-material bonding. 

Long solidification time. 

Requires post-processing using 

CNC. 

[59] 

Direct energy 

deposition 

 

LENS Laser beam 0.01-0.2 Slow 
Metal powder or 

wires 

Strong mechanical properties. 

Multi-material printing. 

Recyclable material. 

Poor resolution and surface finish. [60] 

 EBAM 
Electron 

beam 
0.05-0.1 Slow 

Metal powder or 

wires 

Good mechanical properties. 

Less support needed. 

Slow and expensive. 

Requires post-processing. 
[60] 
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Table 1.1. An overview of the different additive manufacturing technologies. UV: ultraviolet; CNC: Computer numerical control; N/A: not 

available – (Continued). 

Additive 

manufacturing 

process 

Technology 
Power 

source 

Average 

resolution 

(mm) 

Speed Material Advantages Disadvantages Ref. 

Material jetting NPJ Heat 0.2 Fast Metal and ceramic 
High precision. 

No post-processing required. 

Support needed. 

High temperature required. 
[61] 

 MJ UV light 0.016-0.032 Fast 
Thermostat 

photopolymer 

Multi-material printing. 

High accuracy and eco-

friendly. 

Low mechanical properties. 

Costly. 

Support needed. 

[62-65] 

 DOD - 0.025-0.12 Fast Wax and ceramic 
Instantaneous solidification. 

Cost-effective and efficient. 
Low selection of materials. [66, 67] 
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Table 1.1. An overview of the different additive manufacturing technologies. UV: ultraviolet; CNC: Computer numerical control; N/A: not 

available – (Continued). 

Additive 

manufacturing 

process 

Technology Power source 

Average 

resolution 

(mm) 

Speed Material Advantages Disadvantages Ref. 

Powder bed 

fusion 
SLS Laser beam 0.1-0.12 Average 

Thermoplastic 

polymer, metal or 

ceramic powder 

No need for support. 

Recycle feed material. 

Highly dependent on particle 

size of starting material. 

Mechanical properties vary, 

[68-74] 

 DMLS/SLM Laser beam 0.02-0.1 Fast Metal powder 
High precision. 

Highly functional components. 

High energy consumption and 

poor efficiency cost. 
[75, 76] 

 MJF 

Fusing agent 

and infrared 

light 

0.07-0.1 Fast 
Thermoplastic 

polymer powder 

Multi-material printing. 

Highly functional components. 

Recyclable feed material. 

Low selection of materials. 

Requires post-processing. 
[77-79] 

 EBM Electron beam 0.05-0.18 Very fast Metal powder 

Strong mechanical properties. 

Quick, efficient and cost-

effective. 

Limited to conductive materials 

(e.g., metals) 

Extremely high temperatures 

required. 

[76] 
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Table 1.1. An overview of the different additive manufacturing technologies. UV: ultraviolet; CNC: Computer numerical control; N/A: not 

available – (Continued). 

Additive 

manufacturing 

process 

Technology 
Power 

source 

Average 

resolution 

(mm) 

Speed Material Advantages Disadvantages Ref. 

Binder jetting BJ N/A 0.089-0.12 Very fast 
Polymer powder 

and liquid binder 

No need for support. 

Multi-material printing. 

Low mechanical properties. 

Low selection of materials 
[80-82] 

Material 

extrusion 
FDM Heat 0.1-0.3 Average 

Thermoplastic 

filament 

Cheap, easy to use and readily 

available. 

Multi-material printing. 

Reduced speed and accuracy. 

Support needed. 

[45, 51, 

83-99] 

 SSE 
Heat and/or 

pressure 
0.4-0.8 Average Gels and pastes 

Low temperature exposure. 

Cheap, easy to use and readily 

available 

Multi-material printing. 

Limited resolution. 

Requires post-processing. 

Low mechanical properties. 

[100] 

 DPE Heat 0.1-0.3 Average 
Thermoplastic 

polymer powder 

Easy to use. 

No pre-processing required 

Reduced speed and accuracy. 

Support needed. 
[101] 



 39 

1.5.  Adapting the processes 

Indeed, the 3D printing technologies are still in their infancy within the 

pharmaceutical discipline and as such repurposing them for pharmaceutical use will 

require adaptation. One important aspect to consider for all 3D printing technologies 

is that the starting material should be biocompatible and biodegradable, wherein all 

its components, including the drug and excipients should be GRAS, which stands for 

generally recognised as safe and is accredited by the United States (US) Food and Drug 

Administration (FDA). In the case of the processes requiring powder materials (e.g., 

SLS and DPE), the substitution is straightforward. However, in the case of the vat 

polymerisation processes, the starting material should be in the liquid form and 

should include a photopolymerisable monomer/oligomer and a photoinitiator. Whilst 

several photopolymers are non-toxic in their crosslinked forms, the unreacted 

residues entrapped within or at the surface of the crosslinked networks are hazardous 

[102]. Hence, this requires the use of suitable post-processes (e.g., washing and 

curing) following the photopolymerisation reaction to completely remove the 

unreacted monomers and/or photoinitiators or minimise their amounts to an 

acceptable level. That being said, it should be noted that the post-processing should 

not affect the integrity or amount of API within the formulation. More importantly, 

the API and/or excipients should not interact with one another to avoid hindering the 

drug release [35]. 

 

In the case of FDM, the starting material should be in the form of filaments. As 

such, this requires coupling it with an additional process. Fortunately, hot melt 
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extrusion (HME), which is well-established within pharmaceutical production, has 

proven to be well suited for this purpose [103]. However, these filaments should have 

certain characteristics, including having an optimum diameter (e.g., 1.75 or 3.00 mm 

± 0.05 mm) that enables them to be fed into the liquefier of the printer’s extruder 

head [104], wherein this diameter should be consistent along the length of the 

filament [105]. This is mainly because irregularities could affect the printing 

consistency and result in printing failure. More importantly, the stiffness and 

brittleness of the filaments should be counterbalanced [106, 107]. This is because 

excessive stiffness prevents filaments from being bent, whereas excessive brittleness 

could cause the filaments to snap during printing process and in some cases, could 

jam the printing nozzle.  

 

The challenges do not end there. In the case of light-activated technologies 

(e.g., SLS and SLA), the light sources only operate within certain wavelengths. Thus, it 

might be necessary to include an additional excipient, such as a colourant, to maximise 

the absorption of light [108]. However, it is noteworthy to mention that the use of a 

light source imparts restrictions on the number of APIs that can be used with these 

technologies, wherein photosensitive drugs are considered unsuitable for use with 

such processes. Instead, other printing platforms should be considered. Likewise, the 

use of thermolabile drugs is limited in the case of heat-powered 3D printers. However, 

this could be overcome by carefully selecting a polymer matrix that melts at low 

temperatures, preventing the drug from degrading during the extrusion and printing 

processes [88, 89]. Alternatively, the novel DPE process may be utilised, enabling the 

production of dosage forms with comparable properties to those produced by FDM, 
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whilst limiting the contact of the API with heat and overcoming limitations imposed 

by filament properties [101, 109]. 

 

1.6.  Pharmaceutical innovation using 3D printing 

Within pharmaceutical research, 3D printing has been investigated as a viable 

method for tailoring medicines at the point of care, tackling issues faced by specific 

patient groups [33]. This customisation could be adapted to the individual needs (e.g., 

pharmacokinetic and pharmacodynamic characteristics) of each patient. The use of 

3D printing as a novel dispensing tool could overcome restrictions imposed by 

conventional manufacturing processes for the production of small or ‘one-off’ 

batches, including excessive time- and resource-consumption. Thus far, a number of 

3D printing technologies have been explored out of which FDM is the most extensively 

investigated process.  A summary of the latest 3D printed pharmaceutical innovations 

is listed in Table 1.2. 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing. 

Technology Pharmaceutical examples Image(s) Ref. 

SLA Six-layered polypills 

 

[36] 

 Drug-loaded tablets 

 

[50, 110, 111] 

 Drug-loaded nose masks 

 

[51] 

 Transdermal microneedles 

 

[52, 53, 55] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

DLP 
 

Transdermal microneedles 

 

[56] 

 Modified-release tablets 

 

[112] 

CLIP Drug delivery devices 

 

[58] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

MJ 
 

Tablets 

 

[64, 65] 

DoD Melt-based dosage forms 

 

[113] 

 Drug-loaded microspheres 

 

[67] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

SLS 
 

Orally disintegrating tablets 

 

[71, 72] 

 Modified-release tablets 

 

[69] 

 Gyroid lattices 

 

[73] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

SLS 
 

Tablets and films containing two drugs 

 

[74] 

BJ 
 

Highly drug-loaded tablets 

 

[82] 

 Controlled-release tablets 

 

[81] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

FDM 
 

Polypills 

 

[114-116] 

 Drug-loaded nose and ear masks 

 

[98] 

 Modified-release tablets 

 

[7] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

FDM 
 

Radiator-like dosage forms 

 

[117] 

 Multi-compartmental capsule shells 

 

[118] 

 Duotablets and duocaplets 

 

[43, 44] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

FDM Drug-loaded vaginal rings 

 

[119] 

SSE 
 

Polypills 

 

[37, 38] 

 Chewable formulations 

 

[39] 
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Table 1.2. Examples of pharmaceutical innovations made using 3D printing – (Continued). 

Technology Pharmaceutical examples Image(s) Ref. 

SSE Tablets 

 

[120] 

FDM/SSE Polypill 

 
 

[121] 

DPE Sustained-release tablets 

 

[101] 
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Due to its high flexibility, 3D printing enables the fabrication of drug products 

with tailored release profiles (e.g., controlled- or instant-release formulations) and 

unique designs (e.g., different geometries and multi-drug combinations). Varying the 

drug release could be achieved by optimising three main parameters, namely the 

shape and size, infill percentage, and polymer matrix [81, 122-124]. Indeed, several 

studies highlighted the importance of a printlet design in optimising the drug release 

profile. As an example, five different geometries, including a cube, pyramid, cylinder, 

sphere and torus, were assessed [111, 125]. The printlets were fabricated using the 

FDM and SLA technologies. In both studies, in vitro dissolution findings demonstrated 

that the drug release profile was dependent upon the ratio of the surface area relative 

to the volume of the printlets. As such, the pyramid printlets displayed the fastest drug 

release, whilst cylindrical printlets were the slowest. In another study, theophylline-

loaded constructs with radiator-like geometries were fabricated using FDM [117]. The 

printlets had varying inter-plate spacing, including 0.5, 1, 1.5 or 2 mm, where the 1 

mm spaces were found to be optimum to obtain immediate drug release properties. 

Mass is another factor that closely relates to size, wherein bigger printlets have higher 

masses when compared to smaller ones made from identical content [94]. As such, 

mass could also be used to adjust the drug release properties. To obtain faster drug 

release, smaller printlets are needed and vice versa. Despite being disregarded by 

many, the shape, size and colour of a medicine can play a major role in determining 

the outcome of a treatment. An open-label, randomised patient acceptability study 

has shown that patients’ willingness to swallow certain dosage forms over others 

could influence their medication compliance [34]. As a result, the torus printlets were 

more preferable in respect of handling and swallowing, while the tilted diamond 
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printlets were the least preferable. In terms of size, printlets of sizes 2 and 3 were 

more favoured.  

 

A printlet’s infill percentage refers to the extent to which its internal structure 

is full, wherein 0% infill is indicative of hollow printlets and 100% infill refers to a 

completely solid printlet [97]. Essentially, the infill percentage is a pivotal design 

parameter that could influence the drug release in multiple ways. In general, printlets 

having lower infill percentages display quicker drug release properties, whereas those 

with higher infill percentages exhibit prolonged drug release. In other studies, it was 

shown that lowering the infill percentage could also be exploited to fabricate buoyant 

printlets. This buoyancy could be achieved by creating structures with densities lower 

than that of the gastric fluid medium in which they are dissolved [126, 127]. In turn, 

this increases their gastric residence time, promoting drug absorption from the upper 

small intestine. Nonetheless, this effect is highly variable, depending on the volume of 

gastric fluids present in the stomach. Alternatively, the drug release from immediate 

release printlets could be amplified by designing channels with optimised width, 

length and conformation [128]. A similar approach could also be achieved by designing 

gaplets, which are caplets with gaps inside their interior structures [124]. This 

promotes the breakup of the printlets, avoiding the need for disintegrants. Whilst the 

modulation of the internal arrangement is often challenging to engineer using 

traditional production methods, it can be easily achieved using 3D printing. 

 

Due to the precise spatial disposition of drug and excipients attained using 3D 

printing, it is possible to fabricate a vast array of formulations and multi-drug 
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combinations (also known as polypills). Hitherto, multiple studies have successfully 

produced polypills using different printing techniques, including FDM, SLA, SLS and 

SSE [35-38, 74]. The number of drugs included in one polypill ranged from two drugs 

all the way up to six drugs. These formulations were mainly aimed at patients on 

polypharmacy treatment regimes, facilitating self-administration and enhancing their 

adherence to medication.  

 

Advantageously, some 3D printing technologies (e.g., BJ and SLS) are capable 

of forming 3D objects solely by loosely binding powder particles on the surface, 

resulting in very porous and fast-dissolving printlets [72, 129]. Due to the absence of 

compression forces, the integrity of the objects is only held by weak forces. As such, 

once dispersed in water, the water molecules quickly penetrate into the printlets, 

leading to their rapid disintegration. With SLS, this can be achieved by increasing the 

laser scanning speed used for sintering [68, 72]. This decreases the contact time 

between the laser beam and powder bed and yields printlets with acceptable 

mechanical properties and rapid disintegration time of less than 4 s. Similarly, due to 

the absence of heat and light sources from the BJ technique, the water particles can 

easily penetrate into the porous structure, breaking it in a matter of seconds [129]. 

This formed the basis for Spritam®, which was the first 3D printed product approved 

by the FDA. Moreover, due to the small number excipients involved in the process, BJ 

permits the incorporation of high amounts of drug (e.g., up to 1 g of API in each 

printlet), whilst maintaining the rapid disintegration time (e.g., 11 s) even in the 

presence of a small sip of water. More recently, SSE has shown to be able to create 
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printlets with a very high drug loading (e.g., 96% w/w of API) [130]. Thus, highlighting 

the flexibility of this technology. 

 

Owing to the high precision of the laser beams, laser-assisted printing 

technologies have the capacity to fabricate small and intricate dosage forms that are 

difficult to produce using conventional production processes. As an example, multiple 

studies have demonstrated the use of SLA and DLP to create microneedles, suited for 

transdermal drug delivery [52-55, 131].  In the same vein, the fine diameter of the 

laser beam along with the loose powder bed acting as a support material, the SLS 

technology has shown to be advantageous at fabricating gyroid lattice printlets [73]. 

Due to their mesh-like structure, these lattices have shown faster drug release when 

compared with their corresponding cylindrical printlets. By engineering different 

arrangements of both configurations, it is possible to tune the drug release to achieve 

the intended release kinetics. 

 

One of the major challenges faced by the pharmaceutical industry is 

substandard or falsified medicinal products, resulting in a high financial burden, 

estimated at $30.5 billion US dollars annually. Favourably, 3D printing could be utilised 

to develop a novel anti-counterfeiting method, wherein a smart material inks could 

be directly incorporated onto the surface of the products [132]. To verify the contents 

of these inks, a non-destructive spectroscopic technique (e.g., Raman spectroscopy) 

could be utilised to scan the surface of the printlets and ensure authenticity of 

pharmaceutical products. Furthermore, this could be coupled with a trace-and-track 

platform, in the form of quick response (QR) codes or data matrices, providing both, 
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healthcare professionals and patients, with tailored information relating to the drug 

product (e.g., API, dose strength, batch number, production date and expiry date) and 

the patient (e.g., patient name, date of birth and gender). 
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1.7.  Rationale for this study 

3D printing is a contemporary production technique that is set to pave the way 

for a new digital era within healthcare. Whilst a clear trend towards dose 

personalisation by different shapes and sizes remains the predominant focus of this 

sector, a range of opportunities remain underexplored. That being said, many would 

argue that this technology is still primitive and is not capable of competing with 

current processes in terms of mass production. As such, a more favourable approach 

would include the adoption of 3D printing to complement current fabrication 

methods.  

 

Whilst the pharmaceutical industry continues to thrive, it is faced by many 

challenges along the way. For instance, young children and older patients are some of 

the most challenging patient subgroups, requiring additional attention to ensure 

treatment efficacy and patient safety. Similarly, in the case of blind patients, their 

adherence to medications is often compromised by their inability to identify 

medicines independently, especially when they take them out of their original 

packaging. Moreover, to date, opioid misuse and addiction remain a global health 

crisis, resulting in high morbidity and mortality rates and playing a major part in the 

global disease burden. As such, more efforts are needed to reduce the prevalence of 

opioid abuse and safeguard their use. Furthermore, within pharmaceutics, drug 

products with narrow therapeutic indices have minute difference between the 

minimum effective dose and minimum toxic dose, increasing risks for treatment 

failure or unintended adverse effects. Hence, a high dosing accuracy is needed to 
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ensure treatment efficacy and patient safety. As such, the aim of this research project 

was to explore novel prospects for 3D printing within the pharmaceutical field, 

wherein this transformative technology could be leveraged to provide innovative 

solutions for persistent, existing challenges. 

 

In this regard, the use of the FDM, DPE and SLS technologies could provide 

multiple benefits over conventional production methods. In particular, the use of FDM 

and DPE is appealing due to their ability to create printlets with strong mechanical 

properties, making them more resistant to mechanical and chemical tampering. Thus, 

enabling the production of highly stable dosage forms. On the other hand, the 

advantages of SLS involve it being a single step process and its ability to create highly 

accurate and intricate objects. Moreover, these technologies are solvent-free and can 

produce printlets with varying release characteristics and configurations. As such, it 

was hypothesised that the unique inherent properties of these 3D printing 

technologies render them well suited for the intended applications.
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The current thesis can be summarised as follows: 

 

• Chapter 2 – The fabrication of single and dual miniprintlets using SLS 3D 

printing as a universal platform for drug delivery. 

 

• Chapter 3 – The creation of orally disintegrating printlets with Braille and 

Moon printlets using SLS 3D printing for blind and visually impaired patients. 

 

• Chapter 4 – The fabrication of abuse-deterrent and alcohol-resistant printlets 

using DPE 3D printing. 

 

• Chapter 5 – The development of smart gastroretentive printlets that self-

transform in the gastric region based on the 4D printing technology.



 59 

  

 

Miniprintlets as a universal 

platform for drug delivery
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2.1.  Overview 

2.1.1. Single-unit dosage forms 

Oral drug delivery is the most popular method of administering medications to 

patients, accounting for most prescriptions [133]. Typical single-unit dosage 

formulations (e.g., tablets and capsules) are popular because they are inexpensive, 

non-invasive and relatively easy to ingest. However, the journey of oral dosage units 

through the gastrointestinal (GI) tract is subject to high inter and intra- patient 

variability. This is due to different physiological factors including the GI fluids (e.g., 

volume and composition), pH, transit time, GI motility, food (e.g., amount and 

composition) and metabolism and transport, all of which are dependent upon age, 

gender, race, and disease [134-141]. The implications are more manifested for 

sizeable, single-unit dosage forms in comparison to multiple units. As an example, 

fluids are not present in a constant manner along the GI transit [141]. Instead, they 

are available in clusters that can vary in volume and composition. Due to this, single-

unit formulations are more likely to have reduced drug dissolution and bioavailability 

when present in regions empty or with scarce amounts of GI fluids.   

 

Whilst the use of large single-unit dosage formulations is preferable by most 

individuals, it may be challenging for certain patient groups. Such challenges may be 

due to physical or mental difficulties (e.g., dysphagia, which refers to the inability of 

swallowing), which is more common in paediatric and geriatric patients [23]. To add 

to that, both patient groups have restricted dosing requirements that can significantly 

differ in contrast to adults owing to physiological and pharmacokinetic variations. This 
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is particularly problematic in the case of medications that are only available in single 

discrete strengths or dosage forms. In clinics, it has become common practice to tailor 

pharmaceutical preparations with the help of specials manufacturing. However, this 

brings about additional costs and could potentially result in delays in the 

administration of treatments. At home, patients and carers have to resolve to crushing 

or splitting tablets to obtain the required dose. Nevertheless, these habits could 

potentially lead to risks of dose variation (e.g., if a lower dose of the API is obtained 

and is lower than the minimum effective concentration, the treatment will be 

ineffective; if a higher dose of the API is obtained and is higher than the minimum 

toxic concentration, the patient could be at risk of potential toxicity [24, 142] or dose-

dumping) [26, 143]. The term dose-dumping refers to the premature release of a drug 

dose all at once and is more common in the case of enteric coated tablets. Because 

the dose in such formulations is intended to be released over a period, by breaking 

the coating layer, it could potentially induce adverse effects or lead to drug-induced 

toxicity.  

 

2.1.2. Multiparticulate systems 

Compared to single-unit dosage formulations, multiparticulate systems are more 

attractive, as they offer flexibility in dosing and provide extra therapeutic advantages 

to patients [144]. For instance, multiple-unit formulations can be divided into required 

doses without the need for modifying the original dosage form or the manufacturing 

process by which it is made [145]. Due to their small particle size, these dosage forms 

can easily pass through the GI tract. As such, they have a more reproducible and 
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predictable journey, which translates to less inter- and intra-patient variability [146]. 

This is because these multi-units can be scattered across the GI tract and thus are likely 

to be exposed to fluids during their journey, which leads to the maximisation of drug 

release and absorption. Additionally, previous studies have shown that when these 

systems are ingested in the fed state, their gastric emptying is more uniform when 

compared to that of single-units [147]. Given that recent findings have indicated that 

dosage forms with sizes similar to size 9 capsules do not empty from the gastric region 

of small rodents [41], the use of multiparticulates could provide another advantage. 

As an example, these systems can be administered to various animal species in their 

original forms, without the need for modification. Thus, providing more accurate data 

and making them appropriate for use throughout the whole drug development 

process. They can also be easily administered and mixed with food to facilitate their 

swallowing in the case of paediatric and geriatric patients [148], both of which often 

have problems swallowing large dosage forms. 

 

Despite the benefits they offer, formulating multiparticulates is not always 

straightforward. This is particularly the case when fabricating controlled-release 

systems, where it is challenging to control the drug release from the polymeric 

matrices. Due to their small size, these systems have a large surface area-to-volume 

ratio and often exhibit a burst drug release, which is undesirable. Thus, multiple 

processes are often employed to control the drug release. For instance, currently, the 

most common method to produce multiparticulate systems is extrusion-

spheronisation. However, as this is a six-step process (e.g., wet mixing, extrusion, 

cutting, spheronisation, drying and coating), it is lengthy and costly.  
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Although several multiparticulate systems can be dosed together for multi-drug 

combinations, in most cases, the dose of each system has to be weighed/measured 

separately. This is mainly because traditional manufacturing methods used in the 

preparation of multiparticulates are inflexible and the combination of multiple units 

may be challenging. As an example, the inclusion of an additional API may require 

additional coating layers to avoid a high burst drug release, which will increase the 

size of the multiparticulates. Moreover, not all APIs can be formulated together and 

some may interact with one another and will require physical separation [149, 150]. 

Furthermore, conventional methods do not allow the creation of multi-drug systems 

with individual release profiles and instead, all the APIs will have to be dispersed in 

the same matrix. However, some multi-drug systems are administered as a 

combination of an immediate-release drug, for an instantaneous action, along with a 

modified-release drug, for a long-lasting maintenance dose. And thus, these will need 

to be formulated individually, which is time consuming and costly. An example of such 

is Metadate CD®, which is a central nervous system stimulant containing the API 

methylphenidate HCL [151]. All the dose strengths contain the same ratio of a 

combination of two types of pellets: 30% immediate-release and 70% extended-

release pellets. Similarly, Ritalin LA® contains equal amounts of immediate- and 

delayed-release methylphenidate pellets [152]. 

 

According to the FDA, the size of multiparticulates intended for sprinkling should 

not exceed 2.5 mm, wherein the size variation should not exceed 10% [153]. This is 

particularly important in the case of multiparticulates with modified release kinetics, 
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where if they were too big, patients might unintentionally chew them, leading to dose-

dumping and putting the patient at risk. 

 

2.1.3. SLS 3D printing 

SLS 3D printing is a rapid production method that provides a single-step, solvent-

free way of creating medications [108, 154]. Because the technology employs a laser 

beam to selectively bind powdered materials together [155], it has shown high 

flexibility, facilitating the fabrication of a wide array of formulations with varying 

release properties [69, 72, 156-159]. In particular, the great precision of the laser 

enables designing and engineering of drug-loaded structures with fine details and 

controllable architectures [73, 160, 161]. Such structures are typically challenging to 

produce using conventional pharmaceutical production approaches. Thus, it was 

anticipated that the high printing resolution, reproducibility and accuracy of the SLS 

3D printing method may render it as a simple, straightforward way for preparing 

multiparticulate drug delivery systems. 

 

One possible advantage that the SLS technology may offer is the ability to sustain 

the drug release, without the need for additional processes (e.g., coating). This is 

mainly due to the laser sintering process, which superficially coalesces the drug and 

polymer particles with each other. As a result, a strong coherence between the 

powder particles is produced, which controls the drug release from the sintered 

matrix. Another benefit is the additive manner in which objects are built using the 3D 

printing technologies. This enables modulation of the composition and arrangement 
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of materials within the 3D printed dosage form. In turn, this facilitates the creation of 

multi-drug iterations with distinct and uniform dose ratios. By separating the APIs in 

individual layers, issues relating to drug-drug incompatibilities and physical 

interactions can be avoided [162]. An additional notable value that the SLS technology 

offers is the simplicity of its feedstock, which highly resembles that of traditional 

pharmaceutical production methods. Thus, rendering the whole process rapid, 

efficient and convenient.  

 

2.1.4. Aims 

Therefore, the aim of this chapter was to assess the feasibility of utilising SLS 3D 

printing as a single-step method to create small, multiparticulate formulations with 

controlled-release properties, herein termed miniprintlets. Paracetamol-loaded 

miniprintlets were designed and created in two varying sizes (1 mm and 2 mm in 

diameter), with the aim to investigate the influence of size on their dissolution 

behaviour. Dual SLS 3D printing was also attempted to fabricate miniprintlets with two 

individualised controllable systems that integrate paracetamol and ibuprofen as 

model drugs in fixed ratios.  

 

2.2.  Materials and methods  

2.2.1. Materials 

Paracetamol (United States pharmacopeia (USP) grade – molecular weight (MW) 

151.16 g/mol, solubility in water at 37 °C: 21.80 g/L - Sigma-Aldrich, Poole, UK) and 

ibuprofen (Sodium salt; MW 228.26 g/mol, solubility in water: 100 g/L) (both from 
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Sigma-Aldrich, Poole, UK) were used as model drugs. Ethyl cellulose N7 (EC - Ashland, 

Schaffhausen, Switzerland) and Kollicoat Instant Release® (KIR - BASF, Ludwigshafen, 

Germany) were used as polymer matrices. Candurin® Gold Sheen (Potassium 

aluminum silicate, titanium dioxide, iron oxide - Merck, Darmstadt, Germany), which 

is a colouring agent, was added to maximise the absorption from the laser beam. 

Methanol (absolute, ≥99.8% (Gas chromatography - GC) - Honeywell, Charlotte, NC, 

US) was used for the drug content analyses. Hydrochloric Acid (HCL) Solution (5M – 

Fisher scientific, NH, US) was used for the preparation of the acid phase dissolution 

medium. The salts used in the preparation of the buffer dissolution medium were 

purchased from VWR International Ltd., Leicestershire, UK. 

 

2.2.2. SLS 3D printing 

123D Design (Version 14.2.2 - Autodesk Inc., San Rafael, CA, US) was used to 

design the templates of the spherical miniprintlets (1 mm and 2 mm in diameter). The 

3D models were exported as a standard tessellation language (.stl) file into the 3D 

printer Sintratec central software (Version 1.1.13 - Sintratec, AG, Brugg, Switzerland). 

 

To prepare the powders, they were passed through a sieve with 150 µm pore size 

(Particle size: 100 mesh) prior to their use to yield particles with sizes optimum for 

sintering as recommended by the printer’s manufacturer [163]. This is because as the 

size of the particle increase, the amount of energy needed for sintering also increases. 

Moreover, a larger particle size will result in bigger spaces between the sintered 

particles, compromising their mechanical strength, which cannot always be overcome 
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by increasing the laser energy or reducing the laser scanning speed. In addition, sieving 

helps in narrowing the particle size distribution, which is important to ensure an even 

energy absorption across the printing bed. 

 
For all the investigated formulations, 100 g of powder mixture, consisting of a 

drug, polymer and colourant, were mixed using a mortar and pestle (Table 2.1). 

Herein, the shear mixing action of the mortar and pestle not only aids blending the 

materials, but also helps breaking agglomerates and reducing the particle size [164]. 

The resultant frictional pressure spreads the drug particles within the polymer in an 

ordered manner, often termed “ordered mixing” [165, 166]. The inclusion of the 

colourant was to improve the energy absorption from the laser and ensure good 

printability. This was mainly because both, the drug and polymer, were white in colour 

and cannot absorb at the laser wavelength (λ = 445 nm). As the laser wavelength lies 

in the visible light region (λ = 400 - 700 nm), the inclusion of the colourant material 

promotes the powder’s laser absorption. The percentage needed (e.g., 3% w/w) was 

determined based on previous studies using this printer [69, 72, 73]. According to its 

material safety data sheet (MSDS), Candurin® Gold Sheen is generally considered as 

safe for human ingestion, wherein all animals stayed alive following the ingestion of 

15,000 mg/kg [167]. 

 
The single miniprintlets were loaded with 5% paracetamol and the dual 

miniprintlets contained 6.5% paracetamol and 3.5% ibuprofen, which is the typical 

ratio found in drug combinations of paracetamol and ibuprofen (e.g., Nuromol®). The 

drug loadings were kept low to reduce the amount of drug initially release from the 
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sustained release matrix, avoiding a high burst release. The dual miniprintlets were 

fabricated in two different configurations; in configuration A (Con A), paracetamol was 

embedded in a KIR matrix (Par/KIR region) and ibuprofen was within an EC matrix 

(Ibu/EC region) (Figure 2.1A). In configuration B (Con B), the positions of the drugs 

were alternated, wherein paracetamol was within EC matrix (Par/EC region), whilst 

ibuprofen was embedded in the KIR matrix (Ibu/KIR region) (Figure 2.1B). 

 

Table 2.1. Compositions of the single and dual miniprintlets. 

Miniprintlets* 
Paracetamol 

(Par) 

Ibuprofen 

(Ibu) 

Kollicoat IR 

(KIR) 

Ethyl Cellulose 

(EC) 

Single 5.0% - - 92.0% 

     

Dual - Con A     

Par/KIR 6.5% - 56.5% - 

Ibu/EC - 3.5% - 30.5% 

     

Dual - Con B     

Ibu/KIR - 3.5% 30.5% - 

Par/EC 6.5%  - 56.5% 

*All the formulations contained 3.0% (w/w) Candurin® Gold Sheen 
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Figure 2.1. Graphical illustration of (A) Con A and (B) Con B of the dual miniprintlets 

showing the individual compositions of each layer. Image of the arrangement of the 

(C) 1 mm and (D) 2 mm miniprintlets on the build platform, wherein the scale is shown 

in mm. 
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C 
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For the single miniprintlets, the powder mixture was directly transferred into the 

reservoir platform (150 mm × 30 mm × 150 mm) of a desktop SLS printer (Sintratec 

Kit, AG, Brugg, Switzerland) (Figure 2.1C and Figure 2.1D). At the start of each layer, 

powder in the reservoir platform of the printer was moved to the building platform 

(150 mm × 30 mm × 150 mm) by a roller, producing a flat layer of powder ready for 

printing (Figure 2.2). The chamber temperature was set at 100 °C and the surface 

printing temperature was at 120 °C. At the start of each layer, a 2.3 W blue diode laser, 

with a scanning speed of 50 mm/s, was activated to consolidate the powder particles 

in the building platform based on the .stl file. As each layer was completed, the 

reservoir platform moved up and the building platform moved down, allowing for a 

new layer of powder to be added. This process was repeated layer-by-layer until the 

completion of printing. The powder in the building platform was then removed and 

passed through a 710 µm sieve to collect the miniprintlets. 100 miniprintlets were 

printed in a single batch. 
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Figure 2.2. Graphical illustration of an SLS 3D printer. Reprinted with permission from 

[168]. 

 

Since the dual miniprintlets contained two discrete drug-loaded regions, wherein 

one region consisted of an immediate release matrix and the other was a sustained 

release matrix, a different printing setup had to be adapted. This involved keeping the 

reservoir platform empty and manually adding the powders to the building platform 

before the start of each layer. The fresh powder was being fed at a rate of 5 mL / layer 

for the 1 mm miniprintlets and 10 mL / layer for the 2 mm miniprintlets (this was 

measured using Azlon™ polypropylene measuring scoops). The remainder of the 

process and the printing conditions remained the same. The aim of the new setup was 

to prevent the two powder blends from mixing during printing, enabling precise 

deposition of materials in each region. Initial trials have shown that the manual 

addition of the powder did not significantly affect the printing time and only resulted 

in the slight lengthening of the printing process (additional 30 s for the 1 mm 

miniprintlets and 1 min for the 2 mm miniprintlets). This small increase in printing time 
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was due to the extra heating that was needed as fresh layers of powder were added 

prior to each layer. Normally, the fresh powder is kept in the reservoir platform and 

has the same temperature as the chamber temperature, thus, heating it to the set 

surface printing temperature can be achieved quickly. Whereas, since in this setup the 

fresh powder was outside the printer’s chamber, it required additional time to be 

heated to the set surface printing temperature. However, because the printer’s parts 

are metallic, they have the ability to retain heat for extended periods of time. That, 

along with the layer of powder that was added being thin (0.1 mm), the additional 

heating did not require much time.  

 

2.2.3. Thermal analysis 

2.2.3.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was also performed to assess the stability of 

the samples during the printing process. Average samples of 8 – 10 mg of the raw 

drugs, polymers and powder mixtures were analysed in open aluminium pans using a 

Discovery TGA (TA instruments - Waters LLC, New Castle, DE, US). The samples were 

heated at temperatures ranging between 50 °C to 500 °C and a heating rate of 10 

°C/min. Nitrogen was used as a purge gas (flow rate = 25 mL/min). Data were collected 

and analysed using TA Instruments Trios software (Version 4.5.0.5 - TA instruments - 

Waters LLC, New Castle, DE, US), where the percentage of mass loss was plotted with 

respect to temperature. 
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2.2.3.2. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) was utilised to characterise the thermal 

properties of the individual drugs, polymers, raw powder mixtures and the drug-

loaded miniprintlets. DSC measurements were carried out using a Q2000 DSC (TA 

instruments - Waters LLC, New Castle, DE, US), where the analysis was performed at 

a temperature range between 0 °C to 200 °C and a heating rate of 10 °C/min. The 

calibration of the cell constant and enthalpy was performed with indium (Tm = 156.6 

°C, ∆Hf = 28.71 J/g), as instructed by the manufacturer. Nitrogen was used as a purge 

gas at a flow rate of 50 mL/min. Data were collected using TA Advantage software for 

Q series (Version 2.8.394 - TA instruments - Waters LLC, New Castle, DE, US) and 

analysed using TA Instruments Universal Analysis 2000 (Version 5.5.24 - TA 

instruments - Waters LLC, New Castle, DE, US). All the melting temperatures were 

reported as extrapolated onset, unless otherwise stated. Tzero aluminium pans and 

lids (TA instruments - Waters LLC, New Castle, DE, US) were used, where the mean 

sample sizes ranged between 3 – 5 mg.  

 

2.2.4. X-ray powder diffraction (XRPD) 

X-ray powder diffraction (XRPD) was used to characterise the crystallographic 

structures and physical properties of the pure drugs, polymers, powder mixtures and 

miniprintlets. For the latter, 3D printed discs (23 mm diameter × 1 mm height), 

composed of identical formulations to those that were used for the printing of the 

miniprintlets, were fabricated. The XRPD patterns were obtained using a Rigaku 

MiniFlex 600 (Rigaku, Wilmington, MA, US) with a Cu Kα as the X-ray source (λ = 1.5418 
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Å), wherein, an intensity of 15 mA and a voltage of 40 kV were applied. The angular 

range of data acquisition was at 3–40° 2θ, with a stepwise size of 0.02° and a speed of 

2 °/min.  

 

2.2.5. Characterisation of the miniprintlets 

2.2.5.1. Determination of the miniprintlets morphology 

To assess the morphology of the miniprintlets, their masses and sizes were 

examined. For the mass measurements, 5 miniprintlets from each formulation were 

used. To assess their sizes, the diameters of the 10 miniprintlets were measured using 

a digital caliper (Fowler ProMax– Fowler High Precision, MA, US), wherein for each 

miniprintlets, the mean of the longest and shortest lengths was used. 

 

2.2.5.2. Scanning electron microscopy (SEM) 

Surface images of the 2 mm single and dual miniprintlets were captured using a 

scanning electron microscope (SEM - JSM-840A Scanning Microscope, JEOL GmbH, 

Freising, Germany), wherein all the samples were coated with carbon (~30 – 40 nm). 

The captured images were coloured to enable better visualisation of the two different 

regions in the dual miniprintlets. 

 

2.2.5.3. X-ray micro computed tomography (CT) 

A high-resolution X-ray micro computed tomography (CT) scanner (SkyScan1172 

- Bruker, Kontich, Belgium) was used for the 3D visualisation of the internal structures 

of the miniprintlets and to calculate their densities. In this study, the 2 mm single and 
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dual miniprintlets were scanned with a resolution of 2000 × 1048 pixels. The 3D 

imaging was achieved by rotating the miniprintlets in 180° with steps of 0.4°, where 

four images were recorded for each step. Image reconstruction was performed using 

the NRecon software (Version 1.7.0.4 - Bruker, Kontich, Belgium) and 3D modelling 

and viewing were performed using the CT-Volume software (Version 2.3.2.0 - Bruker, 

Kontich, Belgium). The collected data were analysed using the CT-Analyzer software 

(Version 1.16.4.1 - Bruker, Kontich, Belgium), wherein maps of different colours, 

corresponding to the densities of the miniprintlets, were created.  

 

2.2.5.4. Determination of drug content 

In total, 20 – 25 mg from each size of the single and dual miniprintlets (n=3) were 

dissolved in separate volumetric flasks filled with 10 mL of methanol. For the dual 

miniprintlets, single miniprintlets composed of the individual composition of each 

region were printed at the same parameters and were used for the drug content 

testing. Miniprintlets with KIR as the polymer matrix were dissolved in 10 mL of water, 

whereas those composed of EC matrices were dissolved in 10 mL of methanol. 

Following the complete dissolution of the miniprintlets, samples of solution were 

filtered through 0.22 µm filters (Millipore Ltd., Cork, Ireland) and the drug 

concentrations were determined using high-performance liquid chromatography 

(HPLC) (Hewlett Packard 1050 Series HPLC system - Agilent Technologies, Cheshire, 

UK). The validated HPLC assay (R2 = 0.9988 for paracetamol, and R2 = 0.9991 for 

ibuprofen) entailed injecting 20 µL samples for analysis, using a mobile phase with a 

gradient elution system consisting of (A) acetonitrile and (B) 0.1% formic acid in 

distilled water, through an Eclipse plus C18 3.5 µm column, 4.6 × 150 mm (Zorbax, 



 76 

Agilent technologies, Cheshire, UK), maintained at 40 °C. The mobile phase was 

pumped at a flow rate of 1 mL/min with a gradient program of: 0−2 min, 15% A; 2–8 

min, 15–55% A; 8–25 min, 55% A; 25–26 min, 55–15% A. The eluents were screened 

at a wavelength of 230 nm, where the retention times for paracetamol and ibuprofen 

were 2.57 min and 14.36 min, respectively. 

 

2.2.6. Dynamic in vitro dissolution testing  

The dissolution behaviours of the single and dual miniprintlets were assessed 

in vitro using a USP-II apparatus (PTWS 100 - Pharmatest, Haiburg, Germany). The 

process involved placing 250 mg from each type of miniprintlets (n=3) within in-house 

produced sinkers and dissolving them in 750 mL of 0.1 M HCL for 2 h to simulate gastric 

conditions. The miniprintlets were then transferred into 950 mL of modified Hanks 

(mHanks - 36.9 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) bicarbonate physiological 

medium for 35 min (pH 5.6 to 7) [169]. Subsequently, 50 mL of pre-Kreb’s buffer (400.7 

mM NaHCO3 and 6.9 mM KH2PO4) was added to each dissolution vessel, forming an 

in-situ modified Kreb’s buffer (1000 mL) (pH 7 to 7.4 and then to 6.5) [170]. The initial 

3.5 h dissolution in the bicarbonate buffer media (Hanks and Krebs buffers, pH 5.6 - 

7.4) mimicked the transit time in the small intestine, whilst the following drop in the 

buffer pH to 6.5 mimicked the transit time in the colonic region. Both conditions, along 

with the change in the pH values, simulated fasting GI tract conditions. The 

composition of the bicarbonate buffer was prepared based on the composition of the 

human intestinal fluids [9, 169, 171]. 
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The pH of the buffer solutions was controlled via an Auto pH SystemTM [172, 173] 

that consisted of a pH probe (DPD1R1.99 - Hach®, Manchester, UK) connected to 

sources of carbon dioxide (CO2 - a pH-reducing gas) and helium (a pH-increasing gas) 

gases that were regulated through a control unit. Because the bicarbonate buffer is 

typically unstable and its pH changes with the course of time, the control unit was 

responsible for dynamically adjusting the pH and to ensure constant pH values are 

maintained during the study. Because the medium was primarily a bicarbonate buffer 

in which bicarbonate (HCO3−) and carbonic acid (H2CO3) co-existed in equilibrium, to 

decrease the pH of medium, CO2 was purged into the solution, thus forming H2CO3, 

whereas, to increase the pH of the medium, helium was used to displace the dissolved 

CO2 from the solution. The paddles speed was fixed at 50 rpm and the tests were 

conducted at 37 °C ± 0.5 °C. The percentage of drug released from the miniprintlets 

was analysed using HPLC, as described in Section 2.2.5.4. 
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2.3.  Results and Discussion 

2.3.1. SLS 3D printing 

SLS 3D printing was successfully exploited for the fabrication of paracetamol-

loaded miniprintlets in two different diameters, 1 mm and 2 mm. Different types of 

polymers, including polyethylene oxide, methacrylic acid and ethyl acrylate co-

polymer (e.g., Eudragit® L100-55), ethyl acrylate, methyl methacrylate and 

methacrylic acid co-polymer (e.g., Eudragit® RL) and EC, were originally assessed. PEO 

yielded very soft miniprintlets that easily deform and are hard to handle. Attempts to 

improve the mechanical properties by printing at lower laser scanning speeds (e.g., 25 

and 50 mm/s) were not successful, and instead the polymer burned. With regards to 

Eudragit® L100-55 and Eudragit® RL, although the yielded miniprintlets had 

mechanical properties that enable their handling, preliminary in vitro dissolution 

studies have shown that the delayed and sustained release effects of the polymers 

were gone due to the large surface area of the miniprintlets and instead the drug was 

immediately released from the matrices.  EC on the other hand, yielded miniprintlets 

with mechanical properties that enable their handling and preliminary in vitro 

dissolution studies have shown that the sustained effect was retained despite the 

large surface area of the miniprintlets. 

 

As such, EC had the most optimum printability and mechanical characteristics that 

make it well suited for this application. For this application, the laser scanning speed 

was set at 50 mm/s because it was found to be the best speed at which an optimum 

amount of energy is absorbed to maintain the effective bonding of the printed layers, 
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while yielding miniprintlets with the desired shape and dimensions (Figure 2.3). In 

general, the time needed to print one batch of 1 mm miniprintlets was ~2 min, 

whereas the time need to print one batch of 2 mm miniprintlets was ~2 min and 40 s.  

 

 

Figure 2.3. Image of the (from left to right) 1 mm and 2 mm paracetamol-loaded 

miniprintlets. Scale shown in cm. 

 

Dual miniprintlets for multi-drug combination treatments were also fabricated to 

incorporate paracetamol and ibuprofen in distinctive layers. Like the single 

miniprintlets, the dual miniprintlets were printed in two sizes, including 1 mm and 2 

mm diameters. To maximise their potential, the dual miniprintlets were also prepared 

in two different configurations, wherein one drug was dispersed in a controlled 

release matrix and the other in an immediate release matrix. Like the single 

miniprintlets, the controlled matrix was composed of EC. For the immediate release 

matrix, two polymer candidates were investigated; (A) KIR, a polyvinyl 

alcohol/polyethylene glycol graft co-polymer, and (B) Kollidon VA64, a 

vinylpyrrolidone/vinyl acetate co-polymer. Both polymers have previously shown 

good printability and favourable release characteristics [68, 69, 71, 72]. Herein, the 
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challenge was that both polymer matrices had to be printed under the same 

conditions (e.g., chamber temperature and surface printing temperature, laser 

scanning speed). Preliminary trials have shown that under the same conditions, both 

Kollidon VA64 and EC can be consolidated. However, the chamber temperature was 

too high for Kollidon VA64, resulting in the partial melting of the unsintered powders 

and making it impossible to retrieve the miniprintlets. Lowering the chamber 

temperature was not feasible either, because it affected the printability of the EC 

region and compromised its adhesion to the Kollidon VA64 region.   

 

On the other hand, the concurrent use of KIR and EC was ideal. Both polymers 

showed favourable sintering and adhered strongly to one another. Paracetamol and 

ibuprofen were chosen as model drugs as earlier findings have indicated that the 

combination of both APIs displayed superior efficacy when compared to their usage 

individually [174, 175]. The time needed to print one batch of 1 mm dual miniprintlets 

was ~2 min and 30 s, whereas for the 2 mm miniprintlets, it required ~3 min and 40 s 

(Figure 2.4). As described earlier, the printing time of the dual printlets was longer 

than that of this single miniprintlets, which was a result of the modified setup that 

entailed manually adding the powder into the building platform, requiring additional 

heating time. 
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Figure 2.4. Images of the dual miniprintlets printed in (top) Con A and (bottom) Con 

B, in sizes of (from left to right) 1 mm and 2 mm diameters. Scale shown in cm. 

 

2.3.2. Miniprintlets characterisation 

In spite of their small dimensions and large surface areas, all the miniprintlets 

displayed high uniformity in mass and diameter (Table 2.2). For the 1 mm single 

miniprintlets, the masses ranged between 0.80 mg to 0.88 mg. In the case of the 2 

mm single miniprintlets, the masses ranged from 3.70 mg to 4.10 mg. Interestingly, 

although it was expected that the 2 mm miniprintlets would have masses that are 

double that of the 1 mm miniprintlets, this was not the case.  This difference in mass 

could be attributed to multiple factors, including the particle size and shape of 

polymer matrix, the laser spot-size and the printing resolution [160, 168, 176]. 

Because these miniprintlets are very intricate, these factors have more significant 
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effects when compared with larger dosage forms. In general, the mass of the 1 mm 

miniprintlets were more precise when compared to that of the 2 mm miniprintlets, as 

inferred from the lower standard deviation values. With regards to the diameters, the 

2 mm miniprintlets displayed higher accuracy with values ranging between 1.94 mm 

to 2.07 mm and a mean diameter of 1.99 mm ± 0.06 mm. The 1 mm miniprintlets on 

the hand, had diameters between 1.02 mm and 1.19 mm, with a mean diameter of 

1.14 mm ± 0.06 mm. All the miniprintlets were within the FDA guidance limits, wherein 

the yielded sizes were less than 2.5 mm in diameter and the size variation was less 

than 10% [153]. Thus, making them well suited for sprinkling purposes.
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Table 2.2. Characteristics of the miniprintlets. SD: standard deviation. 

Miniprintlets 
Mass (mg) 

(Mean ± SD) 

Diameter (mm) 

(Mean ± SD) 
Size variation (%) 

Paracetamol content (%) 

(Mean ± SD) 

Ibuprofen content (%) 

(Mean ± SD) 

Single      

1 mm 0.84 ± 0.03 1.14 ± 0.06 6.00 101.10 ± 0.50 - 

2 mm 3.90 ± 0.13 1.99 ± 0.06 3.00 96.90 ± 0.20 - 

Dual – Con A      

1 mm 0.67 ± 0.03 1.04 ± 0.02 2.00 100.10 ± 1.50* 99.40 ± 1.00* 

2 mm 4.27 ± 0.15 2.03 ± 0.02 1.00 98.50 ± 1.50* 99.60 ± 1.40* 

Dual – Con B      

1 mm 0.50 ± 0.02 1.01 ± 0.04 4.00 99.20 ± 0.20* 98.30 ± 1.10* 

2 mm 4.10 ± 0.08 2.00 ± 0.03 1.50 96.60 ± 0.50* 100.20 ± 1.50* 

* The following values were calculated by printing single miniprintlets with compositions identical to the corresponding region being tested. 
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For the dual miniprintlets, Con A had higher mass when compared to Con B. This 

was true for both, the 1 mm and 2 mm dual miniprintlets. Nonetheless, Con B has 

shown less variation, as indicated by the lower standard deviation values when 

compared to Con A. In general, all the dual miniprintlets had more precise diameter 

values as compared to the single miniprintlets. In particular Con B has been shown to 

be the most accurate with mean diameters of 1.01 mm ± 0.04 mm and 2.00 mm ± 0.03 

mm for the 1 mm and 2 mm miniprintlets, respectively. However, in terms of 

precision, Con A has displayed the highest precision of all the types, with both the 1 

mm and 2 mm miniprintlets having a standard deviation of only 0.02 mm. 

 

TGA analysis of the raw drugs, polymers and powder mixtures prior to printing 

projected that all the constituents should remain stable following the printing and that 

drug no degradation of the drugs and excipients was likely to happen at temperatures 

≤ 120 °C (Figure 2.5). This was confirmed using HPLC analysis that showed that no 

significant drug loss occurred due to the printing process, where the actual drug 

content values corroborated with the theoretical drug loadings in all the miniprintlets 

(Table 2.2), thus further validating the accuracy and reproducibility of the SLS process.  
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Figure 2.5. Thermogravimetric analysis (TGA) results using the raw drugs, polymers 

and powder mixtures prior to printing. 

 

DSC and XRPD analyses of the drug, polymers and powder mixtures prior to 

printing, and of the miniprintlets, were performed to determine the physical state of 

the drugs and the degree of their incorporation within the polymers. Results from the 

DSC data showed that the raw paracetamol powder presented a melting endotherm 

at approximately 168 °C, suggesting that paracetamol was in form I [177] (Figure 2.6). 

Ibuprofen showed a broad endotherm at 100 °C, indicative of water loss, and a sharp 

melting endotherm at approximately 200 °C, indicative of a racemic conglomerate 

that typically melts at 199 °C [178]. The DSC data of the Par/EC miniprintlets displayed 

a small melting endotherm at approximately 168 °C, indicating that some of the 

paracetamol still existed in the crystalline form. The absence of melting endotherms 

from Par/KIR, Ibu/EC and Ibu/KIR miniprintlets indicated that the drugs were either 
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molecularly dispersed within the polymer matrices or dissolved within them as the 

temperature increased during the DSC process. KIR and the Ibu/EC and Ibu/KIR 

mixtures displayed broad endotherms at and close to 100 °C, indicative of 

dehydration. EC did not display any peaks, indicating that the polymer existed in the 

amorphous form.
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Figure 2.6. Differential scanning calorimetry (DSC) thermograms of the raw drugs, 

polymers and powder mixtures prior to printing and of the miniprintlets used in (A) 

Con A and (B) Con B of the dual miniprintlets. 
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Corroborating with the results obtained by the DSC analysis, the X-ray 

diffractograms of the Par/EC discs showed traces of crystalline peaks, indicating that 

some of the paracetamol particles remained in the crystalline form following the 

printing process (Figure 2.7B). For Par/KIR, paracetamol showed less crystalline peaks 

in the printed discs, indicating that most of the paracetamol particles had been 

converted to an amorphous state (Figure 2.7A). Interestingly, the Par/KIR and Ibu/KIR 

discs showed an increase in crystalline peaks compared to the powder mixtures. This 

was attributed to KIR, where it had been predicted that it could have been a result of 

its exposure to heat during the sintering process [179].
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Figure 2.7. X-ray diffractograms of the drugs-excipients prior to printing and the 3D 

printed discs used in (A) Con A and (B) Con B of the dual miniprintlets. 
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X-ray micro-CT was used to visualise the 3D structures of the miniprintlets. The 

image of the single miniprintlets indicated that EC had density lower than 0.6 kg/m3 

(Figure 2.8A). For the dual miniprintlets, both configurations showed a well-defined 

distinction between the two different regions, verifying that the two drug regions did 

not mix during the printing process (Figure 2.8B and C). The density map indicated 

that the KIR regions were denser compared to the EC regions. The two regions were 

distinguished by using the single miniprintlet as a reference, indicating that blue 

represented EC, whilst brown was indicative of KIR.  
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Figure 2.8. Cross-sectional X-ray micro computed tomography (CT) images of the 2 

mm (A) single miniprintlets, (B) Con A and (C) Con B of the dual miniprintlets. The 

brown regions represented Kollicoat Instant Release (KIR) regions, whereas the blue 

regions signified the EC regions. The scale bar was representative of density (kg/m3). 
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SEM images of the miniprintlets validated the micro-CT results and provided 

visual confirmation of the differences in the laser effect on the two polymers, even 

though they were sintered under the same conditions (e.g., temperature and laser 

scanning speed). The image of the single miniprintlet demonstrated that EC undergoes 

a more intense sintering process, where less powder particles are seen on the surface 

(Figure 2.9A). Both, the Con A (Figure 2.9B) and Con B (Figure 2.9C), of the dual 

miniprintlets displayed two distinct regions; intensely sintered EC regions (green 

colour), and lightly sintered KIR regions (blue colour). As such, it can be deduced that 

KIR underwent a low intensity sintering, where a larger space volume was formed 

between the particles and spherical polymer particles can be distinctively spotted on 

the surface of the miniprintlet. The difference in the intensity of sintering can be 

attributed to the morphologies of the polymers, wherein the round KIR particles had 

less surface available to consolidate with nearby particles. Whereas, the EC particles 

had irregular, flaky shapes with a larger surface available for consolidation with 

surrounding particles.  
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Figure 2.9. Scanning electron microscopy (SEM) images of a 2 mm (A) single 

miniprintlet, and (B) Con A and (C) Con B of the dual miniprintlets. The green regions 

represent the EC regions, whereas the blue regions represented the KIR regions. 

 

The drug release from the miniprintlets was studied using a dynamic in vitro 

model, which simulated gastric and intestinal conditions of the GI tract (Figure 2.10) 

[171]. Despite their larger surface area when compared with large monolithic dosage 

forms, all of the single miniprintlets released paracetamol in a slow and sustained 

manner, where 88% and 61% paracetamol was released from the 1 mm and 2 mm 

miniprintlets after 24 h, respectively (Figure 2.10A). As expected, the drug release rate 
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was inversely proportional to the size of the miniprintlets (e.g., the drug release was 

slower as the diameter of the miniprintlets increased). In a previous study, EC has 

shown very slow release kinetics, where only 20% paracetamol was released after 24 

h from conventional cylindrical printlets [73]. As such, the current findings indicate 

that the miniprintlets are more suitable as a drug delivery platform for SLS 3D printing 

with EC. Indeed, the improved drug release kinetics observed with the miniprintlets 

can be correlated to the increased surface area.  

 

Since paracetamol was dispersed in a KIR matrix in the Con A dual miniprintlets, 

it was completely released within 30 min (Figure 2.10B). On the other hand, 20% and 

15% ibuprofen was released from the Ibu/EC regions of the 1 mm and 2 mm Con A 

dual miniprintlets within the first 2 h, respectively. After subjecting the miniprintlets 

to intestinal conditions (pH 5.6 – 7.4), acceleration in the dissolution rate was 

observed, wherein 91% and 79% ibuprofen was released from the 1 mm and 2 mm 

Con A dual miniprintlets within 24 h, respectively. For the Con B dual miniprintlets, 

only 15% and 10% of ibuprofen was released from the 1 mm and 2 mm dual 

miniprintlets in the first 2 h, respectively (Figure 2.10C). This effect was attributed to 

the inherent properties of ibuprofen, where the drug has poor solubility in acidic 

media. This is due to the acidic nature of Ibuprofen (pKa 4.4), causing it to remain in 

its unionised form in acidic media and hence, its low solubility. Once exposed to 

intestinal conditions, the drug converted to the ionised form and was completely 

released within 5 min. Since paracetamol was dispersed in the EC matrix, only 50% 

and 46% was released in the acidic medium from the 1 mm and 2 mm Con B dual 
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miniprintlets, respectively. Under intestinal conditions, a sustained effect was 

observed, wherein 99% and 84% paracetamol was released from the 1 mm and 2 mm 

Con B dual miniprintlets after 24 h, respectively. Interestingly, the drug release profile 

of paracetamol from the 2 mm Con B dual miniprintlets was similar to that of the 1 

mm single miniprintlets, highlighting that the addition of another region (e.g., the 

Ibu/KIR region) did not affect the original release properties of the drug and instead, 

the two regions in the dual miniprintlets maintained their distinctive release 

characteristics.  

 

 

pH 
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Figure 2.10. Drug dissolution profiles of the (A) single miniprintlets, and (B) Con A and 

(C) Con B of the dual miniprintlets. The red line shows the pH values of the media 

under acidic conditions for 2 h, followed by intestinal conditions using a dynamic 

dissolution apparatus. 

 

 

pH 

pH 
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As mentioned before, the conventional way of producing controlled-release 

multiparticulate systems involves the use of extrusion-spheronisation and coating 

[180]. However, this is a lengthy and costly process that requires the use of dedicated 

equipment and materials. Herein, the SLS 3D printing technology offers a single-step 

approach in which pharmaceutical powders can be directly sintered into controllable 

multiparticulate dosage forms. This is achieved by the resulting strong coherence 

between the drug and the polymer particles, which sustains the drug release and 

reduces the initial burst response. Besides, the use of a slow laser scanning speed 

increases the contact time between the laser beam and powder particles, allowing 

more energy to be transmitted to the powder bed and inducing a more intense 

sintering, which consequently further sustains the drug release [181, 182]. Unlike 

coating, damaging the surface of the miniprintlets does not affect their release 

properties, as the drug particles are uniformly dispersed within polymeric matrix 

structure and sustained effect is not due to external protective layer. Moreover, in the 

case of coating, the drug release becomes typically faster after the coating layer 

ruptures or dissolves, whereas in this matrix system, the drug release rate remains 

constant [7]. This is mainly due to the inherent insolubility of EC, whereby the drug 

release mechanism involves the diffusion of the drug molecules diffuse through the 

matrix. Compared with a single-unit dosage form, the use of miniprintlets minimises 

the risks of dose-dumping and peak plasma fluctuations, because each individual 

miniprintlet acts as a separate drug depot, having its own drug dose and release 

kinetics [183]. This system could be particularly beneficial for drugs with narrow 

therapeutic indices. This is because these drugs are typically characterised for having 

a narrow margin between the minimum therapeutic and toxic doses, where 
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inaccuracy in dosing could lead to undesirable adverse effects or inefficient therapy 

[8, 184, 185]. 

 

The use of dual miniprintlets offers the additional choice of creating multi-drug 

combinations in fixed ratios, where each API can have its own release characteristics, 

even when dosed within the same miniprintlet. Formulating miniprintlets with 

combined instant and extended release characteristics could provide a novel, more 

convenient way of dosing medications less frequently [115], whilst offering longer-

lasting analgesic and antipyretic effects. Since, the overall doses of these drug 

combinations can be easily adjusted to meet the dosing requirements of each patient, 

without the need for physical tampering, they can be dosed to patients from different 

age groups [186, 187]. The introduction of a flexible patient-centric platform could be 

particularly beneficial for paediatric and geriatric patient groups, where dose 

modifications are a constant unmet need [23]. In contrast to previously proposed 

pathways for personalised therapy, the use of this universal platform appears to be 

more convenient to manufacturers, as it does not require altering the shape or 

dimensions of the dosage form, both of which could affect the drug release [111, 128]. 

Instead, these miniprintlets can be produced in bulk and dosed on-demand using 

automated counting or volume/mass measuring devices [188]. The use of this novel 

approach could improve treatment pathways by moving them away from typical ‘one 

size fits all’ approaches toward personalised medicines, which are safer and more 

efficient [21, 189, 190].  
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2.4.  Conclusions 

In this chapter, it was shown that the use SLS 3D printed multiparticulates, termed 

miniprintlets, could offer a novel way for delivering drugs that meet the individual 

requirements of patients. Paracetamol miniprintlets have shown to be printable in 1 

and 2 mm diameters, whilst still being able to retain their sustained release properties. 

The technology has also shown to be applicable for the preparation of dual 

miniprintlets containing multiple APIs in distinct layers. Fine-tuning of the therapy can 

be attained by modulating parameters such as the dimensions and matrix 

composition, which in turn can be leveraged to create fixed-ratio multi-drug 

combinations that can dispensed in a flexible manner.  

 

Nonetheless, like any other production method, SLS 3D printing also suffers from 

certain limitations that limit its use.  The most important factor is the limited number 

of pharmaceutical grade polymers that can be used with this printer. In the case of 

the miniprintlets with controlled release properties, the choice is even further 

restricted, as not all the polymers that have shown to be able to control the drug 

release from printlets with such a large surface area. Furthermore, in the case of the 

dual miniprintlets, although some polymers can be printed separately, their 

combination in a single printing job does not guarantee a successful print. Not to 

mention, that current SLS 3D printers are not suitable to be used for dual 3D printing. 

Herein, the printer had to be manually adapted to enable such use. However, this 

approach is not reproducible and could vary depending on the user technique. Thus, 

it is necessary to develop these printers to allow the simultaneous printing using 

multiple materials in an automated manner.  
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Within the pharmaceutical industry, this opens up multiple opportunities to 

engineer medications specific to certain patient groups or medical conditions, without 

the need for physical modification at the point-of-care. Overall, this highlights the 

significance and unique features of this 3D printing platform over other fabrication 

systems that are currently commercialised for the production of pharmaceuticals.  
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3.1.  Overview 

3.1.1. Blindness and visual impairment 

Blindness and visual impairment are highly prevalent health complications that 

present extensive economic burdens for governments and healthcare authorities 

across the globe. According to the World Health Organisation (WHO), visual 

impairment is classified into three major classes; (A) moderate visual impairment, (B) 

severe visual impairment and (C) blindness[191], where the former two fall under low 

vision. Typically, individuals with moderate visual impairment are those with a visual 

acuity of less than 6/18 to 6/60 and individuals with severe visual impairment are 

those with a visual acuity of less than 6/60 to 3/60, while blind individuals have a visual 

acuity of less than 3/60 [192]. 

 

In 2013, the overall vision loss expenditure in the UK was valued at £15.8 billion 

[193]. Recent statistics have shown that the occurrence of visual impairment was 

projected at 2.2 billion people worldwide, of which 36 million are blind [191, 192]. 

Furthermore, nearly 64% of the blind individuals are aged 50 years or more and are 

typically dependent on several medications [192]. In one study, it was shown that 

patients of this age group could be exposed to a polypharmacy regimen reaching up 

to 28 medications on average [21], making it challenging for them to manage their 

treatment regime on a daily basis and increasing the likelihood for them to require 

help from a carer [194]. As a result, this could lead to substantial difficulties relating 

to their compliance to the treatment and could potentially cause poor therapeutic 

efficacy, resulting in subsequent hospitalisations. Earlier studies have shown that 
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almost 97% of visually impaired patients struggle to read medication labels, even with 

the aid of optical devices, and approximately 24% have problems differentiating 

medicines, making visual impairment one of the primary causes of medication non-

adherence [194, 195]. Additionally, it was noted that patients with visual impairment 

are twice more likely to require support in managing their treatment plans, where 

one-third of blind patients will need continuous assistance with the administration of 

their medications. 

 

3.1.2. Tactile patterns 

At present, Braille is the universal tactile writing and reading method in use by 

the blind. This system was developed by Louis Braille in 1825 and comprises one to six 

raised dots (height = 0.5 mm; space in between adjacent dots of the same letter = 2.5 

mm) that follow distinctive arrangements that symbolise the different letters of the 

alphabet [196, 197]. Similarly, the Moon system, which was developed by William 

Moon in 1845, is another method that is commonly used. Unlike Braille, the Moon 

system is based upon Latin Roman letters produced using raised shapes that are 

analogous to the standard alphabets [198], making it easier to learn, especially for 

individuals who are not accustomed with Braille [199]. Currently, Braille patterns on 

the packaging of medicines are the most common method used by visually impaired 

patients to identify medications. However, this approach becomes inconvenient when 

patients remove medicines out of the packaging [194]. Furthermore, medicinal 

products do not have standardised packaging, making the identification process more 

difficult. This is particularly notable in the case of generic products, where the 
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appearances and/or tactile senses (e.g., distinctive sizes, shapes, and/or colour of 

tablets and different packages) may vary significantly.  

 

3.1.3. 3D printing 

To overcome the problems relating to the imprecise identification of 

medications by visually impaired patients, it is important to establish a convenient, 

standardised and cost-effective system that incorporates Braille or Moon patterns 

directly on drug products. In this regard, 3D printing could present a more 

sophisticated and practical approach to overcome this issue [89, 200-203]. In 

particular, the high resolution of the laser utilised in the SLS technology could be 

exploited to fabricate these intricate patterns. More importantly, this technology has 

been previously shown to be able to create orally disintegrating printlets (ODPs), 

capable of disintegrating within seconds [68, 71, 72]. This provides the added benefit 

of being more convenient for self-administration and avoiding the need for being 

administered with water. 

 

A second 3D printing technology that could also prove useful for this 

application is FDM [186]. This is mainly due to its flexibility in manufacturing solid oral 

dosage forms with varied shapes and sizes [7, 87, 97, 204-207]. As an example, it has 

been previously used for the fabrication of intricate structures, including tablets with 

radiator-like [117], gaplet (e.g., structured spaces) [124], scaffold [123] or channelled 

centres [128]. Another advantage would include the high mechanical properties of 

most FDM 3D-printed dosage forms [208, 209], making them highly stable upon 
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handling. Like SLS, FDM has also been utilised to create orally disintegrating dosage 

forms. In particular, orally disintegrating films incorporating aripiprazole that have 

shown to disintegrate within ~ 43 s [91], making the FDM technology also suitable for 

this purpose. 

 

3.1.4. Aims 

Thus, the aim of this chapter was to introduce a new, sensible approach to 

create dosage forms suited for blind and visually impaired patients. As such, SLS and 

FDM 3D printing were utilised to formulate printlets with Braille and Moon patterns. 

In doing so, patients with visual impairment could read these tactile patterns, aiding 

them in recognising medications. This is particularly useful when pills are taken out of 

their original packaging. Moreover, by formulating these printlets as ODPs, there is no 

need for their co-administration with water. As such, this not only facilitates the self-

administration of medications, but also improves compliance in this patient group and 

enhances the overall efficacy of treatment. Finally, the mechanical properties, 

disintegration and dissolution behaviours of the printlets were assessed to ensure that 

the inclusion of the tactile patterns does not majorly alter or affect their therapeutic 

activity. 

 

3.2.  Materials and methods  

3.2.1. Materials 

Paracetamol (USP grade - MW 151.16 g/mol, solubility in water at 37 °C: 21.80 

g/L - Sigma-Aldrich, Poole, UK) was used as a model drug. Kollidon VA64 (BASF, 
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Ludwigshafen, Germany), a vinylpyrrolidone-vinyl acetate co-polymer (MW 45,000 

g/mol) was used as the main polymer matrix. Candurin® Gold Sheen (Potassium 

aluminum silicate, titanium dioxide, iron oxide - Merck, Darmstadt, Germany) was 

used a colourant to maximise the laser absorption. HCL Solution (5M – Fisher 

scientific, NH, US) was used for the preparation of the acid phase dissolution medium. 

The Braille and Moon alphabet cards were sourced from the Royal National Institute 

of the Blind (RNIB) in the UK and were used as a reference when designing the tactile 

patterns. 

  

3.2.2. Preparation of the SLS Formulation 

All the powders were passed through a sieve with 150 µm pore size (Particle 

size: 100 mesh) prior to their use to yield particles with sizes optimum for sintering as 

recommended by the printer’s manufacturer [163]. A 100 g powder composed of 92% 

Kollidon VA64, 5% paracetamol and 3% Candurin® Gold Sheen was triturated using a 

mortar and pestle until a homogeneous mixture was obtained. This formulation was 

adopted as it has previously shown to be suitable for SLS 3D printing and due to its 

optimum disintegration properties required for this work [68, 71, 72]. Since the 

powder mixture absorbs the maximal amount of energy from the laser beam at a 

wavelength λ = 445 nm, Candurin® Gold Sheen was incorporated into the formulation 

as an absorbent agent to allow the attainment of an ideal sintering process. This is 

because the remainder of the powder mixture is white in colour and cannot efficiently 

absorb the laser at this wavelength. 
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3.2.3. 3D design of the printlets 

3.2.3.1. 3D design for SLS 3D printing 

The 123D Design software (Version 14.2.2, Autodesk Inc., San Rafael, CA, US) 

was used to design the 3D templates of the cylindrical printlets (10 mm diameter × 3.6 

mm height) having hemisphere Braille patterns (1.5 mm diameter × 0.6 mm height) or 

Moon alphabets (1.5 – 5 mm length x 2 – 7 mm width x 1 mm height) on their surfaces. 

In addition, caplet-shaped printlets (17 mm length × 8 mm width × 6 mm height) with 

the Braille alphabet P, heart-shaped printlets (10 mm length × 10 mm width × 3.6 mm 

height) with the Moon alphabet C (4 mm length × 3 mm width × 1 mm height), moon-

shaped printlets (12 mm length × 16 mm width × 3.6 mm height) with the Moon 

alphabet N (5 mm length × 5 mm width × 1 mm height), sun-shaped printlets (15 mm 

length × 14 mm width × 3.6 mm height) with the Moon alphabet M (5.5 mm length × 

4 mm width × 1 mm height), pentagon-shaped printlets (10 mm length × 10 mm width 

× 3.6 mm height) with the Braille alphabet M, and square-shaped printlets (10 mm 

length × 10 mm width × 3.6 mm height) with the Braille alphabet N, were also 

designed. Similarly, a caplet-shaped printlet design (21 mm length × 8.5 mm width × 

6 mm height) with three Braille letters, namely, P, A, and R, was created. Images of 

the 3D designs of the printlets with Braille and Moon patterns that were used for SLS 

3D printing are shown in Figure 3.1 and Figure 3.2. 
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Figure 3.1. The 3D models of cylindrical printlets containing the Braille alphabets that 

were used for SLS 3D printing. 

 

 

Figure 3.2. The 3D models of cylindrical printlets containing the Moon alphabets that 

were used for SLS and FDM 3D printing. 
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3.2.3.2. 3D design for FDM 3D printing 

Initially, attempts to use the same 3D designs created for SLS 3D printing were 

made. However, it was clear that due to the limited printing resolution of FDM, it was 

impossible to attain Braille patterns with rounded hemispheres. As such, instead, the 

printlets were designed to have cylindrical (e.g., flattened top instead of a 

hemisphere) patterns (1.5 mm diameter × 0.6 mm height) (Figure 3.3). For some 

Braille letters (e.g., N, Y and Z), these designs were not printable. Therefore, the size 

of the printlets and patterns had to be increased (Base printlet 15 mm diameter x 3.6 

mm height with patterns of 3 mm diameter x 0.6 mm height). The printlets with the 

Moon patterns on the other hand, did not require modification because they were 

already designed with a flattened top. As such, the same 3D designs and dimensions 

created for SLS 3D printing were used for FDM 3D printing. One exception was the 

Moon letter O that had to be resized to have a bigger printlet and pattern size (Base 

printlet 15 mm diameter x 3.6 mm height with a pattern of 6 mm outer diameter x 4 

mm inner diameter x 1 mm height). This was mainly because upon printing, the Moon 

letter O printlets could not be distinguished from Moon letter H printlets. 
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Figure 3.3. The 3D models of cylindrical printlets containing the Braille alphabets that 

were used for FDM 3D printing. 

 

The dimensions utilised in all the Braille 3D designs were in accordance with 

the standards imposed by the UK Association for Accessible Formats (UKAAF) [210]. 

This entails a distance of 2.5 mm (measured from centre to centre) between dots of 

Braille patterns in the same letter was. In the case where more than one Braille letter 

was printed onto the same printlet, the gap between the corresponding dots of the 

adjacent alphabets was set at 6 mm. All the 3D design models were exported as .stl 

files and then imported into the Sintratec Central software (Version 1.1.13, Sintratec, 

AG, Brugg, Switzerland) for SLS 3D printing and the Makerware™ software (Version 

2.0, MakerBot Inc., NY, US) for FDM 3D printing. 

 

 



 111 

3.2.4. SLS 3D printing  

The formulation blend was poured into a desktop SLS printer (Sintratec Kit, AG, 

Brugg, Switzerland), wherein it was placed inside the reservoir platform (150 × 150 × 

150 mm) of the printer. The powder was subsequently spread over to the building 

platform (150 × 150 × 150 mm) via a roller that mechanically flattens the layer. The 

printer was then heated to a surface temperature of 100 °C and a chamber 

temperature of 80 °C. As the target temperatures were reached, a 2.3 W blue diode 

laser with a wavelength λ = 445 nm was activated, consolidating the powder particles 

in the building platform based on the 3D designs that were uploaded. The laser was 

programmed to actuate at a speed of 300 mm/s, as this has previously shown to yield 

printlets with orally disintegrating properties using this formulation [72]. As each layer 

was sintered, the reservoir platform moved upwards while the building platform 

moved downwards at a predetermined height equivalent to that of each layer’s height 

(0.1 mm). Subsequently, the roller spread a new layer of powder on top of the 

previous one in preparation for the printing of the next layer. This process was 

repeated until the printlets were fully printed. Once the printing process was 

completed, the printlets were then collected from the powder bed and excess powder 

was brushed off with a fine brush. Ten printlets were printed in each print job. Finally, 

to ensure the practicality of this approach, a blind member of staff at the RNIB verified 

the readability of the printlets.  
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3.2.5. FDM 3D printing 

Commercial green polylactic acid (PLA) filaments (1.75 mm in diameter; 

MakerBot Inc., US) were used for the preparation of the FDM printlets. A MakerBot 

Replicator 2x Desktop 3D printer (MakerBot Inc., US) was used, wherein the printing 

parameters were set as follows: high printing resolution (e.g., layer height 0.1 mm), 

no raft, extrusion temperature = 195 °C, number of shells = 2, and the infill percentage 

= 100%. The platform was not heated and instead, a Scotch® blue painter’s tape (3M, 

US) was used to improve the adhesion of the printlets to the platform during the 

printing process. The printing process entailed heating the filament inside the liquefier 

of the nozzle until it reached the target temperature (Figure 3.4). Afterwards, the 

semisolid material was extruded onto the printing platform by following the pattern 

created by the 3D design. Following the end of each layer, the platform was lowered 

to allow enough space for the subsequent layer. As the printed layer cools down, it 

attaches to the previous layer. These steps were repeated until the printlets were fully 

fabricated. Finally, the printlets are peeled off the printing platform. Unlike with SLS, 

the FDM printlets did not require any post-processing (e.g., brushing off). 
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Figure 3.4. Graphical illustration of the components of an FDM 3D printer. 

 

3.2.6. Characterisation of the printlets  

3.2.6.1. Determination of the printlet morphology 

To assess the uniformity of the printing process, the mean mass of six printlets 

with Braille patterns and six printlets with Moon patterns were measured, wherein 

the percentage of mass difference due the addition of the patterns was calculated 

using the equation (Eq. 3.1): 

 

%	#$%%	$&&'(')* = 	#
! −#
#  

  (Eq. 3.1) 

Where #!  and # refer to the mean mass of the printlets with and without 

tactile patterns, respectively. 
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3.2.6.2. Determination of the printlet breaking force 

To assess the mechanical properties of the printlets and their resistance to 

abrasion during handling, the breaking forces of six printlets from each type, including 

printlets with no tactile patterns, printlets with Braille letter A and printlets with 

Braille letter Q, were determined. A traditional tablet hardness tester (TBH 200, 

Erweka GmbH, Heusenstamm, Germany) was utilised, where the procedure involved 

applying an increasing force perpendicular to the printlet axis on its opposite sides 

until it fractured. 

 

3.2.6.3. SEM 

To assess the superficial characteristics of the printlets, surface images of the 

tactile patterns of the printlets were obtained. The alphabet O was chosen as a model 

and was imaged for the Braille and Moon patterns using an SEM (JSM-840A Scanning 

Microscope, JEOL GmbH, Freising, Germany), where they were coated with carbon 

(~30 – 40 nm). 

 

3.2.7. In vitro dissolution testing  

The drug release from the printlets, in the presence and absence of the tactile 

patterns, was investigated using a USP II dissolution apparatus (PTWS 100, 

Pharmatest, Hainburg, Germany). The process entailed placing a printlet (n=3) in 900 

mL of 0.1 M HCL (pH 1.2), simulating gastric conditions. The rotation speed of the 

paddles was set at 50 rpm and the bath temperature was kept at 37 °C ± 0.5 °C. The 
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percentage of paracetamol released from the printlets was calculated as a function of 

time by measuring the absorbance from the solutions withdrawn at each time point 

(λ = 244 nm) using an in-line UV spectrophotometer (Cecil 2020, Cecil Instruments 

Ltd., Cambridge, UK).  

 

To allow comparison between the dissolution profiles of the printlets in the 

presence and absence of the tactile patterns, an -" similarity factor was calculated to 

determine the degree of similarity between them. To do so, the equation previously 

suggested by Moore and Flanner was used (Eq. 3.2) [211]: 

 

-" = 50 log 341	 +	1*7(9# 	− 	:#)"
$

$%&
<
%'.)

	× 	100> 
 

 

(Eq. 3.2) 

 

Where -"  refers to a similarity factor, n is the number of time points 

considered, 9# is the mean percentage of drug released from the reference printlets 

(e.g., printlets without patterns), and :# is the mean percentage of drug released from 

test printlets (e.g., printlets with tactile patterns) [212]. The -" values range between 

0 to 100, wherein values equal to or greater than 50 (e.g., 50–100) are indicative of 

two release profiles being similar [213]. The closer are values to 100, the more similar 

they are. 
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3.2.8. In vitro disintegration testing  

The disintegration time of the printlets (n=6) was determined using a glass 

petri dish (100 mm × 15 mm) containing 20 mL of distilled water maintained at 37 °C 

± 0.5 °C. One printlet from each type (e.g., printlets without tactile patterns, printlets 

with Braille letter A and printlets with Braille letter Q) was placed into the petri dish 

and the time it required to completely disintegrate was measured and recorded.  

 

3.2.9. Statistical analysis 

One-way analysis of variance (ANOVA) was used to evaluate the statistical 

significance (e.g., p < 0.05) of the differences in the breaking force and disintegration 

time of the printlets in the presence and absence of the tactile patterns using the 

OriginPro software (OriginPro 2019, OriginLab corporation, Northampton, MA, US). 
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3.3.  Results and discussion 

3.3.1. SLS 3D printing 

In this chapter, SLS 3D printing was successfully used for printing tactile designs 

on the surface of cylindrical-shaped printlets, with the intention of making 

personalised medicines that are aimed for patients that suffer from blindness or visual 

impairment. All 26 letters of both, the Braille and Moon alphabets, were fabricated as 

shown in Figure 3.5 and Figure 3.6, respectively. Kollidon VA64 was chosen as the 

principal polymer matrix material because of its suitable printing characteristics and 

quick disintegration action as indicated in previous studies [68, 71, 72]. The quick 

disintegration properties were due to the nature of the sintering process combined 

with the high laser scanning speed (300 mm/s) selected for printing, which loosely 

binds the powder particles on the surface by decreasing the contact time between the 

laser beam and the powder bed surface. This yields very porous and fast-dissolving 

printlets. Due to the absence of compression forces, once dispersed in water, the 

water molecules quickly penetrate into the printlets, leading to their rapid 

disintegration. Herein, the interest behind formulating ODPs was their ease of 

swallowing, making them more attractive and convenient for patients with visual 

impairment. 
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Figure 3.5. Image of cylindrical printlets containing the 26 Braille alphabets fabricated 

using SLS 3D printing. 

 

 

Figure 3.6. Image of cylindrical printlets containing the 26 Moon alphabets fabricated 

using SLS 3D printing. 
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 Despite most printlets being printed accurately, it was noted that some had 

errors in the top-most layers of the tactile pattern. It was noticed that this was mainly 

related to the printing position on the printing platform, wherein at some printing 

positions (specifically the corners of the printing platform), the laser energy being 

delivered to the powder bed appeared to be lower than that delivered to other 

positions, resulting in a poor sintering between the powder particles. As the excess 

powder was brushed off, the poorly sintered particles were removed, leaving some 

holes in the tactile patterns. This was particularly noticeable in the Braille alphabets Q 

and K. Printlets that have shown printing errors have been discarded and were 

excluded from this study. 

 

As noted by the RNIB, due to the round shape of the printlets, reading the 

patterns might cause some misunderstanding with regards to the reading direction 

and errors could arise. As such, the printlets were designed and printed with a small 

step-down feature on their left edge. The purpose of this inclusion was to guide 

patients to the correct way of reading the tactile patterns (e.g., from left to right), thus 

avoiding any confusion arising from reading letters with similar patterns (e.g., Braille 

patterns with the same number of hemispheres). In addition to printlets with tactile 

patterns, cylindrical printlets without any tactile patterns, but with an identical step-

down, were also fabricated to allow comparison and facilitate studying the effect of 

including the patterns. Upon inspection, all the patterns were clearly visible by the 

eye, capable of tactile recognition and stable upon handling. To further confirm this, 

the tactile recognition of the printlets was verified by a blind member of staff at the 

RNIB.  
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The above images have further reinforced the unique aptitude of SLS 3D 

printing in creating printlets with intricate and complex features that could potentially 

provide an innovative approach for improving medication adherence and 

independence amongst patients with visual impairment. Most of the current tactics 

that are in use by this patient group are mainly based upon audio labellers (e.g., voice-

scanning devices and audible monitors), which impart high costs [214]. In 2002, it was 

estimated that these audible devices cost the National Health Service (NHS) in the UK 

almost £2 million/year [215]. Therefore, these novel printlets with tactile patterns 

could offer a valuable and cost-efficient solution as these dosage forms can aid 

patients in recognising medications whilst being fabricated via a single-step method, 

avoiding the need for supplementary machinery or processes. 

 

It was noted however, due to the small surface of the printlets, only a small 

pattern can be included. As such, it was anticipated that another approach could 

include making use of the printlets’ shapes. Therefore, Printlets with unique designs, 

including a sun, a moon, a heart, a caplet, a pentagon and a square, were also 

fabricated (Figure 3.7). The idea behind the use of these shapes was to offer additional 

information relating to the medication (e.g., the product, its indication and/or dosing 

regimen). As an example, a caplet shape was selected as a representation for 

paracetamol (also known as acetaminophen) since most commercialised paracetamol 

products that are being sold nowadays are in the form of caplets. Similarly, a heart 

shape was used as a representation for “cardiovascular” medicines due to its typical 

use as a reference to the organ that is being treated (e.g., medication site of action). 
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The use of the sun and moon shapes on the other hand, was to symbolise “morning” 

and “evening” doses, respectively. Likewise, the pentagon and square shapes were 

indicative of the dosing time. More specifically, the number of edges in each shape 

was used as a reference to the medication intake time. Although most of these shapes 

required the inclusion of step-down, this was not needed for the moon and heart 

shapes. This is mainly owing to their distinctive outlines. In the case of the heart shape, 

its right and left sides could be identified by feeling its top curves and bottom pointy 

tip. Whereas for the moon shape, if clear instructions are given to the patient, its inner 

and outer curves could be easily felt and recognised. 

 

 

Figure 3.7. Images of printlets with different shapes having Braille or Moon patterns 

fabricated using SLS 3D printing. 

 

To further expand the possibilities with this novel technique, a caplet shape 

was also designed to incorporate three Braille letters, demonstrating the potential to 

include three-letter abbreviations onto bigger-sized dosage forms (Figure 3.8). As an 

example, PAR was used as an abbreviation for paracetamol. The distances between 
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the adjacent letters was set with accordance to the UKAAF requirements, where the 

typical distance between two hemispheres of the same letter must be 2.5 mm and the 

typical distance between the corresponding hemispheres in adjacent letters must be 

6 mm [210]. Because tactile recognition necessitates the use of flat surfaces, it was 

challenging to create a 3D design with tactile patterns using a typical caplet shape. As 

such, the top surface of the printlet was designed flat, with enough length and width 

to accommodate all three Braille letters. Moreover, due to the oval shape of the 

printlet, the space had to be big enough to also allow for the inclusion of a step-down. 

 

 

Figure 3.8. Image of a printlet with three Braille letters, including (from left to right): 

P, A, and R, fabricated using SLS 3D printing. 

 

3.3.2. FDM 3D printing 

Unlike with the SLS printing, a commercial PLA filament was used for the FDM 

3D printing instead of a pharmaceutical formulation. This was mainly because there 

are currently no commercialised filaments that are regarded as safe for human use by 

the regulatory agencies. And even if there were, the incorporation of an API will 

require an additional processing step. One way to incorporate an API into pre-made 

filaments is by soaking the filaments in a concentrated drug solution [216-218]. 

However, this method has shown not to be able to load more 5% of the API at its best. 
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Moreover, as a solvent is involved in the process, the filaments need to be dried 

before they are ready for use with FDM, adding a further step to this lengthy process. 

Alternatively, filaments can be created using the HME method, where the API is 

directly added to the polymer mixture prior to the start of the extrusion process. Thus, 

offering greater flexibility with regards to the amount of API that can be loaded into 

the filaments. 

 

Despite the HME method being successful at generating filaments, not all have 

shown good printability. This is because the filaments need to meet certain criteria, 

including having an acceptable and consistent diameter along its length, an optimum 

balance between its stiffness and brittleness and ideal tensile properties [105, 219, 

220], before being deemed as suitable for FDM 3D printing.  Thus, to eliminate any 

printing limitations relating to the filaments, it was more sensible to use a commercial 

PLA filament rather an in-house pharmaceutical grade filament for preliminary 

assessments. 

 

Initial attempts to utilise the same 3D designs of the Braille printlets used for 

SLS 3D printing highlighted the printing resolution limitations of FDM 3D printing. 

Instead of fabricating Braille patterns with dome-shaped hemispheres, a round 

molten mess was attained. As such, the Braille printlets were redesigned to have 

cylindrical Braille patterns. The new 3D designs were successfully utilised for FDM 3D 

printing of most of the Braille alphabets with the exception of the letters N, Y and Z 

(Figure 3.9). These letters were not printable and required further modification. 

Several attempts were made to determine the dimensions with the most suitable 
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printability. It was shown that Braille that circular Braille patterns of sizes 3 mm 

diameter x 0.6 mm height were needed. However, to accommodate such big patterns, 

the size of the printlets had to be also modified 15 mm diameter. Whilst 15 mm 

printlets are too big to be swallowed, because the overall intention was to fabricate 

ODPs, this size was still acceptable. 

 

 

Figure 3.9. Image of cylindrical printlets containing the 26 Braille alphabets fabricated 

using FDM 3D printing. 

 

Since the original 3D designs of the Moon printlets used for SLS 3D printing had 

flattened tops, they did not require modification and were successfully used for FDM 

3D printing of the Moon printlets (Figure 3.10). One exception was the printlets with 

the letter O. This was due to its similarity to the letter H. As such, due to the limited 

printing resolution of the FDM process, printlets having Moon patterns corresponding 

to these two letters appeared quite similar, which could potentially lead to 
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interpretation errors by the patients. Thus, the printlets with the Moon letter O had 

to be modified to avoid any confusions, wherein the printlet was resized to have a 15 

mm diameter and the Moon pattern was increased to a 6 mm outer diameter x 4 mm 

inner diameter x 1 mm height. 

 

 

Figure 3.10. Image of cylindrical printlets containing the 26 Moon alphabets fabricated 

using FDM 3D printing. 

 

Upon inspection, all the patterns were clearly visible by eye and were 

mechanically strong and stable upon handling. However, it was noticed that the 

printing resolution was lower as compared to the SLS printlets, which was expected 

since laser-assisted 3D printing technologies generally have a superior resolution as 
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opposed to other 3D printing techniques (e.g., extrusion-based technologies) [168, 

176]. To assess the tactile recognition of the patterns, a blind member of staff at the 

RNIB was asked for feedback. Interestingly, not all the patterns were readable, which 

was mainly related to the flattened surfaces of the patterns combined with the lower 

printing resolution. Therefore, FDM 3D printing was considered less useful for this 

application as opposed to SLS 3D printing and thus, the FDM printlets were not 

investigated further. 

 

3.3.3. Characterisation of the printlets 

Collectively, the mean mass of the Braille printlets was 171.3 mg ± 5.1 mg and 

masses varied between 164.1 mg ± 1.6 mg, which was the mean mass of printlets 

having patterns with one Braille hemisphere, to 178.1 mg ± 5.6 mg, which was the 

mean mass of the printlets with patterns composed of five Braille hemispheres (Table 

3.1). As, the mass of the printlets falls between 80 mg to 250 mg, according to the 

USP, a 7.5% deviation is allowed. Herein, all the printlets fall within the USP 

acceptance limit. Generally, the inclusion of one and two Braille hemispheres resulted 

in an additional 3.8% ± 1.0% and 7.4% ± 2.0% increase in the mean mass of the 

printlets, respectively.  
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Table 3.1. Summary of the mean masses of the Braille printlets and percentage 

additional mass resulting from the inclusion of the tactile patterns. 

Number of Braille hemispheres 
Mass (mg) 

(Mean ± SD) 

Mass addition (%) 

(Mean ± SD) 

0 (No pattern) 158.1 ± 0.8 0 

1 164.1 ± 1.6 3.8 ± 1.0 

2 169.8 ± 3.2 7.4 ± 2.0 

3 171.6 ± 3.9 8.5 ± 2.5 

4 173.2 ± 3.2 9.5 ± 2.0 

5 178.1 ± 5.6 12.7 ± 3.5 

 

When the number of Braille hemispheres were three or more, the increase in 

mass was no longer proportional. This is believed to be due to the shortening of the 

time lapse between the printing of consecutive layers as the number of Braille 

hemispheres decreased [221]. And because the heating lamps inside the printer are 

only activated in between layers and get deactivated when the laser beam is actuated, 

the smaller the surface area of the object being printed, the shorter the printing time 

of each layer. As such, the powder is more likely to retain heat and the particles get 

consolidated to a higher degree. It should be noted though that the addition of three 

or more Braille hemispheres resulted in a mass addition of more than 7.5%, which is 

outside the deviation limits accepted by the USP. This is particularly a problem since 

the patterns were drug-loaded and will result in a variation in the drug content of the 

printlets. However, this could be avoided by formulating the patterns to be drug-free 
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and thus, the drug content will not be affected and the printlets will still fall within the 

acceptance range of the USP. Alternatively, the 3D design of the printlets could be 

adjusted, wherein height of the cylindrical base can be reduced to account for the 

additional mass resulting from the Braille patterns. 

 

For the Moon printlets, the mean mass of the printlets was 165.8 mg ± 2.5 mg, 

where the masses ranged from 162 mg ± 1.7 mg, which was the mean mass of the 

printlets with the letter H, to 171.1 mg ± 5.9 mg, which was the mean mass of the 

printlets with the letter (Table 3.2). In terms of overall mass, all the printlets were 

within the USP acceptance limit. Collectively, the addition of the Moon patterns 

resulted in a mean increase of 4.9% ± 1.6%, wherein the additional increase ranged 

between 2.5% ± 1.1% (which was the mean increase for the Moon letter H) to 8.2% ± 

3.7% (which was the mean increase for the Moon letter N). As the letter N resulted in 

an average of 8.2% mass addition, this is falls outside the acceptance limit of the USP. 

As discussed above, this could be avoided by either printing the tactile pattern without 

the drug or by adjusting the dimensions of the printlets’ bases. 
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Table 3.2. Summary of the mean masses of the Moon printlets and percentage 

additional mass resulting from the inclusion of the tactile patterns. 

Moon alphabet 
Mass (mg) 

(Mean ± SD) 

Mass addition (%) 

(Mean ± SD) 

A 166.1 ± 1.6 5.1 ± 1.0 

B 166.2 ± 0.5 5.1 ± 0.3 

C 165.3 ± 6.1 4.6 ± 3.8 

D 162.1 ± 6.6 2.6 ± 4.2 

E 165.9 ± 1.4 5.0 ± 0.9 

F 169.6 ± 0.1 7.3 ± 0.1 

G 165.3 ± 4.0 4.5 ± 2.5 

H 162.0 ± 1.7 2.5 ± 1.1 

I 165.7 ± 3.5 4.8 ± 2.2 

J 168.0 ± 2.4 6.3 ± 1.5 

K 167.1 ± 2.8 5.7 ± 1.7 

L 162.2 ± 1.1 2.6 ± 0.7 

M 163.8 ± 7.2 3.6 ± 4.6 

N 171 ± 5.9 8.2 ± 3.7 

O 168.3 ± 1.6 6.5 ± 1.0 

P 165.1 ± 2.0 4.4 ± 1.3 

Q 169.7 ± 5.4 7.3 ± 3.4 

R 163.4 ± 3.8 3.4 ± 2.4 
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Table 3.2. Summary of the mean masses of the Moon printlets and percentage 

additional mass resulting from the inclusion of the tactile patterns – (Continued). 

Moon alphabet 
Mass (mg) 

(Mean ± SD) 

Mass addition (%) 

(Mean ± SD) 

S 164.2 ± 2.3 3.9 ± 1.4 

T 167.3 ± 4.2 5.8 ± 2.7 

U 166.9 ± 1.0 5.6 ± 0.6 

V 168.6 ± 1.1 6.6 ± 0.7 

W 162.4 ± 3.6 2.7 ± 2.3 

X 165.5 ± 5.9 4.7 ± 3.8 

Y 165.2 ± 5.3 4.5 ± 3.4 

Z 163.2 ± 4.1 3.2 ± 2.6 

 

SEM imaging enabled the visualisation of the effect of the sintering process on 

the microstructure of the polymer particles (Figure 3.11). Printlets with the Braille and 

Moon letters O were used as a representation. The results indicate that, in both the 

Braille and Moon patterns, the Kollidon VA64 particles underwent a low-intensity 

sintering process with superficial consolidation. This can be concluded from the 

distinct particles that can be spotted on the surface of the printlets [72].  
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Figure 3.11. SEM images of (left) a Braille dot and (right) Moon alphabet, both of the 

letter O printlets. 

 

Since the Moon printlets had varying shapes, sizes and masses, it was 

impossible to assess all 26 letters of the alphabet for mechanical characterisation, 

disintegration and dissolution. Instead, the Braille printlets were used for subsequent 

analyses. This was because it was more feasible to classify the Braille patterns based 

on the number of hemispheres. As such, two main classes of Braille printlets were 

investigated; printlets with one Braille hemisphere and printlets with five Braille 

hemispheres. In the case of the former, printlets with the Braille letter A were used as 

a reference and printlets with the Braille letter Q were used to represent printlets 

having five Braille hemispheres. 

 

The mechanical characterisation of the printlets in the presence and absence 

of the Braille patterns has shown that all the printlets had similar breaking force 

values, indicating that the inclusion of the patterns did not affect the mechanical 
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characteristics of the printlets (Table 3.3). These findings were further confirmed using 

statistical analysis, where no significant differences between the groups were noted 

(p < 0.05).  

 

Table 3.3. Breaking forces and disintegration times of the printlets in the presence and 

absence of the Braille patterns. 

Printlet Type 
Breaking Force (N) 

(Mean ± SD) 

Disintegration Time (s) 

(Mean ± SD) 

Printlets without pattern 14.5 ± 1.8 4.0 ± 1.3 

Printlets with Braille A 13.9 ± 1.4 4.3 ± 1.5 

Printlets with Braille Q 14.3 ± 2.1 5.2 ± 1.2 

 

Subsequently, the effect of pattern inclusion on the disintegration and 

dissolution behaviours of the printlets was also investigated. In previous studies, it 

was identified that using a conventional disintegration apparatus is not appropriate 

for testing printlets made using Kollidon VA64. This was primarily because 

formulations made using this polymer disintegrate too quickly, making conventional 

testing conditions unusable to assess their disintegration properties. Thus, the petri 

dish test, which was used for testing the disintegration of the Spritam® 3D printed 

tablets [129], was used instead [72]. It was shown that the disintegration time of all 

the printlets were similar in the presence and absence of the tactile patterns, wherein 

the printlets with one Braille hemisphere disintegrated within 4.3 s ± 1.5 s and those 
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with five Braille hemispheres disintegrated within 5.2 s ± 1.2 s (Table 3.3). According 

to the statistical analysis, there were no significant differences between the groups.  

 

As indicated in previous findings, the rapid disintegration time is a result of the 

high laser scanning speed that was used during the printing process. This reduces the 

contact time between the laser beam and the surface of the powder bed, leading to 

the generation of loose particle connections and resulting in the production of very 

porous structures [72]. Once dispersed in water, the water molecules swiftly 

penetrate into the polymer matrix, expediting the mechanical fragmentation of the 

printlets. Since these printlets disintegrate within a maximum of 5 s, they will most 

likely dissolve on the tongue or inside the mouth region before being swallowed. As 

such, avoiding the need for being taken with water. 

 

In vitro dissolution studies were also performed. Similar to the previous tests, 

the dissolution behaviour of the printlets in the presence and absence of the tactile 

patterns was investigated and compared. Each printlet was dissolved in simulated 

gastric fluids (pH 1.2), and the results are plotted in Figure 3.12. The addition of the 

tactile patterns did not result in substantial changes in the release rates of the 

printlets. This was confirmed by calculating an -" similarity value, where values of 84 

and 69 were attained in the presence of the Braille A and Braille Q patterns, 

respectively. As both values are above 50, it was concluded that the drug release 

behaviour in the presence of the patterns was rather similar to that of the reference 

printlets (e.g., those with no pattern). Moreover, because the printlets with one Braille 

hemisphere had an -"  similarity value closer to 100, they were considered more 
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similar to the reference pattern. Indeed, this was expected since there was less mass 

addition as opposed to those with five Braille hemispheres. 

 

 

Figure 3.12. In vitro drug dissolution profiles of the printlets ( ) without pattern, (

) with Braille A (e.g., one Braille hemisphere), or ( ) with Braille Q (e.g., five Braille 

hemispheres) in a 0.1 M HCL (pH 1.2) dissolution medium. 

 

Patients with visual impairment are faced by many challenges in their daily life. 

This includes the intake of incorrect medications or doses, difficulty in recalling 

instructions (e.g., how and when to take a medication), missing a dose and inability to 

identify medicines [222-224]. Most of these issues are due to most visually impaired 

patients being unable to read medication labels, even in the presence of low-vision 

aids and specialised equipment [194]. Such challenges are more critical in the case of 
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generic medications, wherein the morphologies of the tablets (e.g., their size and 

shape) and their packaging could considerably differ, adding to the confusion of the 

patient; all of which could lead to issues of low medication adherence that impart 

significant costs and burden on healthcare systems. Furthermore, other expenses of 

visual impairment could extend across intangible effects, including affecting the 

mental health of the patients (e.g., could lead to depression or emotional stress), 

increasing their dependence on others, limiting their daily life activities and leading to 

excess morbidity [225]. Collectively, this can lead to a poor quality of life, especially in 

the case of the elderly. In particular, loss of independence and the rise in anxiety 

resulting from the inability of treatment management are the two most common 

causes of medication non-adherence in elderly patients with visual impairment.  

 

In this regard, utilising 3D printing offers a quick and cost-efficient way of 

integrating tactile patterns that can be comprehended by patients directly onto drug 

formulations [220, 226], without requiring supplementary machinery or steps. 

Therefore, allowing visually impaired patients to identify medications independently. 

Fortunately, this additive manufacturing process provides the additional advantage of 

being able to fabricate formulations of different shapes, which could be utilised as 

references to a medicine's name, its dosing regimen (e.g., morning, evening or time) 

or indication. More notably, since these patterns are directly printed on the surface 

of the dosage form, medicines can be recognised even when they are taken out of 

their original packaging, which often has Braille patterns printed onto it. This not only 

cutbacks the risk of medication errors but also improves adherence to treatment. 

Besides, because these formulations are ODPs that disintegrate within a matter of ~ 5 
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s or less, they avoid the need for being taken with water. This makes these 

formulations more convenient to be swallowed by visually impaired patients, 

facilitating self-administration and independence, whilst lessening the burden on the 

carer or even completely avoiding the need for one.  

 

One thing to note is that herein these formulations were tested shortly 

following their printing. However, as Kollidon VA64 is a povidone, it is hygroscopic in 

nature. Thus, it is likely that its mechanical properties could change with time, 

especially when stored under humid conditions. This is because this could affect the 

printlets’ stability upon handling and compromising the tactile recognition of the 

patterns. Therefore, it is necessary to perform long-term stability studies to assess this 

and have a better understanding for how long these patterns remain stable. 
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3.4.  Conclusions 

For the first time, this work has shown the potential of 3D printing to be 

exploited for the fabrication of personalised dosage forms targeted specifically to 

individuals that suffer from blindness or visual impairment. In particular, the SLS 

technology could be used to design and create printlets with tactile Braille or Moon 

patterns on the surface of formulations, enabling blind patients to identify 

medications effortlessly and independently. The technology can be further exploited 

to deliver additional information to patients using changing the shapes of the printlets 

to refer to the indication it is used to treat or to the dosing regimen. The addition of 

the patterns has shown not to significantly alter the mechanical properties or release 

behaviours of the printlets. 

 

Herein, this approach improves the treatment experience of blind and visually 

impaired patients by offering an improved way to identify medications over current 

methods, which only enable them to read labels on packaging. By having the patterns 

directly printed onto the dosage form, this ensures that patients are able to 

differentiate medications, even when removed from their original packaging. 

Furthermore, by formulating these medications to have orally disintegrating 

properties, patients can ingest them without the need for help from a carer for a glass 

of water. It is likely that this novel idea will revolutionise treatments not only for 

visually impaired individuals, but perhaps also other special patient groups, facilitating 

independence, while improving adherence to medications and decreasing medicine 

errors.   
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Nonetheless, due to the small size of oral dosage forms, the size of tactile 

patterns that can be included onto a single dosage form is limited and dependent upon 

the dimensions of individual dosage forms. For example, in the case of Braille patterns, 

this could vary from 0 patterns to a maximum of 3 Braille patterns. Thus, in most cases, 

no patterns or only one to three letters abbreviations can be used, limiting the 

applicability and usefulness of this approach. Moreover, due to the intricate size of 

these features, a special attention needs to be paid with respect to printing errors. In 

this study, it was noticed that depending on their printing position on the platform, 

some patterns may not be sintered properly and thus, the printlets need to be 

carefully examined for any errors prior to being dispensed to patients. Finally, despite 

showing encouraging preliminary results, the shelf life of these printlets needs to be 

assessed to understand for how long these patterns remain stable enough to allow 

patient handling and tactile recognition. 
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Abuse-deterrent and alcohol-

resistant printlets for the 

aversion of drug misuse and 

addiction
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4.1.  Overview 

4.1.1. Drug misuse and addiction 

Based on the FDA, a drug’s abusive potential is defined as “its use in non-medical 

situations, repeatedly or even sporadically, for the positive psychoactive effects it 

produces” [227]. As an example, these psychoactive effects could be in the form of 

euphoria, hallucination and/or mood alteration. Ongoing and repeated abuse of opioids 

may result in drug addiction, which often elicits high-risk side effects such as respiratory 

depression, coma, and even death [228]. Drug misuse and addiction has been a global 

health crisis with figures showing that about 35 million people worldwide suffer from 

drug-use disorders [229]. In the UK, the costs of drug addiction were estimated at £15.5 

billion a year [230], making this crisis a major concern to regulatory agencies. 

 

In particular, opioids are frequently abused due to their enhanced analgesic 

activities and capacity to relieve pain around-the-clock [231, 232]. As an example, 

tramadol is a synthetic opioid that is commonly prescribed for the alleviation of 

moderate to severe pain  [233, 234]. However, due to its high abusive potential [235] 

and on recommendation of the Advisory Council of the Misuse of Drugs (ACMD), in 2014, 

the UK Parliament has classified tramadol as a class C Schedule 3 Controlled Drug. In 

2017, 125 tons of tramadol has been seized by authorities around the globe due to illicit 

use [229]. In the same year, more than 47,000 deaths in the US alone have been linked 

to opioid overdosing. The high morbidity and mortality linked to the long-term opioid 

abuse renders them as dangerous tools, outweighing their benefits [236]. However, 

opioids still remain key components of the WHO analgesic ladder and their use cannot 
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be overlooked [237]. Hence, advanced approaches that aim to minimise the risks 

associated with opioid abuse are needed to safeguard their continued use. 

 

4.1.2. Abuse-deterrence 

To support these efforts, there is a need for novel formulations with abuse-

deterrent properties [238]. An abuse-deterrent strategy refers to a method that aims to 

decrease the abusive potential of a drug by preventing its physical or chemical 

tampering or by making it less appealing to an abuser. Such strategies include the use of 

primary, secondary and tertiary approaches [239, 240]. Primary approaches function by 

increasing the amount of physical force and time needed to manipulate a medication. 

These approaches are mainly based upon (A) physical barriers, which are first-line 

defence techniques that hinder physical and/or chemical tampering with a drug. They 

primarily function by enhancing the mechanical properties of the dosage forms or by 

coating it with a material that is resistant to chemical extraction. In doing so, the drug 

release from the tablets is hindered; (B) viscosity enhancers, which function by 

producing a viscous or gel-like matrix in the presence of a solvent, preventing the drug 

solution from being drawn through a syringe; (C) sorption processes, which are based 

upon the entrapment of the API in solution, thus retarding or preventing its extraction; 

and (D) solubility modifiers, which are used to adjust the drug release pattern, 

decreasing its abusive potential. They work by adjusting the dissolution conditions such 

as temperature, pressure, solvent, particle size of the drug and pH of the dissolution 

medium [241, 242]. 
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Secondary approaches remain ineffective if a medication is in its intact form and 

is ingested as intended. Instead, they are activated when physical or chemical tampering 

is attempted or when a formulation is taken through a route of administration other 

than its intended route. Such mechanisms include the use of (A) prodrugs, which are 

inactive forms of drugs that are activated and transformed into active form antagonists 

or enzyme inhibitors using enzymatic reactions; and (B) antagonists, which work by 

directly blocking the drug’s receptor, attenuating its effect and decreasing its 

bioavailability; and (C) enzyme inhibitors, which decrease the time needed for a drug 

substance (e.g., in the pro-drug form) to be converted to its active form inside the body. 

 

Unlike the primary and second approaches, tertiary approaches do not modify the 

physical properties and chemical activity of the tablets. Instead, their aim is to make a 

drug substance less attractive or desirable by abusers. They include (A) aversion 

techniques, which induce unpleasant sensation or unintended effects when the drug is 

tampered with and/or used through its unintended route of administration. They often 

include substances that instigate nausea, vomiting, mucosal irritation and diarrhoea, 

cutaneous vasodilation or substance with severe bitter tastes or unpleasant smells [239, 

243, 244]; and (B) visual deterrents, which include dyes, pigments, clays or colours that 

make a tampered drug unattractive to abusers. Since most of these substances are 

unsuited for intravenous (IV) delivery, they provide the added benefit of reducing the 

syringeability of the drugs. Typically, the use of a one approach solely is inadequate for 

deterring all forms of abuse; thus, a combination of multiple approaches is often 

employed.  
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4.1.3. Alcohol-induced dose-dumping 

In addition to the usual modes of drug abuse (e.g., injection and nasal inhalation), 

the simultaneous consumption of alcohol and drug intake is a habit routinely observed 

in drug abusers [245]. The co-ingestion with alcohol can result in significant variations in 

the absorption and action of a drug substance. This is because some APIs and excipients 

have higher solubilities in organic solvents (e.g., ethanol) compared to aqueous solvents, 

leading to the acceleration of the drug release [246]. This phenomenon is known as 

alcohol-induced dose-dumping [247] and is defined by the FDA as “unintended, rapid 

drug release in a short period of time of the entire amount or a significant fraction of the 

drug contained in a modified release dosage form” [248]. Since such practices often bear 

deleterious implications on drug safety and efficacy and are potentially life-threatening, 

the use of alcohol-resistant approaches is vital. In most cases, these approaches are 

similar to those employed in abuse-deterrence, with many excipients being both, abuse-

deterrent and alcohol-resistant. The detrimental outcomes are more potent in 

modified-release formulations compared to their immediate-release counterparts. This 

is because the former usually contain larger drug concentrations and are thus more 

attractive to abusers.  

 

4.1.4. 3D printing 

An abuser will attempt to manipulate a medication using different physical and 

chemical ways [249]. Whilst several approaches have been suggested, they do not 

always work and most require the use of multiple excipients and production methods, 

which incurs additional costs. As such, novel strategies to mitigate the negative effects 



 144 

of opioid abuse are needed. In this regard, 3D printing offers an innovative and more 

efficient manufacturing approach to fabricate such products [74]. At present, FDM 3D 

printing is the most investigated technology for the preparation of pharmaceuticals [83, 

220]. Favourably, as most FDM printlets have stronger mechanical properties compared 

to dosage forms fabricated using conventional compression methods [250], this enables 

them to resist higher external forces and tampering. 

 

Lately, FDM 3D printed formulations made with polyvinyl alcohol (PVA), the most 

common pharmaceutical excipient used in FDM, have been reported to show abuse-

deterrent properties [251]. Nonetheless, these formulations had immediate release 

properties and as aforementioned, the negative impacts of drug abuse are more 

pronounced in the case of modified release medications and require greater concern. In 

addition, currently, to create FDM printlets, filaments have to be made using HME. 

However, optimising filaments to meet the requirements of FDM 3D printing is a 

complex process and involves the use of a trial-and-error approach. Recently, DPE, 

which is a novel single-step printing process that can be used to fabricate printlets by 

directly using powdered formulations, has been introduced. This technology obviates 

the need for HME, thereby making it more accessible for research and clinics [101]. 

Advantageously, as both technologies are based upon similar underlying principles, DPE 

produces printlets with mechanical properties comparable to those prepared by 

conventional FDM 3D printing. 
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4.1.5. Aims 

As such, the aim of this chapter was to evaluate the feasibility of DPE 3D printing in 

fabricating printlets containing the opioid analgesic tramadol with alcohol-resistant and 

abuse-deterrent features. The ability of the printlets to deter abuse through different 

routes of administration, including the nasal and IV routes, was assessed using 

extraction, syringeability and nasal insufflation tests. The drug release behaviour in the 

presence and absence of alcohol was studied under modified dynamic dissolution 

settings. 

 

4.2.  Materials and methods 

4.2.1. Materials 

Tramadol HCL (HPLC grade - MW 299.83 g/mol, solubility in water at 25 °C: 1.15 g/L 

- Sigma-Aldrich, Poole, UK) was used as a model drug. Hydroxypropyl cellulose (HPC; 

HPC-SL, MW 100,000 g/mol and HPC-L, MW 140,000 g/mol - Nisso Chemical Europe, 

Germany) and polyethylene oxide (PEO - MW 8,000,000 g/mol - Sigma-Aldrich, Poole, 

UK) were used as the main polymer matrices. D-Mannitol (Sigma-Aldrich, Poole, UK) was 

used as a plasticiser and magnesium stearate (MgSt; Sigma-Aldrich, Poole, UK) was used 

as a lubricant. Ethanol (absolute, ≥99.8% (GC) - Honeywell, Charlotte, NC, US) was used 

for the solvent extraction and in vitro dissolution studies. HCL Solution (5M – Fisher 

scientific, NH, US) and Sodium hydroxide (NaOH) Solution (0.1M - Sigma-Aldrich, Poole, 

UK) were used for the preparation of the 0.1M HCL and 0.1 M NaOH solutions, 

respectively, which were used in the dissolution (acid phase) and extraction studies. The 

salts used for the preparation of the buffer dissolution medium and phosphate buffer 
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used for dilutions were purchased from VWR International Ltd., Poole, UK. 

Trifluoroacetic acid and acetonitrile used for HPLC analysis were purchased from Sigma-

Aldrich, Poole, UK. 

  

4.2.2. Preparation and 3D printing of the printlets 

The cylindrical printlets (10 mm diameter × 3.6 mm height) were designed using 

AutoCAD (Version 2014, Autodesk Inc., San Rafael, CA, US) and exported as an .stl file 

into the 3D printer’s software Repetier-Host (Version 2.1.3, Hot-World GmbH & Co. KG, 

Knickelsdorf, Germany). For each batch, 16 printlets were designed to be printed in the 

same printing job. A 10 g powder blend consisting of tramadol, the matrix polymer(s) 

and excipients (e.g., plasticiser and lubricant) was weighed and mixed using a mortar 

and pestle until homogenous mixture was obtained. The compositions of the 

formulations evaluated in this study are listed in Table 4.1. The powder mixture was 

then poured into the hopper of the M3DIMAKER™ 3D printer (FabRx Ltd., London, UK), 

wherein the DPE nozzle head (nozzle diameter = 0.8 mm) was installed and used (Figure 

4.1) [101]. At the start of the print, 5 mL of the powder was added, then this was 

followed by the addition of 1 mL of powder every 5 min. This printing head functions 

similar to a HME, wherein the powder particles are passed through a heated barrel 

(Inner volume capacity ~3 mL, 5.1 cm in length, top diameter 1.8 cm and bottom 

diameter 1 cm) . As screw rotates, the powder particles are mixed and move down barrel 

in a semi-solid state. This semi-solid mixture then exits through a nozzle orifice while the 

extrusion head moves based on the 3D design, depositing the material on a platform. As 

the layer is completed, the printing head moves upwards, and the following layer is 
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printed. Herein, the platform moves in an x direction, whilst the printing head moves in 

the y and z directions. The printing parameters were set as follows: Feed rate = 

2100 steps/mm, infill percentage = 100%, infill pattern = hexagonal, high printing 

resolution (e.g., layer height 0.2 mm) with brim, no raft, extrusion temperature = 170 °C, 

speed while extruding = 20 mm/s, speed while travelling = 90 mm/s and number of 

shells = 2.  

 

Table 4.1. Compositions of all the formulations investigated in this study. 

Formulation* 
HPC-SL 

(%w/w) 

HPC-L 

(%w/w) 

PEO 

(%w/w) 

D-Mannitol 

(%w/w) 

Printing 

Temperature (°C) 

HPC-SL 50 - - 40 170 

HPC-L  - 50 - 40 170 

HPC-SL/PEO  60  - 20 10 170 

HPC-L/PEO - 60 20 10 170 

* All formulations included 5% (w/w) tramadol HCL and 5% (w/w) MgSt. 
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Figure 4.1. Graphical illustration of direct powder extrusion (DPE) 3D printing nozzle 

head of the M3DIMAKER™ 3D printer. Reprinted with permission from [101]. 

 

4.2.3. Thermal analysis 

DSC was used to characterise the pure drug, polymers, powder mixtures of the 

formulations and the printlets. The measurements were performed using a Q2000 DSC 

(TA instruments - Waters LLC, New Castle, DE, US) at temperatures ranging from 0 °C to 

200 °C and a heating rate of 10 °C/min, wherein nitrogen (flow rate = 50 mL/min) was 

used as a purge gas. The calibration of the cell constant and enthalpy was performed 

with indium (Tm = 156.6 °C, ∆Hf = 28.71 J/g), as instructed by the manufacturer. Data 

were collected using TA Advantage software for Q series (Version 2.8.394 - TA 

instruments - Waters LLC, New Castle, DE, US) and analysed using TA Instruments 

Universal Analysis 2000 (Version 5.5.24 - TA instruments - Waters LLC, New Castle, DE, 

US). All the melting temperatures were reported as extrapolated onset, unless 
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otherwise stated. Tzero aluminium pans and lids (TA instruments - Waters LLC, New 

Castle, DE, US) were used, where the mean sample sizes ranged between 3 – 5 mg.  

 

4.2.4. XRPD 

XRPD was used to characterise the crystallographic structures and physical 

properties of the pure drugs, polymers, powder mixtures and the printlets. For the 

latter, 3D printed discs (23 mm diameter × 1 mm height), composed of the same 

formulations that were used for printing the printlets, were fabricated. The XRPD 

patterns were obtained using a Rigaku MiniFlex 600 (Rigaku, Wilmington, MA, US) with 

a Cu Kα as the X-ray source (λ = 1.5418 Å), wherein, an intensity of 15 mA and a voltage 

of 40 kV were applied. The angular range of data acquisition was at 3 – 40° 2θ, with a 

stepwise size of 0.02° and a speed of 2 °/min.  

 

4.2.5. Characterisation of the printlets 

4.2.5.1. Determination of the printlets morphology 

The physical dimensions (e.g., diameter and thickness) of the printlets were 

measured using a digital caliper (Fowler ProMax – Fowler High Precision, MA, US). For 

both, the mass and dimension measurements, 10 printlets from each formulation were 

assessed.  
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4.2.5.2. SEM 

Surface images of the printlets were captured using an SEM (JSM-840A Scanning 

Microscope, JEOL GmbH, Freising, Germany), wherein all the samples were coated with 

carbon (~30 – 40 nm).  

 

4.2.5.3. X-ray micro CT 

A high-resolution X-ray micro CT scanner (SkyScan1172, Bruker, Kontich, Belgium) 

was used to three-dimensionally visualise the internal structure and calculate the 

densities of the printlets. The printlets were scanned at a resolution of 2000 × 1048 

pixels. 3D imaging was performed by rotating the object through 180° with steps of 0.4°, 

where four images were recorded for each. Image reconstruction was performed using 

the NRecon software (Version 1.7.0.4 - Bruker, Kontich, Belgium) and 3D modelling was 

performed using the CT-Volume software (Version 2.3.2.0 - Bruker, Kontich, Belgium). 

The collected data were analysed using the CT-Analyzer software (Version 1.16.4.1 - 

Bruker, Kontich, Belgium), where maps of different colours were used to represent the 

densities of the printlets.  

 

4.2.6. Dynamic in vitro dissolution testing  

The drug release profiles of the printlets were evaluated using a USP-II paddle 

apparatus (PTWS 100 - Pharmatest, Haiburg, Germany). The speed of the paddles was 

set at 50 rpm with a temperature of 37 °C ± 0.5 °C. To mimic fasting GI tract conditions, 

modified dissolution settings were used [170, 171]. A printlet (n=3) was placed inside a 

dissolution vessel filled with 750 mL of 0.1 M HCL (pH 1.2) for 2 h, which simulated 
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gastric conditions. The printlets were then transferred into vessels containing 950 mL of 

mHanks (36.9 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) bicarbonate physiological 

medium for 35 min (pH 5.6 to 7) [169]. Subsequently, 50 mL of pre-Kreb’s buffer (400.7 

mM NaHCO3 and 6.9 mM KH2PO4) was added to each dissolution vessel, forming an in-

situ modified Kreb’s buffer (1000 mL) (pH 7 to 7.4 and then to 6.5) [170]. The initial 3.5 

h dissolution in the bicarbonate buffer media (Hanks and Krebs buffers, pH 5.6 - 7.4) 

mimicked the transit time in the small intestine, whilst the following drop in the buffer 

pH to 6.5 mimicked the transit time in the colonic region. Both conditions, along with 

the change in the pH values, simulated fasting GI tract conditions. The composition of 

the bicarbonate buffer was prepared with reference to the composition of the human 

intestinal fluids [9, 169, 171]. 

 

The pH of the buffer solutions was controlled via an Auto pH SystemTM [172, 173] 

that consisted of a pH probe (DPD1R1.99 - Hach®, Manchester, UK) connected to sources 

of CO2 (a pH-reducing gas) and helium (a pH-increasing gas) gases that were regulated 

through a control unit. Because the bicarbonate buffer is typically unstable and its pH 

changes with the course of time, the control unit was responsible for dynamically 

adjusting the pH and to ensure constant pH values are maintained during the study. 

Because the medium was primarily a bicarbonate buffer in which HCO3− and H2CO3 

co-existed in equilibrium, to decrease the pH of medium, CO2 was purged into the 

solution, thus forming H2CO3, whereas, to increase the pH of the medium, helium was 

used to displace the dissolved CO2 from the solution. The percentage of drug released 

was obtained using an in-line UV spectrophotometer (Cecil 2020 - Cecil Instruments Ltd., 
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Cambridge, UK) at 270 nm and the data were analysed using the Icalis software (Version 

2.11.16 - Icalis Data Systems Ltd, Berkshire, UK). 

 

To evaluate the printlets’ alcohol-resistant properties, supplementary 

dissolution studies were carried out using 750 mL 0.1 M HCL with an ethanol 

concentration of 40% (v/v) for 2 h followed by the normal set up in bicarbonate buffer 

(as aforementioned). The dissolution profiles in the alcoholic and non-alcoholic media 

were compared using an -" similarity test. The similarity factor -" was calculated using 

Eq. 4.1 [211]: 

 

-" = 50 log 341	 +	1*7(9# 	− 	:#)"
$

$%&
<
%'.)

	× 	100>, 

(Eq. 4.1) 

 

 

 

 

Where n refers to the number of dissolution time points considered. 9# and :# are 

the mean percentages of drug released from the reference and test formulations at time 

point (, respectively [212]. Typically, the -" values range from 0 to 100, wherein two 

release profiles are considered to be similar when the value exceeds 50, and identical if 

the value is equal to 100 [213]. Moreover, as the -" value decreases, the dissimilarity 

between the dissolution profiles increases, indicating that the formulation is not alcohol-

resistant and is more likely to undergo alcohol-induced dose-dumping.  
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4.2.7. Solvent extraction 

To evaluate the resistance of the intact printlets to chemical tampering, 

extraction studies using different solvents were performed. Four solvents, comprising 

distilled water, absolute ethanol, 0.1 M HCL (pH 1.2), and 0.1 M NaOH (pH 12.4). A 

printlet (n=3) was inside a beaker containing 100 mL of each solvent, wherein each 

solution was stirred using a magnetic stirrer (speed = 100 rpm). Samples were 

withdrawn at 5, 15, 30, 60 min and 24 h to calculate the amount of drug that was 

extracted. All samples were diluted 10 times prior analysis using HPLC. The water and 

ethanol samples were diluted using deionised water, whereas the HCL and NaOH 

samples were diluted using a phosphate buffer (pH 6.0) to neutralise the samples [249]. 

 

A HPLC system (Hewlett Packard 1050 Series HPLC system - Agilent Technologies, 

Cheshire, UK), equipped with an online degasser, quaternary pump, column heater, 

autosampler and UV/Vis detector, was used. All samples were filtered using 0.45 μm 

filters (Millipore Ltd., Ireland) before they were analysed. The assay entailed injecting 

20 μL of sample into an Eclipse plus C18 3.5 µm column, 4.6 × 150 mm (Zorbax, Agilent 

technologies, Cheshire, UK). The compounds were separated using a mobile phase (flow 

rate = 1 mL/min) consisting of 70% of deionised water with 0.1% trifluoroacetic acid 

(TFA) and 30% of acetonitrile. The temperature of the column was set at 40°C and the 

eluents were screened at a wavelength of 220 nm. According to the FDA guidance, no 

more than 50% of the drug should be extracted after 30 min [252]. 
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4.2.8. Syringeability test 

To assess the abusive potential of these printlets to be used in the preparation 

of drug solutions appropriate for IV injections, a syringeability test was performed. A vial 

containing 5 mL of deionised water was heated on a hot plate until a temperature of 

100 °C ± 1 °C was reached. Subsequently, one printlet (n=3) was dropped into the vial 

and left to boil for 5 min. The resulting solution was drawn up using a 5 mL syringe 

(Terumo UK Ltd, Surrey, UK) attached to a 21-gauge needle (Microlance - Becton 

Dickinson, NJ, US) and a cigarette filter (5 mm, Swan, UK) [253]. Figure 4.2 shows images 

of the setup used in this study. The amount of drug withdrawn into the syringe was 

analysed using HPLC (as described in section 4.2.7). Prior to HPLC analysis, all solution 

samples were diluted 10 times using deionised water.  

 

 

Figure 4.2. Image on the steps followed in performing the syringeability test. 
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4.2.9. Nasal insufflation test 

To assess the abusive potential of the manipulated printlets to be snorted, the 

particle size distribution following their milling was determined. A printlet (n=3) was 

milled using a Tefal coffee grinder (Model GT203840, 200 watts - Tefal, Groupe SEB UK 

Ltd, Berkshire, UK) for 2 min. The particle size distribution of the milled powder was 

analysed using sieves with five different hole diameters , including 1 mm, 710 μm, 500 

μm, 355 μm, and 250 μm, wherein particles with sizes less than or equal to 500 μm were 

considered small enough to be snorted [253]. 
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4.3.  Results and discussion 

In this chapter, DPE 3D printing was successfully utilised for the fabrication of 

cylindrical printlets (Figure 4.3). Tramadol HCL was used as the API, while HPC-SL and 

HPC-L were the main polymer matrices. HPC is a non-ionic polymer that is highly soluble 

in water and organic solvents, producing thick aqueous solutions [254]. Its gelling 

properties along with its prolonged drug release properties make it well-suited for 

abuse-deterrence [255].  Moreover, it has previously shown to work well with this 

technology [101]. D-mannitol was selected as the plasticiser, as preliminary trials have 

shown that it improves the printability of the formulations. With this 3D printing 

process, the use of a plasticiser is essential to ensure proper and continuous flow of the 

powders inside the printer’s hopper and rotating screw. 5% MgSt was used as a lubricant 

as this concentration has shown to improve the flow properties of powders processed 

in HME prior to FDM 3D printing [7].  However, such a high concentration of MgSt can 

have implications on the drug release performance of the formulations. In particular, 

the hydrophobic nature of MgSt might hinder the surface wettability of the printlets, 

reducing the drug dissolution rate [256]. This would have negative effect on the 

performance of immediate release formulations. Nevertheless, this is not a major 

problem in this study, as these printlets were formulated to have sustained release 

properties.  

 

The time needed to print one batch of 16 printlets was ~45 min. Upon visual 

examination, the printlets appeared white in colour, where high consistency in mass and 

physical dimensions were observed (Table 4.2). 
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Figure 4.3. Images (from left to right) of the HPC-SL and HPC-L printlets. Scale shown in 

cm. 

 

Table 4.2. The mean masses and measured dimensions (e.g., thickness and diameter) of 

the HPC-SL & HPC-L printlets. 

Printlet Mass (mg) 

(Mean ± SD) 

Thickness (mm) 

(Mean ± SD) 

Diameter (mm) 

(Mean ± SD) 

HPC-SL 323.7 ± 4.8 3.9 ± 0.4 9.8 ± 0.1 

HPC-L 314.1 ± 2.3 3.6 ± 0.3 10.4 ± 0.3 

 

SEM imaging has shown that both the HPC-SL and HPC-L printlets appeared to 

have smooth, molten surfaces (Figure 4.4). However, it was noted that the HPC-SL 

printlets had apparent gaps on the surface and in between the layers. Indicating that 

they perhaps did not undergo complete melting or cooled down too quickly preventing 

the next layers from attaching properly [220, 257].  
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Figure 4.4. SEM images of the (A) HPC-SL and (B) HPC-L printlets. 

 

X-ray micro-CT was then used to visualise the 3D internal structure and calculate 

the density of the printlets (Figure 4.5). As indicated by coloured mapping, the HPC-SL 

printlets showed less dense regions (more red regions) as compared to the HPC-L 

printlets (more yellow regions). As such, the HPC-L printlets were denser. The HPC-SL 

printlets also showed some empty spaces, which corroborated with the SEM data. 
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Figure 4.5. X-ray micro-CT images of the (A) HPC-SL and (B) HPC-L printlets. 

 

DSC and XRD analyses of the pure drug, excipients and powder mixtures, and of 

the printlets, were performed to determine the physical state of the drug and the degree 

of its incorporation within the polymer matrices. DSC data showed that tramadol HCL 

melts at ~187 °C (Figure 4.6). The thermograms of the powder mixtures and printlets 

displayed sharp melting endotherms at ~163 °C, which corresponded to the melting of 

D-mannitol. The absence of a melting endotherms at ~187 °C, indicated that tramadol 

was either molecularly dispersed within the polymers or dissolved within them as the 

temperature increased throughout the DSC process. Validating the DSC results, the X-

ray diffractograms of the powder mixtures and printlets confirmed that D-mannitol was 

present in the crystalline state (Figure 4.7). Similarly, no crystalline peaks that 

corresponded to tramadol were observed. 

 



 160 

 

Figure 4.6. DSC thermograms of pure tramadol, excipients, powder mixtures and the 

HPC-SL and HPC-L printlets. 
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Figure 4.7. X-ray diffractograms of pure tramadol, excipients, powder mixtures and the 

HPC-SL and HPC-L printlets. 

 

Subsequently, the abuse-deterrent properties of the printlets were evaluated. 

Typically, the easiest way to abuse opioids is by ingesting several tablets. However, as 

this practice is done frequently, some abusers start to develop high tolerance to the 

abused substance [258] and instead, to attain the desired euphoria, the abusers resort 

to the use of alternative administration routes. Additionally, as most opioids 

formulations have controlled release properties, it is a common practise for abusers to 

attempt to manipulate intact dosage forms to accelerate their onset of action and 

achieve increased psychoactivity. Thus, the FDA recommends testing abuse-deterrent 
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formulations for abuse through different routes of drug administration [252, 259]. As 

such, the printlets’ abuse potential through the IV route was evaluated by mimicking the 

way an abuser attempts to prepare a drug solution suited for IV injection. It was noted, 

that due to the gelling properties of HPC, no more than 3 mL of the supernatant can be 

drawn through the syringe. Moreover, analysis of the drug solution indicated that only 

21.9% ± 6.9% can be abused from the HPC-SL printlets and 20.0% ± 4.2% can be abused 

from the HPC-L printlets. Since less than one-fifth of the API can be extracted under 

these harsh conditions (e.g., elevated temperature and vigorous stirring), it was 

concluded that HPC-SL and HPC-L printlets were moderately resistant against abuse via 

the IV route. 

 

The printlets’ abuse potential via this route of administration was further studied 

by attempting to extract them using larger volumes (e.g., 100 mL) and different solvents 

for extended periods of time. A summary of the findings is shown in Figure 4.8 and Table 

4.3. Extraction using water has indicated that 32.5% ± 9.0% and 35.3% ± 14.3% of 

tramadol HCL can be extracted after 30 min from the HPC-SL and HPC-L printlets, 

respectively. This was attributed the formation of a viscous gel upon HPC’s contact with 

the water medium, preventing it from being drawn through the hypodermic needle. As 

these values were less than 50% of the API, this was considered low and unfeasible for 

abusers. With regards to extractions using ethanol and NaOH, all the obtained values at 

30 min were also less than 50% tramadol further supporting the abuse-deterrent 

properties of the printlets. However, in the case of extractions carried out using HCL, it 

was shown that 55.5% ± 23.5% tramadol HCL can be extracted from the HPC-SL printlets 

after 30 min. This was thought to be due to acid hydrolysis of HPC. Although this 
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indicates that the HPC-SL formulations are more likely to be abused due to their higher 

extractability using HCL, it should be noted that IV injections should be adjusted to meet 

the physiological pH and thus, cannot be injected with HCL directly, making them less 

attractive for some abusers. 

 

 

Figure 4.8. Percentages of extractable tramadol HCL from the (A) HPC-SL and (B) HPC-L 

formulations using 100 mL of different solvents at different time points, plotted as a 

function of time. 
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Table 4.3. Summary of the percentages of tramadol HCL that can be extracted from the 

HPC-SL and HPC-L formulations using 100 mL of different solvents at different time 

points. 

Printlet Time 

Solvent  

Water (%) 

(Mean ± SD) 

Ethanol (%) 

(Mean ± SD) 

0.1 M HCL (%) 

(Mean ± SD) 

0.1 M NaOH (%) 

(Mean ± SD) 

HPC-SL 5 min 12.0 ± 1.4 5.6 ± 2.3 23.3 ± 11.2 3.7 ± 0.8 

 15 min 19.6 ± 2.3 12.7 ± 3.5 40.2 ± 16.8 6.3 ± 0.7 

 30 min 32.5 ± 9.0 23.1 ± 10.7 55.5 ± 23.5 9.4 ± 0.7 

 60 min 49.3 ± 12.3 34.0 ± 12.8 83.7 ± 17.0 22.9 ± 15.2 

 24 h 93.6 ± 2.1 98.0 ± 2.5 108.2 ± 13.3 102.4 ± 1.8 

HPC-L 5 min 15.7 ± 6.5 6.6 ± 0.6 14.1 ± 2.4 5.8 ± 1.2 

 15 min 28.4 ± 14.1 12.1 ± 2.4 26.4 ± 8.8 8.6 ± 1.8 

 30 min 35.3 ± 14.3 18.0 ± 3.8 43.5 ± 24.4 11.2 ± 1.7 

 60 min 52.5 ± 20.8 30.3 ± 8.8 68.5 ± 32.6 14.9 ± 1.8 

 24 h 94.4 ± 1.0 97.8 ± 11.6 109.7 ± 12.0 102.0 ± 2.6 

 

The abusiveness of the printlets through the nasal route was assessed by milling 

them for 2 min and calculating the cumulative percentage of particles with sizes less 500 

µm. It was shown that 92.0% and 93.7% of tramadol can be abused by nasal snorting 

from the HPC-SL and HPC-L printlets, respectively (Table 4.4 and Figure 4.9). Despite 

these values being high, the intrinsic gelling properties of HPC enable it to act an 
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aversion agent by inducing nasal distress upon snorting [260-262]. Therefore, abuse 

through the nasal route may be deterred [263, 264]. 
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Table 4.4. The mean particle size distribution of the milled (for 2 min) HPC-SL and HPC-L printlets. 

Printlet 
< 250 µm (%) 

(Mean ± SD) 

250 - 355 µm (%) 

(Mean ± SD) 

355 - 500 µm (%) 

(Mean ± SD) 

500 - 710 µm (%) 

(Mean ± SD) 

710 µm - 1 mm (%) 

(Mean ± SD) 

> 1 mm (%) 

(Mean ± SD) 

HPC-SL 60.2 ± 3.0 18.5 ± 1.0 13.3 ± 1.5 4.7 ± 1.8 1.9 ± 0.6 1.4 ± 0.9 

HPC-L 61.2 ± 1.2 19.4 ± 1.5 13.1 ± 0.2 3.9 ± 0.6 1.4 ± 0.4 1.1 ± 0.9 

 

 

Figure 4.9. The mean particle size distribution of the milled (for 2 min) HPC-SL and HPC-L printlets.
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Because alcohol consumption is common in drug abusers and addicts, it is 

advantageous to prepare abuse-deterrent printlets with alcohol-resistant properties. To 

evaluate the printlets’ alcohol-resistant properties, a dynamic in vitro model that mimics 

fasted GI conditions was used (Figure 4.10). In particular, the acid phase studies were 

carried out using two different media; (A) 750 mL 0.1 M HCL and (B) 750 mL mixture of 

0.1 M HCL and 40% (v/v) ethanol. Results have shown that the drug release profiles from 

the alcoholic and non-alcoholic media were similar, wherein !! similarity values of 71 

and 63 were obtained from the HPC-SL and HPC-L printlets, respectively. Interestingly, 

in the alcoholic medium, the printlets even exhibited a slightly slower drug release 

profile. This is interesting, as tramadol HCL is freely soluble in ethanol, having a solubility 

of 20 mg/mL [265]. As such, it was concluded that both formulations display strong 

alcohol-resistant properties. 
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Figure 4.10. In vitro drug dissolution profiles of the HPC-SL and HPC-L printlets, in the 

presence and absence of alcohol. The red line shows the pH values of the medium. 

 

In an attempt to improve the abuse-deterrent properties of the printlets whilst 

retaining their strong alcohol-resistance, they were re-formulated to include PEO as a 

co-polymer. The latter is a non-ionic, thermoplastic polymer that has been previously 

incorporated into abuse-deterrent formulations due its gel-forming properties [266-

268]. The PEO formulations displayed suitable printability with high consistency in mass 

and physical dimensions (Table 4.5 and Figure 4.11).  
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Table 4.5. The mean masses and dimensions of the HPC-SL/PEO and HPC-L/PEO 

printlets. 

Printlet Mass (mg) 

(Mean ± SD) 

Thickness (mm) 

(Mean ± SD) 

Diameter (mm) 

(Mean ± SD) 

HPC-SL/PEO 298.1 ± 1.7 3.4 ± 0.02 10.1 ± 0.07 

HPC-L/PEO 290.4 ± 3.2 3.4 ± 0.05 10.1 ± 0.2 

 

 

 

Figure 4.11. Images (from left to right) of the HPC-SL/PEO and HPC-L/PEO printlets. Scale 

shown in cm. 

 

SEM images indicated that both, the HPC-SL/PEO and HPC-L/PEO printlets, have 

smooth, molten surfaces (Figure 4.12). X-ray micro-CT images indicated that both, the 

HPC-SL/PEO and HPC-L/PEO printlets, had less dense regions when compared to the 

HPC-SL and HPC-L printlets, wherein the least dense regions were observed in the HPC-

SL/PEO printlets (Figure 4.13). 
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Figure 4.12. SEM images of the (A) HPC-SL/PEO and (B) HPC-L/PEO printlets. 
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Figure 4.13. X-ray micro CT images of the (A) HPC-SL/PEO and (B) HPC-L/PEO printlets. 

 

DSC data indicated that PEO melted at ~63 °C (Figure 4.14). The thermograms of 

the printlets also displayed sharp melting endotherm at ~63 °C, signifying that PEO 

remained in its semi-crystalline form even following printing. In contrast to the HPC-SL 

and HPC-L printlets, the HPC-SL/PEO and HPC-L/PEO printlets did not display melting 

endotherms at ~163 °C, which was attributed to the lower D-mannitol content. The X-

ray diffractograms of the HPC-SL/PEO and HPC-L/PEO printlets did not contain any 

peaks, demonstrating that that tramadol and all the excipients were in their amorphous 

states (Figure 4.15).  
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Figure 4.14. DSC thermograms of pure tramadol, excipients, powder mixtures and the 

HPC-SL/PEO and HPC-L/PEO printlets. 
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Figure 4.15. X-ray diffractograms of pure tramadol, excipients, powder mixtures and the 

HPC-SL/PEO and HPC-L/PEO printlets. 

 

Based on the syringeability studies, small volumes (~ 2 mL) of supernatants can 

be drawn through the hypodermic needle and only 13.4% ± 2.8% and 14.7% ± 1.3% of 

tramadol can be abused from the HPC-SL/PEO and HPC-L/PEO printlets, respectively. 

The printlets’ abuse potential via the IV route was also assessed by dissolving them in 

different solvents under prolonged conditions, as previously described. A summary of 

the findings of the extraction studies is shown in Figure 4.16 and Table 4.6. Compared 

to the HPC-SL and HPC-L formulations, the PEO formulations were more resistant to 
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chemical extraction in all the solvents. These lower percentages were attributed to 

PEO’s inherent gelling and modified release properties [269].  

 

 

Figure 4.16. Percentages of extractable tramadol HCL from the (A) HPC-SL/PEO and (B) 

HPC-L/PEO formulations using 100 mL of different solvents at different time points, 

plotted as a function of time. 
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Table 4.6. Summary of tramadol HCL percentages that can be extracted from the HPC-

SL/PEO and HPC-L/PEO formulations using 100 mL of different solvents at different time 

points. 

Printlet Time 

Solvent  

Water (%) 

(Mean ± SD) 

Ethanol (%) 

(Mean ± SD) 

0.1 M HCL (%) 

(Mean ± SD) 

0.1 M NaOH (%) 

(Mean ± SD) 

HPC-SL 

/PEO  

5 min 5.0 ± 2.2 4.0 ± 1.2 6.3 ± 1.8 3.6 ± 0.2 

15 min 9.7 ± 4.2 8.7 ± 1.8 14.3 ± 3.6 8.6 ± 2.4 

30 min 13.1 ± 3.9 13.3 ± 3.0 22.8 ± 6.3 14.3 ± 5.4 

60 min 19.2 ± 3.7 19.6 ± 3.4 36.9 ± 11.8 20.5 ± 6.1 

24 h 94.7 ± 0.9 98.6 ± 31.7 99.7 ± 1.5 101.8 ± 0.6 

HPC-L 

/PEO 

5 min 6.8 ± 4.4 4.3 ± 0.8 6.3 ± 1.4 1.3 ± 0.2 

15 min 10.0 ± 3.8 9.0 ± 1.1 12.3 ± 4.1 3.8 ± 0.3 

30 min 14.6 ± 5.6 13.9 ± 2.7 19.9 ± 7.1 6.7 ± 0.5 

60 min 22.4 ± 6.9 20.7 ± 4.5 31.2 ± 11.9 12.1 ± 1.7 

24 h 98.1 ± 31.1  93.2 ± 10.8 101.0 ± 2.7 101.8 ± 2.9 

 

Assessment of the printlets abusiveness via the nasal route has shown that 

68.5% and 59.5% of the milled printlets were small enough to pass through the nasal 

airway from HPC-SL/PEO and HPC-L/PEO printlets, respectively (Table 4.7 and Figure 

4.17). This indicated that the inclusion of PEO considerably improved the mechanical 

properties of the printlets, making them more resistant to physical tampering in 

comparison to the HPC-SL and HPC-L printlets. This increase in the mechanical strength 
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is likely due to application of heat as part of the printing process, which changed the 

physical state of PEO upon cooling and resulted in printlets with enhanced tensile and 

impact strengths [270]. Moreover, since PEO is also a gelling agent; like HPC, it gels when 

in contact with the mucous membrane in the nasal airway, inducing nasal distress and 

discouraging nasal insufflation of the milled printlets [262, 271, 272]. As such, due to the 

high content of PEO and HPC, abuse through the nasal route will be averted. Overall, the 

combination of HPC and PEO has shown stronger abuse-deterrent properties compared 

to the use of HPC alone.
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Table 4.7. The mean particle size distribution of the milled (for 2 min) HPC-SL/PEO and HPC-L/PEO printlets. 

Printlet < 250 µm (%) 

(Mean ± SD) 

250 – 355 µm (%) 

(Mean ± SD) 

355 – 500 µm (%) 

(Mean ± SD) 

500 – 710 µm (%) 

(Mean ± SD) 

710 µm – 1 mm (%) 

(Mean ± SD) 

> 1 mm (%) 

(Mean ± SD) 

HPC-SL/PEO 25.8 ± 3.8 16.8 ± 3.4 25.0 ± 3.1 15.7 ± 3.3 12.7 ± 4.4 3.0 ± 2.8 

HPC-L/PEO 22.2 ± 3.0 13.6 ± 1.2 23.7 ± 2.6 19.2 ± 2.9 15.8± 1.4 5.4 ± 2.6 

 

 

Figure 4.17. The mean particle size distribution of the milled (for 2 min) HPC-SL/PEO and HPC-L/PEO printlets. 
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In vitro dissolution studies demonstrated that despite the addition of PEO, the 

printlets maintained their alcohol-resistant properties, wherein !! similarity values of 

87 and 84 were obtained from the HPC-SL/PEO and HPC-L/PEO printlets, respectively 

(Figure 4.18). Actually, the insolubility of PEO in alcoholic media resulted in higher !! 

similarity values from the printlets containing PEO when compared to those without 

PEO. Besides, the gelling characteristics of PEO resulted in slower drug release profiles 

in printlets containing PEO compared to printlets without PEO. 

 

 

Figure 4.18. In vitro drug dissolution profiles of the HPC-SL/PEO and HPC-L/PEO 

printlets, in the presence and absence of alcohol. The red line shows the pH values of 

the medium. 

 

Overall, the use of opioid printlets provides a novel approach for dispensing 

strong analgesic treatments whilst avoiding risks of abuse and/or misuse. Although 
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previous studies have shown that abuse-deterrent formulations made using injection 

moulding are effective at deterring drug abuse [273], this production method is often 

restricted to large-scale manufacturing owing to the high costs of creating small 

batches [220, 226]. On the other hand, because 3D printing has shown to be able to 

produce bespoke printlets in short time frames, it is practical for the on-demand 

fabrication of medications. Therefore, it can provide the added benefit of limiting and 

regulating the amount of drug available for abuse without the need for using bulky 

machineries or complicated processes. Furthermore, as 3D printing has shown to be 

able to integrate novel, traceable anti-counterfeiting methods, the transparency and 

tracking of opioids usage across the supply chain can be improved and their illicit use 

can be halted [132].  

 

Recently, Nukala et al. utilised FDM 3D printing to fabricate abuse-deterrent 

immediate release egg-shaped tablets [251]. However, since modified-release 

formulations contain higher drug doses than immediate-release formulations, they 

pose greater concern and have higher potential to cause harm when abused. Although 

many individuals regard the abuse of prescription opioids to be less dangerous than 

the abuse of illegal substances [274], in some cases the former are more accessible 

and may be procured more easily. Thus, restricting the quantities and frequency of 

prescribing opioids alone might be inadequate to supress the drug abuse crisis. 

Instead, small-scale production of opioid dosage forms tailored based on the 

individual needs of each patient could aid in controlling the use of opioid medications.
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4.4.  Conclusions 

DPE 3D printing was successfully utilised as a novel, practical method for the 

fabrication of abuse-deterrent and alcohol-resistant formulations with modified drug 

release properties. Despite showing strong alcohol resistance, the HPC formulations 

have only shown moderate abuse-deterrence properties. This required the addition 

of PEO as a co-polymer to enable a more effective deterrence for drug abuse through 

all routes of drug administration. The inclusion of PEO has even shown to strengthen 

the alcohol resistant properties of the printlets.  

 

By dispensing opioid medications in the form of DPE printlets, higher control 

over their use and accessibility can be attained. In particular, these formulations can 

be prepared and printed on-demand in a pharmacy or hospital setting, wherein the 

opioid dose can be titrated based on the treatment and recovery condition of each 

individual patient. When ensuring patients only receive the minimum dose needed to 

induce analgesia, not only risks of dependence and addiction can be avoided, but also 

the amount of drug available for abuse is limited.   

 

However, one might argue that the limitations of such an approach lies mainly 

with the long printing time, wherein 16 printlets needed ~45 min.  That is very long, 

especially when compared against a tabletting machine. Moreover, the DPE method 

is novel 3D printing system that is still mature and requires several adjustments to 

balance practicality, technical and safety concerns are met to guarantee optimal 

printing results. As an example, currently, the printing system requires constant 



181 
 

monitoring during the printing process to ensure that the powder flows properly 

through the barrel. However, one should consider the safety aspect, especially with 

controlled substances. Thus, operators need to always ensure they are wearing the 

proper personal protective equipment.  Alternatively, a cover could be placed around 

the printer. Nonetheless, the latter is impractical as the hopper needs to be topped 

up with enough powder for a complete batch and to ensure that the formulation is 

extruded at a constant diameter. Nonetheless, the amount of powder that can be 

loaded into the hopper and barrel is limited. Although in theory the sizes of both the 

barrel and hopper can be increased, in practice this is not possible, as the weight of 

the printing head needs to kept low to allow the head to move freely and in a fast 

speed. Therefore, it is necessary to implement a n additional component that allows 

the powder to be fed from outside without restricting or affecting the movement of 

the printing head. Thus, facilitating the implementation of this printing system into 

practice.
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4D printing of smart 

gastroretentive printlets for oral 

drug delivery
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5.1.  Overview 

5.1.1. Oral drug delivery 

Following its administration, an oral drug travels through different parts of the GI region. 

Its pharmacokinetic profile is governed by four main processes: absorption, distribution, 

metabolism and elimination. With the absorption constituting the primary phase, it plays a 

fundamental role in determining a drug’s bioavailability, influencing the success rate of the 

overall treatment. Absorption within the gastric region is often controlled by multiple factors, 

including the patient’s age, gender and disease state, the pH of the environment, gastric 

emptying and gastric motility [275-277]. Gastric emptying is the rate at which a substance is 

ejected from the gastric region. It can be affected by the patient’s posture, the presence of 

food, along with its viscosity and volume, and physical aspects of the dosage form, including its 

size, shape and density [278-282]. Gastric motility refers to the movement of the smooth 

muscles in the gastric region, which instigates the digestion of food particles, in preparation of 

their propelling through the pylorus. During fasting and in between meals, a distinctive type of 

gastric motility, known as Migrating Motility Complex or Migrating Myoelectric Complex 

(MMC), is initiated [283]. The MCC is a form of cyclic electromechanical smooth muscle 

contractions that aid in ejecting any residual food particles from the gastric region.  

 

Together, gastric emptying and gastric motility (mainly the MMC) can determine how 

long an oral medication resides in the stomach, which is known as the gastric residence time. 

The latter is particularly critical for controlled release medications with narrow absorption 

windows in the gastric or upper intestinal regions [284]. The inadequate residence time in these 

regions can reduce the amount of active drug absorbed, lowering its bioavailability and limiting 
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its efficacy [285]. Usually, to help maintain the drug dose within the active therapeutic window, 

increasing the frequency of drug administration can aid in compensating for the reduced 

bioavailability. However, this can be potentially problematic as it increases the chances of 

developing undesirable side effects. Not to mention that frequent dosing is one of the leading 

causes of poor patient adherence to medications [286, 287]. Therefore, addressing the core of 

this issue, which is the short residence time of the medications, is a more sensible approach to 

tackle this problem.  

 

5.1.2. The GI tract 

The GI tract is lined with a set of transport proteins localised within the mucosal 

epithelial tissues. Whilst some of these proteins facilitate the permeation of molecules, other 

transporters restrict it. The latter group is known as efflux transporters. These transporters 

pump out the drug molecules back into the lumen, hindering their absorption. Thus, the 

effluxed drug molecules are cleared from the body, providing no therapeutic effect and overall, 

the drug’s bioavailability is lowered [288]. It has been reported that the expression levels of P-

glycoprotein (P-gp) along the GI tract fluctuate, wherein the P-gp levels increase as we move 

down the small intestine but decrease in the colon. In particular, the colon, followed by the 

duodenum, manifest the lowest P-gp levels, whereas the ileum has the highest P-gp levels 

[289]. As such, most drug molecules that act as P-gp substrates suffer from poor bioavailability 

when formulated as sustained release formulations [290, 291].  

 

Similarly, the biological half-life of a medication is also governed by the rate and degree 

at which it is degraded and excreted. Drug metabolism mainly occurs by cytochrome (CYP) 
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enzymes [292, 293]. Of the CYP family, CYP450 is the most common enzyme that metabolises 

drug molecules. CYP3A, a subclass of CYP450, is the most abundantly expressed CYP enzyme, 

accounting for more than two-thirds of the intestinal CYP activity and is estimated to metabolise 

more than half of the administered medications [294]. Although drug metabolism is crucial to 

ensure patient safety, premature degradation is undesirable and may result in treatment 

failure. As such, similar to P-gp, CYP enzymes could have significant effects on drug 

bioavailability and pharmacokinetics. This is particularly important in the case of sustained 

release dosage forms because the levels of CYP enzymes are lower in the colon in comparison 

to the small intestine [295]. Moreover, the levels of CYP enzymes are subject to inter- and intra-

patient variability [296], which can also affect the drug activity. Examples of CYP substrates 

include budesonide [297], rofecoxib [298], rivastigmine [299] and lumiracoxib [300].  

 

Another factor that affects the absorption of drugs is the degradation by the intestinal 

microbiota. The intestinal microbiota constitutes a set of over 400 bacterial species that 

colonise in the human body [301]. This local defence mechanism helps in protecting the human 

body against exogenous pathogens and aids in the metabolism of harmful substances. Whilst 

the microbiota exists in scarce amounts in the upper GI tract, it is highly abundant in the colonic 

region. Thus, sustained release drugs that are substrates to the intestinal microbiota can be 

prone to metabolic deactivation in the colon, resulting in the reduction of their bioavailability.  

 

5.1.3. Gastroretentive devices 

Gastroretentive devices (GRDs) are drug delivery devices presenting with prolonged 

residence time in the gastric region. The extension in the gastric residence time permits 
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absorption of higher drug concentrations; therefore, the overall drug activity is enhanced. Thus 

far, different approaches to fabricate GRDs have been explored and are classified as follows: 

 

A) Bio-adhesive/Mucoadhesive system: 

This system is based upon bio-adhesive polymers that adhere to the epithelial 

lining of the stomach (Figure 5.1A) [302]. Nonetheless, the adherence of these systems 

can be interrupted by the strong gastric contractions or by presence of food, leading to 

their premature ejection. Moreover, as the mucus layer undergoes constant turnover, 

it can also disrupt the adhesion mechanism of these systems. 

 

B) Floating/Low density system: 

This system is based upon having a density lower than that of the gastric fluid, 

enabling the GRD to float on the surface of the fluid (Figure 5.1B) [303]. Typically, the 

floating of this system is initiated by generating a form of gas (e.g., CO2) due to the 

presence of an effervescent material. Alternatively, a swellable polymer can be 

incorporated, which upon swelling entraps air bubbles and induces buoyancy. However, 

this system is highly dependent upon the presence of fluids in the gastric region and can 

be ejected when the stomach is empty.  

  

C) Sinking/High density system: 

This system is based upon having a density higher than that of the gastric fluid, 

forcing the GRD to sediment at the bottom of the gastric region (Figure 5.1C) [304]. The 

GRDs are prepared by integrating heavy inert materials (e.g., metals). Nonetheless, this 

system is highly affected by the patient’s posture and thus, has a high chance of 
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undergoing premature ejection. Moreover, the presence of food can also lead to the 

premature emptying of the GRD along with the gastric content. 

 

D) Expandable system: 

This system functions by changing its size to exceed that of the diameter of the 

pylorus, preventing it from being emptied (Figure 5.1D). Such systems exist in two 

forms; swellable and unfolding devices [305]. The swellable devices exert their effect by 

swelling and expanding in size when in contact with the gastric fluids. Whereas the 

unfolding devices are introduced into the body in their folded or temporary forms and 

then unfold upon reaching the gastric region. Often, both the swellable and unfolding 

mechanisms are integrated in a single device, providing a synergistic action. Typically, 

this system requires the presence of sufficient gastric fluids to initiate their swelling and 

unfolding actions. Once swelled or unfolded, the GRDs remain in the gastric region until 

they shrink or break to a size lesser than the diameter of the pylorus.  

 

E) Magnetic system: 

This system comprises two pieces of magnet; wherein one is embedded within 

the GRD while the other is external and is placed on the outer abdominal region (Figure 

5.1E) [306]. The magnetic force created between the two pieces holds the GRD in its 

place. The position of the outer magnet plays a crucial role in the functionality of this 

system. In most cases, patients are unable to accurately determine the ideal position of 

the magnet or cannot hold it in place for the duration of the treatment. Moreover, in 

terms of patient acceptability, this system is considered to be the least tolerable out of 

all the systems, as it causes discomfort and is considered impractical.



 188 

 

Figure 5.1. Graphical representation of the different gastroretentive approaches, including: (A) bio-adhesive/mucoadhesive, (B) floating/low 

density, (C) sinking/high density, (D) expandable system and (E) magnetic systems. The human GI tract image was reprinted from [307]. 
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Of these systems, expandable GRDs appear to have the highest potential to be 

retained in the gastric region. This is mainly because they only require the initial 

presence of a small volume of gastric fluids to stimulate their expansion, after which 

their large size prevents their passage through the pylorus. Whereas, most of the 

other systems are completely ineffective in the absence of gastric fluids and thus have 

limited success rates. 

 

Since GRDs are anchored within the gastric region, P-gp, CYP and intestinal 

microbiota substrates can be protected from being exposed to a high number of P-gp 

transporters, CYP enzymes or intestinal microbiota, respectively. In addition, by 

formulating drugs used for the treatment of gastric diseases in the form of GRDs, a 

constant localised treatment can be provided throughout the retention period [308]. 

As an example, ranitidine, an H2 antagonist commonly used for the treatment of ulcers 

and a well-established P-gp and intestinal microbiota substrate, can be a suitable drug 

candidate for use in GRDs [309, 310]. Moreover, these devices can act as a defensive 

mechanism, protecting the colonic bacteria from drug-induced disturbances and thus, 

a drug such as amoxicillin trihydrate can also be well-suited for delivery in the form of 

a GRD [311]. Another example could include the use of a drug with a narrow 

therapeutic window in the intestinal region (e.g., levodopa [311, 312]), wherein 

incorporating it into a GRD could aid in the maximisation of its action. Likewise, the 

use of GRDs can be valuable for drugs exhibiting low solubility at high pH levels (e.g., 

diazepam and chlordiazepoxide), improving their overall bioavailability [308].  
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Over the past years, GRDs have gained interest of many researchers and 

pharmaceutical formulators, wherein several attempts have been made to fabricate 

them. An example of such is Depomed’s Acuform® technology. This technology is 

based on the use of swellable tablets mainly composed of a combination of two 

polymers, PEO and hydroxypropyl methylcellulose (HPMC) [313]. With PEO being 

responsible for the swelling effect and HPMC accounting for the extended drug 

release, these tablets exhibit a gastric residence time of up to 10 h. In terms of 

unfolding systems, different forms and shapes have been proposed. One noteworthy 

example is Intec’s Accordion Pill™. This film-shaped device is composed of multiple 

layers with varying release rates [314-316]. The separate film layers are produced by 

casting and are attached to one another using organic solvents. The film is 

subsequently folded in the shape of an accordion to enable its insertion into a capsule 

suitable for oral ingestion. In the stomach, the capsule shell dissolves, releasing the 

device, which then unfolds back to its original shape. Studies have shown that this 

system has a gastric residence time up to 12 h, meaning that it will have to be dosed 

at least twice a day.   

 

The most recently developed expandable GRDs have been fabricated by a 

group of researchers at Massachusetts Institute of Technology. Incorporating an anti-

malarial agent, the first device has the ability to reside in the gastric region for up to 

two weeks [317]. The six-armed star-shaped device constitutes a middle thermostat 

elastomer region tying the arms together and preventing the premature gastric 

emptying of the device (Figure 5.2). Enteric linkers were included along each arm to 

allow the devices to disintegrate at intestinal pH. Although the moulds used to 
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fabricate these devices were made using 3D printing, the devices themselves were 

actually created using melt moulding. The devices exhibited a constant drug release 

over 14 days following its administration. However, animal studies using these GRDs 

were performed without enteric linkers, and thus, there was no evidence showing 

how the system evacuates following the fulfilment of its intended action. 

 

 

Figure 5.2. (A) Schematic representations and (B) image of the fabricated star-shaped 

GRD in (from left to right) its folded and unfolded forms. Reprinted with permission 

from [317]. 

 

Another GRD made by the same research group comprised a tough triggerable 

hydrogel film composed of a mixture of cross-linked alginate and polyacrylamide 

[318]. Upon contact with the gastric fluid, the hydrogel swelled significantly to a size 
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larger than that of the pylorus, preventing it from exiting the gastric region and 

enabling it to reside for up to 12 days in vitro and 9 days in vivo. The lower residence 

time in vivo was attributed to the gastric motility-induced stress and enzymatic 

reactions that are absent in vitro. A biocompatible solution consisting of 

ethylenediaminetetraacetic acid (EDTA) and glutathione was tested as a safety 

mechanism to trigger the dissolution of the devices in case of emergencies (e.g., 

intestinal blockage or allergic reactions). Results have shown the ability of the solution 

to rapidly dissolve the hydrogel within one hour. Similarly, a pufferfish-inspired 

hydrogel GRD that rapidly swells into ~160 times its volume within ~10 min has been 

developed (Figure 5.3) [319]. The GRD can de-swell in the presence of a calcium 

chloride solution, enabling its ejection from the gastric region. Studies have shown 

that these devices can be retained in pigs for 9 to 29 days. 

 

 

Figure 5.3. Image of a pufferfish-inspired hydrogel GRD, showing the change in its 

volume with respect to time. Reprinted with permission from [319]. 

 

In 2018, a star-shaped GRD containing multiple antiretroviral drugs (e.g., 

dolutegravir, rilpivirine and cabotegravir) embedded within polymers with varying 
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release profiles (e.g., poly(ethylene glycol), poly(sebacic anhydride) or poly(adipic 

anhydride)) was proposed (Figure 5.4) [320]. Similar to the previously described GRD, 

this device was also made using extrusion and injection moulding. To attach the arms 

to one another and to the elastomeric core, pH-sensitive linkers incorporating an 

enteric polymer and an adhesive plasticiser were welded using acetone. The GRDs 

were able to deliver antiretroviral therapy for one week in pig models. The same 

device but incorporating memantine hydrochloride for the treatment of Alzheimer’s 

disease has also shown a constant drug release for up to one week in dog models 

[321]. This GRD system has also demonstrated its suitability to be tailored to meet the 

body size requirements of different animal species (e.g., rabbits and pigs) [322], 

suggesting that this concept could also be applied to humans, wherein the GRD can 

also be personalised based on anatomical features of each patient. 

 

 

 

Figure 5.4. 3D design of the star-shaped GRD, consisting of an elastomeric core (white) 

and six drug-loaded arms containing different antiretroviral drugs (multi-coloured). 

Reprinted with permission from [320]. 
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A GRD in the form of a coiled superelastic nitinol wire that incorporates drug-

loaded minitablets was also proposed (Figure 5.5) [323]. The device is introduced and 

removed via the nasogastric route. The use of multiple mini-tablets enables the 

delivery of high drug concentrations (e.g., 10 grams of the API) for up to 28 days. 

However, as this device is insoluble, if it accidently passes to the intestinal region it 

could potentially cause intestinal blockage and lead to dangerous complications. 

 

 

Figure 5.5. (A) 3D design and (B) image a GRD in the form of a coiled superelastic 

nitinol wire that incorporates drug-loaded minitablets. Reprinted with permission 

from [323]. 

 

Moreover, despite showing promising results, all of the above-mentioned 

devices required complex and lengthy production methods that are often costly and 

time-consuming. Moreover, some of these methods (e.g., moulding and casting) 

involved the use of solvents, which are could potentially pose risks of toxicity. In this 
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regard, a more suitable approach to fabricate GRDs could involve the use of 4D 

printing. 

 

5.1.4. Four-dimensional (4D) printing 

4D printing is a novel technology that utilises 3D printing to fabricate 3D 

objects with the capability to transform using a fourth dimension, namely time [324]. 

These smart 3D objects are programmed to respond to a specific stimulus, such as 

light, temperature, water or pH, causing them to undergo predetermined changes 

(e.g., change in configuration, function or colour). The programming process is 

dependent upon two factors, the use of smart material and the smart design of the 

3D structure [325]. In other words, the type of material utilised should be able to 

respond to the triggered stimulus, whilst the smart design of the shape, including the 

orientation and location of the smart materials, will define how a response is 

manifested. Thus, the choice of smart responsive material is dependent upon the 

triggering stimulus, which in turn depends on the desired application.  

 

Smart materials are classified into two types, shape-changing polymers (SCP) 

and shape-memory polymers (SMP) [326]. A SCP response is dependent upon the 

presence or absence of the stimulus (Figure 5.6). Therefore, the presence of the 

stimulus will initiate an immediate response, whereby the response will remain in 

action until the removal of the stimulus. Once the stimulus is removed, the object 

reverts back to its original state. SMPs on the other hand, are programmed to hold a 

“temporary configuration” that lasts until the introduction of a stimulus. The presence 
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of a stimulus causes an irreversible transition in the shape of the object, reverting it 

back to its “permanent configuration”. Once in its permanent configuration, the 

object will no longer respond to the stimulus.  

 

 

Figure 5.6. Schematic representation of the 4D response of a shape-changing polymer. 

 

Initially, SMP are utilised to 3D print the objects in their permanent 

configuration. This is followed by a two-phase programming step that allows the 

object to adapt a temporary configuration (Figure 5.7) [327]. The first phase 

constitutes heating the object to a temperature higher than its glass transition 

temperature (Tg), making it soft and enabling changes in its structural morphology. 

Once the shape change is complete, the object is then cooled down to a temperature 

lower than the Tg. This quick drop in temperature aids in fixing the object in its 

temporary configuration. 
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Figure 5.7. Schematic representation of the steps involved in the 4D effect of shape-

memory polymers. 

 

The advantage of 3D printing lies in its ability to create complex structures 

having different shapes and sizes with click of a button. Being built with high precision 

and having unique characteristics, such dosage forms are difficult to fabricate using 

the conventional compounding methods. Whilst typical production methods 

necessitate the assembly of individual parts, the use of 3D printing offers the benefit 

of being able to simultaneously use multiple materials to create a functional dosage 

form in single or dual-step, solvent-free approaches.  

 

Not long ago, a GRD incorporating ingestible electronics has also been 

developed (Figure 5.8) [328]. The PLA-based devices were made using FDM 3D 

printing. The electronic component allows controlled release of medications from 

drug depots. The devices have shown to reside for up to 36 days in pigs, whilst 

enabling 15 days of wireless communication. However, due to the small drug 
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compartments, the drug loading capacity of this device is limited. As such, the amount 

of drug might not be enough to cover the duration of gastric retention. 

 

 

Figure 5.8. (A) 3D design and (B) image of a 3D printed GRD with electronic 

components. Reprinted with permission from [328]. 

 

More recently, a GRD composed of PVA polymer matrix was fabricated using 

HME and FDM 3D printing (Figure 5.9) [329]. For the HME devices, the filaments were 

wrapped around FDM-printed moulds in order to be shaped into suitable 

configurations. Different designs were proposed and studied, wherein it was shown 

that all the devices recovered to their original shapes when exposed to the gastric 

fluids. However, due to fast dissolution properties of PVA, the devices dissolved within 

less than 2 h. As such, an attempt to coat them with Eudragit® RS/Eudragit® RL was 

made. Although this prolonged the dissolution rate to 6 h, the obtained results are still 

considered not feasible, as patients will still need to take these formulations three to 

four times per day. 
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Figure 5.9. (A) 3D design and image of the FDM printed GRDs (B) in their original and 

(C) temporary shapes. (D) 3D designs of the FDM-printed moulds used in the 

preparation of (E) the HME GRDs. Reprinted with permission from [329]. 

 

5.1.5. Aims 

Therefore, the aim of this chapter was to combine the fundamentals of the 4D 

technology and 3D printing by employing a smart 3D printable feedstock to fabricate 

expandable gastroretentive printlets (GRPs) that change their morphologies in 

response to gastric fluids and/or body temperature. Different 3D printing 
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technologies, including SLS, FDM and DPE, were investigated. Several 3D templates 

were designed and printed, wherein the devices were programmed to adopt 

temporary configurations suitable for oral ingestion. The shape recovery and in vitro 

dissolution behaviour of the printlets were assessed to evaluate their suitability for 

this application. 

 

5.2.  Materials and methods 

5.2.1. Materials 

Paracetamol (USP grade - MW 151.16 g/mol, solubility in water at 37 °C: 21.80 

g/L - Sigma-Aldrich, Poole, UK) was used as a model drug. HPC (KlucelTM LF MW 95,000; 

KlucelTM EF MW 80,000 g/mol; KlucelTM ELF MW 40,000 g/mol), HPMC (BenecelTM K4M 

MW 400,000 g/mol; BenecelTM K100LV PH MW 164,000 g/mol), hypromellose acetate 

succinate (HPMC-AS, AquasolveTM LG MW 114,700 g/mol) and  EC (AqualonTM N50 

MW 160,000 g/mol; AqualonTM N7 MW 65,000 g/mol) (All acquired from Ashland, 

Alfreton, UK), EC N20 (ETHOCELTM 20 premium – Dow Pharmaceutical Sciences,  NJ, 

US), PEO (PEO 1M, MW 1,000,000 g/mol - Sigma-Aldrich, Poole, UK; PEO 7M, PolyoxTM 

303 MW 7,000,000 g/mol - DuPontTM, DE, US), Kollidon® SR (KSR, Polyvinyl acetate 

(MW 450,000 g/mol) - Polyvinylpyrrolidone (MW 50,000 g/mol) co-polymer - BASF, 

Ludwigshafen, Germany), KIR (Co-polymer of PVA and polyethylene glycol, MW 

45,000 g/mol - BASF, Ludwigshafen, Germany), Soluplus® (graft co-polymer of 

polyethylene glycol (13%), polyvinyl caprolactam (57%) and polyvinyl acetate (30%), 

MW ranging from 90 - 140,000 g/mol - BASF, Ludwigshafen, Germany), PVA (PSR, 

Parteck® SRP 80 - Merck, Darmstadt, Germany), Povacoat® (POV, co-polymer of PVA, 
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acrylic acid and methyl methacrylate, Type F MW 40,000 g/mol; Type MP MW 40,000 

g/mol – Daido Chemical Corp, Osaka, Japan), Polycaprolactone (PCL, CapaTM 6506 MW 

50,000 g/mol – Perstop Specialty Chemicals AB, Malmö, Sweden), sodium starch 

glycolate (SSG, Expoltab® CLV, Type A – JRS pharma, Rosenberg, Germany), 

pregelatinised potato starch (PPS, Prejel® 5PH - DFE Pharma, Goch, Germany), 

Eudragit® (EUD, Eudragit® L100-55, Poly(methacrylic acid-co-ethyl acrylate) 1:1 co-

polymer, MW 320,000 g/mol; Eudragit® L100, Poly(methacrylic acid-co-methyl 

methacrylate) 1:1 co-polymer, MW 125,000 g/mol; and Eudragit® FS100, 

Poly(methacrylic acid-co-methyl methacrylate) 1:2 co-polymer, MW 125,000 g/mol – 

Evonik industries, Essen, Germany), guar gum (MW 535.15 g/mol - Sigma-Aldrich, 

Poole, UK), acacia gum (Merck, Darmstadt, Germany) and xanthan gum (Sigma-

Aldrich, Poole, UK) were used as the matrix polymers.  

 

Other excipients included, triethyl citrate (TEC - Sigma-Aldrich, Poole, UK), 

methyl paraben (MP, NF grade - VWR International Ltd., Leicestershire, UK) and 

Parteck® mannitol (Parteck® Delta M, MW 182.17 g/mol - Merck, Darmstadt, Germany) 

as plasticisers and MgSt (Sigma-Aldrich, Poole, UK), polyethylene glycol (PEG, MW 

8000 g/mol - Sigma-Aldrich, Poole, UK) and glycerol monostearate (GM - Alfa Aesar, 

MA, UK) as lubricants. Candurin® Red Sparkle and Candurin® Gold Sheen (Potassium 

aluminum silicate, titanium dioxide, iron oxide – both from Merck, Darmstadt, 

Germany) were added as colourants in the soluble FDM filaments and SLS 

formulations, respectively. Methanol (absolute, ≥99.8% (GC) - Honeywell, Charlotte, 

NC, US) was used for the drug content analyses. HCL Solution (5M – Fisher scientific, 

NH, US) was used for the preparation of the acid phase dissolution medium. The salts 
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used in the preparation of the buffer dissolution medium were purchased from VWR 

International Ltd., Leicestershire, UK. 

 

5.2.2. 3D shape design 

To design the 3D shapes of the GRPs, a computer-aided design (CAD) software, 

123D Design (Version 14.2.2 - Autodesk Inc., San Rafael, CA, US) was utilised. The 3D 

designs were exported as .stl files and loaded into each printer’s designated software. 

For preliminary studies, a four-arms device with a length of 35 mm x a width of 35 mm 

x a thickness of 1.25 mm was adapted (Figure 5.10). The dimensions were based on 

the capacity of a size 0 capsule shell. 

 

 

Figure 5.10. 3D design and dimensions adapted for preliminary testing of the 

gastroretentive printlets (GRPs). 
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5.2.3. SLS 3D printing 

To prepare the powders, they were passed through a sieve with 150 µm pore size 

(Particle size: 100 mesh) prior to their use to yield particles with sizes optimum for 

sintering as recommended by the printer’s manufacturer [163]. For all the 

investigated formulations, 100 g of powder mixture, consisting of a drug, polymer and 

colourant, were mixed using a mortar and pestle (Table 5.1). The inclusion of the 

colourant was to improve the energy absorption from the laser and ensure good 

printability. This was mainly because both, the drug and polymers, were white in 

colour and cannot absorb at the laser wavelength (λ = 445 nm). A plasticiser was 

included into some of the formulations to aid in enhancing the flexibility of the GRPs. 

The powder mixture was directly transferred into the reservoir platform (150 mm × 

30 mm × 150 mm) of a desktop SLS printer (Sintratec Kit, AG, Brugg, Switzerland). At 

the start of each layer, powder in the reservoir platform of the printer was moved to 

the building platform (150 mm × 30 mm × 150 mm) by a roller, producing a flat layer 

of powder ready for printing. The laser scanning speed, chamber and surface 

temperatures were different for each formulation (Table 5.1).  At the start of each 

layer, a 2.3 W blue diode laser was activated to consolidate the powder particles in 

the building platform based on the .stl file. As each layer was completed, the reservoir 

platform moved up and the building platform moved down, allowing for a new layer 

of powder to be added. This process was repeated layer-by-layer until the completion 

of printing. The powder in the building platform was then removed and the GRPs were 

retrieved. For each batch, one device was printed at a time.
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Table 5.1. Compositions and printing parameters of the SLS formulations. 

Polymer matrix (%w/w) * Plasticiser (%w/w) Chamber temperature (°C) Surface temperature (°C) Laser scanning speed (mm/s) 

92% PEO 1M - 20 40 50 

92% PEO 7M - 20 40 50 

92% EC N7 - 100 120 100 

92% PCL - 20 40 100 

92% HPC LF - 60 80 100 

92% EUD L100-55 - 90 110 100 
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Table 5.1. Compositions and printing parameters of the SLS formulations – (Continued). 

Polymer matrix (%w/w) * Plasticiser (%w/w) Chamber temperature (°C) Surface temperature (°C) Laser scanning speed (mm/s) 

92% KSR - 60 80 100 

92% KIR - 110 130 75 

87% KIR 5% MP 100 120 100 

82% KIR 10% MP 100 120 100 

72% KIR 20% MP 100 120 100 

87% KIR 5% mannitol 100 120 100 
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Table 5.1. Compositions and printing parameters of the SLS formulations – (Continued). 

Polymer matrix (%w/w) * Plasticiser (%w/w) Chamber temperature (°C) Surface temperature (°C) Laser scanning speed (mm/s) 

82% KIR 10% mannitol 100 120 100 

72% KIR 20% mannitol 100 120 100 

87% KIR 5% TEC 100 120 100 

*All formulations contained 5% (w/w) paracetamol and 3% (w/w) Candurin® Gold Sheen.
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5.2.4. Filaments preparation using HME 

To prepare drug-loaded filaments suitable for FDM 3D printing, HME was 

employed. A 50 g mixture consisting of the drug and excipients was prepared for each 

formulation. The powders were mixed together using a mortar and pestle to obtain a 

homogenous blend. Subsequently, the powder mixture was loaded into the hopper of 

a single screw hot melt extruder (Noztec Pro - Noztec, West Sussex, UK), where the 

screw rotated at a speed of 15 rpm. The extrusion temperatures ranged between 60 - 

150 °C, depending on the Tg and melting temperatures of the polymers. Depending on 

the properties of the individual polymers, a nozzle size ranging between 1.3 - 1.7 mm 

was selected to obtain filaments having a final diameter of 1.75 mm, which is the 

optimum diameter required for FDM 3D printing. The diameter of the extruded 

filaments was measured using a digital Caliper (Fowler ProMax – Fowler High 

Precision, MA, US). The produced filaments were sealed and stored in a vacuum 

desiccator to remove any trapped form of moisture. 

 

5.2.5. FDM 3D printing 

The 3D designs were printed using a MakerBot Replicator 2X 3D printer 

(MakerBot Inc., NY, US), with a dual-nozzle setup (nozzles diameters = 0.2 mm). The 

printing parameters were set as follows: medium resolution (e.g., layer height 0.2 

mm), travelling speed = 15 mm/s, extrusion speed = 90 mm/s, number of shells = 2 

and infill percentage = 100%. As for the printing temperature, platform temperature 

and usage of rafts, these settings varied depending on the formulations and are 

outlined in the respective tables. For some formulations, double-sided tape (Tesa® 
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64621 transparent double-sided tape 12mm x 50m - Tesa®, Milton Keynes, UK) was 

applied to the surface of the printing platform to improve adhesion. The insoluble and 

soluble formulations that were investigated for dual FDM 3D printing and the printing 

parameters utilised are summarised in Table 5.2 and Table 5.3, respectively. For the 

singular FDM 3D printing approach, the investigated formulations, along with the 

printing parameters that were used, are listed in Table 5.4. For the preliminary 

designing of the 3D shapes used for dual FDM  3D printing, thermoplastic 

polyurethane (TPU, Ninja flex® Pink, 1.75 mm – NinjaTek, PA, US) was used to print 

the insoluble regions and PVA (1.75 mm - Shenzhen Esun Industrial Co., Shenzen, 

China) was used to print the soluble regions. For the studies involving the soluble 

region of the dual FDM 3D printing, the insoluble regions were printed using 

commercial acrylonitrile butadiene styrene filaments (ABS, white colour, 1.75 mm 

diameter – MakerBot Inc., NY, US). For each batch, one device was printed at a time.  

 

5.2.6. DPE 3D printing 

A 10 g powder blend was weighed and mixed using a mortar and pestle until 

homogenous mixture was obtained. The composition of the formulation evaluated in 

using DPE 3D printing is listed in Table 5.5. The powder mixture was poured into the 

hopper of the M3DIMAKER™ 3D printer (FabRx Ltd., London, UK), wherein the DPE 

nozzle head (nozzle diameter = 0.4 mm) was used [101]. The printing parameters were 

set as follows: Feed rate = 2100 steps/mm, infill percentage = 100%, high printing 

resolution (layer height 0.2 mm), no brim, no raft, speed while extruding = 20 mm/s, 

speed while travelling = 90 mm/s and number of shells = 2.  Double-sided tape was 
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used to hold the GRPs in their place during the printing process. For each batch, one 

device was printed at a time.
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Table 5.2. Compositions and printing parameters of the insoluble FDM formulations investigated for dual FDM 3D printing. 

Polymer matrix (% w/w) * Plasticiser (% w/w) Lubricant (% w/w) Extrusion Temperature (°C) Printing /Platform Temperature (°C) 

75% PCL 15% mannitol 5% PEG 8000 60 - 

65% PCL 25% mannitol 5% PEG 8000 60 85 / 40 

65% PCL; 25% PEO 7M - 5% PEG 8000 - - 

65% PCL; 25% EC N7 - 5% PEG 8000 - - 

65% PCL; 25% HPC EF - 5% PEG 8000 65 80 / 40 

65% PCL; 25% PPS - 5% PEG 8000 65 85 / 40 

65% PCL; 25% SSG - 5% PEG 8000 65 85 / 40 

65% PCL; 25% guar gum - 5% PEG 8000 65 85 / 40 

65% PCL; 25% acacia gum - 5% PEG 8000 65 85 / 40 

65% PCL; 25% xanthan gum - 5% PEG 8000 65 85 / 40 
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Table 5.2. Compositions and printing parameters of the insoluble FDM formulations investigated for dual FDM 3D printing – (Continued). 

Polymer matrix (% w/w) * Plasticiser (% w/w) Lubricant (% w/w) Extrusion Temperature (°C) Printing /Platform Temperature (°C) 

45% PCL; 45% guar gum - 5% PEG 8000 70 105 /40 

45% PCL; 45% acacia gum - 5% PEG 8000 65 105 /40 

45% PCL; 45% xanthan gum - 5% PEG 8000 65 105 /40 

75% HMPC-AS 15% TEC 5% PEG 8000 125 - 

75% POV F 15% mannitol 5% PEG 8000 - - 

75% POV MP 15% mannitol 5% PEG 8000 - - 

75% POV MP 15% TEC 5% PEG 8000 - - 

75% EUD L100-55 10% mannitol 10% GM 125 - 

75% EUD L100 10% mannitol 10% GM 125 - 

75% EUD FS100 10% mannitol 10% GM 125 - 

65% EUD FS100 20% mannitol 10% GM 125 185 / 40 

*All the formulations contained 5% w/w paracetamol. 
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Table 5.3. Compositions and printing parameters of the soluble FDM formulations investigated for dual FDM 3D printing. 

Polymer matrix (% w/w) * Plasticiser (% w/w) Lubricant (% w/w) Extrusion Temperature (°C) 
Printing /Platform 

Temperature (°C) 

65% KSR 25% TEC 4.5% MgSt - - 

65% KSR 25% mannitol 4.5% MgSt 80 - 

80% PSR 10% mannitol 4.5% MgSt 150 - 

40% KSR; 40% PSR 10% mannitol 4.5% MgSt 125 185 /60 

40% KSR; 40% PSR 10% TEC 4.5% MgSt 100 - 

35% KSR; 35% PSR 10% mannitol; 10% TEC 4.5% MgSt 100 - 

35% KSR; 35% PSR; 10% SSG 10% mannitol 4.5% MgSt 125 - 

35% KSR; 35% PSR; 10% Soluplus 10% mannitol 4.5% MgSt 130 - 

80% PEO 1M 10% mannitol 4.5% MgSt - - 

80% PEO 7M 10% mannitol 4.5% MgSt 115 - 
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Table 5.3. Compositions and printing parameters of the soluble FDM formulations investigated for dual FDM 3D printing – (Continued). 

Polymer matrix (% w/w) * Plasticiser (% w/w) Lubricant (% w/w) Extrusion Temperature (°C) 
Printing /Platform 

Temperature (°C) 

75% HPMC K4M 15% mannitol 4.5% MgSt - - 

75% HPMC K100PH 15% mannitol 4.5% MgSt - - 

75% HPC EF 15% mannitol 4.5% MgSt 100 150 / 60 

75% HPC ELF 15% mannitol 4.5% MgSt 100 - 

75% HPC LF 15% mannitol 4.5% MgSt 100 - 

37.5% HPC EF; 37.5% HPMC K4M 15% mannitol 4.5% MgSt 115 - 

37.5% HPC EF; 37.5% HPMC K100LV PH 15% mannitol 4.5% MgSt 110 150 / 40 

40% HPC EF; 40% PEO 7M 10% mannitol 4.5% MgSt 95 165 / 40 

40% HPC EF; 40% PEO 7M 10% TEC 4.5% MgSt - - 
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Table 5.3. Compositions and printing parameters of the soluble FDM formulations investigated for dual FDM 3D printing – (Continued). 

Polymer matrix (% w/w) * Plasticiser (% w/w) Lubricant (% w/w) Extrusion Temperature (°C) 
Printing /Platform 

Temperature (°C) 

60% HPC EF; 15% EC N7 15% mannitol 4.5% MgSt 115 150 / 60 

60% HPC EF; 15% EC N20 15% mannitol 4.5% MgSt 105 - 

60% HPC EF; 15% EC N50 15% mannitol 4.5% MgSt 115 - 

*All the formulations contained 5% (w/w) paracetamol and 0.5% (w/w) Candurin® Red Sparkle. 
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Table 5.4. Compositions and printing parameters of the FDM formulations investigated for singular FDM 3D printing. 

Polymer matrix (% w/w) * Paracetamol (% w/w) Plasticiser (% w/w) Extrusion Temperature (°C) 
Printing /Platform 

Temperature (°C) 

80% EUD FS100 10% - 105 - 

65% EUD FS100 10% 15% MP 105 - 

55% EUD FS100 10% 15% MP; 10% mannitol 105 - 

65% EUD FS100 10% 5% MP; 10% mannitol 105 185 / 40 

50% EUD FS100 25% 5% MP; 10% mannitol 105 180 / 40 

25% EUD FS100 50% 5% MP; 10% mannitol 110 150 / 40 

*All formulations contained 10% w/w MgSt. 

 

 



 216 

Table 5.5. Composition and printing parameters of the formulation investigated for DPE 3D printing. 

Polymer matrix 

(% w/w) 

Drug 

(% w/w) 

Plasticiser 

(% w/w) 

Lubricant 

(% w/w) 

Printing Temperature 

(°C) 

Platform Temperature 

(°C) 

50% EUD FS100 25% paracetamol 5% MP; 10% mannitol 10% MgSt 160 40 
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5.2.7. Programming into the temporary conformation 

To enable the insertion of the GRPs into capsule shells, the devices were folded 

into a temporary shape small enough to fit inside gelatine capsule shells (Capsugel® 

size 0 and size 000 – Lonza, NJ, US) (Figure 5.11). The folding process took place at an 

elevated temperature higher than the Tg of the polymer blend. The devices were 

placed on a petri dish and heated using a laboratory incubator (Benchtop TS 8024, 

Tritec®, Hüttenstraße, Hannover, Germany) for 2 min. The GRPs were then taken out 

and folded. Once folded, the GRPs were then rapidly cooled at -20 °C, to ensure the 

shape fixation. Finally, the folded devices were inserted inside an empty capsule shell. 

 

 

Figure 5.11. Graphical illustration of the steps undertaken to program the GRPs into 

their temporary conformation. 

 

5.2.8. Shape recovery 

To test the ability of the GRPs to revert back from their temporary 

conformations into their permanent forms, the encapsulated devices (n=3) were 

placed in a simulated gastric medium. The medium was composed of 750 mL 0.1 M 
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HCL (pH 1.2), whilst stirred at a rate of 50 rpm and heated to 37 °C ± 0.5 °C. To calculate 

the percentage of shape recovery, the following equation was used (Eq. 5.1): 

 

%	#ℎ%&'	(')*+'(, = 	 .'%/	01%.'2'(	%32'(	(')*+'(,01%.'2'(	4'3*('	&(*5(%..1/5 	× 	100 

(Eq. 5.1) 

 

5.2.9. In vitro dissolution testing  

The drug release profiles of the printlets were evaluated using a USP-II paddle 

apparatus (PTWS 100 - Pharmatest, Haiburg, Germany). The speed of the paddles was 

set at 50 rpm with a temperature of 37 °C ± 0.5 °C. To mimic gastric pH, the GRPs (n=3) 

were placed in 750 mL of 0.1 M HCL (pH 1.2) until the drug was completely released. 

Following the complete drug release, the insoluble fragments were transferred into 

950 mL of mHanks (36.9 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) bicarbonate 

physiological medium for 35 min (pH 5.6 to 7) [169]. Subsequently, 50 mL of pre-Kreb’s 

buffer (400.7 mM NaHCO3 and 6.9 mM KH2PO4) was added to each dissolution vessel, 

forming an in-situ modified Kreb’s buffer (1000 mL) (pH 7 to 7.4 and then to 6.5) [170]. 

The initial 3.5 h dissolution in the bicarbonate buffer media (Hanks and Krebs buffers, 

pH 5.6 - 7.4) mimicked the transit time in the small intestine, whilst the following drop 

in the buffer pH to 6.5 mimicked the transit time in the colonic region. Both conditions, 

along with the change in the pH values, simulated fasting GI tract conditions. The 

composition of the bicarbonate buffer was prepared with reference to the 

composition of the human intestinal fluids [9, 169, 171]. 
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The pH of the buffer solutions was controlled via an Auto pH SystemTM [172, 

173] that consisted of a pH probe (DPD1R1.99 - Hach®, Manchester, UK) connected to 

sources of CO2 (a pH-reducing gas) and helium (a pH-increasing gas) gases that were 

regulated through a control unit. Because the bicarbonate buffer is typically unstable 

and its pH changes with the course of time, the control unit was responsible for 

dynamically adjusting the pH and to ensure constant pH values are maintained during 

the study. Because the medium was primarily a bicarbonate buffer in which HCO3− and 

H2CO3 co-existed in equilibrium, to decrease the pH of medium, CO2 was purged into 

the solution, thus forming H2CO3, whereas, to increase the pH of the medium, helium 

was used to displace the dissolved CO2 from the solution. The percentage of drug 

released was obtained using an in-line UV spectrophotometer (Cecil 2020 - Cecil 

Instruments Ltd., Cambridge, UK) at 244 nm and the data were analysed using the 

Icalis software (Version 2.11.16 - Icalis Data Systems Ltd, Berkshire, UK). 

 

5.2.10. Drug loading 

The printlets (n=3) were dissolved in 500 mL of 0.1% NaOH solution under 

magnetic stirring until complete dissolution. Samples of solution were diluted using 

phosphate buffer (pH 6.8) at a ratio of NaOH solution: phosphate buffer 1:9. The drug 

solutions were then filtered through 0.22 μm filters (Millipore Ltd., Cork, Ireland) and 

the drug concentrations were determined using HPLC (Hewlett Packard 1050 Series 

HPLC system - Agilent Technologies, Cheshire, UK). The validated HPLC assay entailed 

injecting 10 µL samples for analysis, using a mobile phase consisting of (A) 15% 
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methanol and (B) 85% deionised water, through an Eclipse plus C18 3.5 µm column, 

4.6 × 150 mm (Zorbax, Agilent technologies, Cheshire, UK), maintained at 40 °C. The 

mobile phase was pumped at a flow rate of 1 mL/min. The eluents were screened at 

a wavelength of 244 nm. 

 

5.2.11. Swelling percentage 

To study the swelling behaviour of the polymers, the masses of the GRPs (n=3) 

prior to their programming and following the completion of the drug release studies 

were recorded, wherein the swelling percentage of each device was calculated using 

the following equation (Eq. 5.2): 

 

#9'::1/5	&'()'/2%5' = 	31/%:	.%;; − 	1/121%:	.%;;1/121%:	.%;; 	× 	100 

(Eq. 5.2) 
 

5.2.12. Funnel testing 

A custom experimental setup was developed to understand the transit of the 

GRPs through a simulated pylorus [317]. A polypropylene funnel (10 cm upper 

diameter x 2 cm lower diameter) simulated the pyloric sphincter and was clamped to 

the bottom of an Instron machine (Model 5567 - Instron®, MA, US) (Figure 5.12). The 

GRPs were soaked in 0.1 M HCL (pH 1.2) for 30 min and then placed into the funnel. A 

custom-made rod-shaped plunger (diameter 1.5 cm) was connected to the tension 

head of the Instron and was used to push the device through the funnel by moving 

down at a rate of 1 mm/s, wherein the force and displacement were recorded. Data 
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were collected using the BlueHill software (Version 2.00 - Instron®, MA, US). For the 

GRPs to resist gastric elimination, they should have a force of 1.5 N or more. 

 

 

Figure 5.12. Graphical illustration showing the experimental setup used for funnel 

testing. 
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5.2.13. Thermal analysis 

DSC was used to characterise the pure powders, powder mixtures of the 

formulations and the drug-loaded GRPs. The measurements were performed using a 

Q2000 DSC (TA instruments - Waters LLC, New Castle, DE, US) at temperatures ranging 

from 0 °C to 200 °C and a heating rate of 10 °C/min, wherein nitrogen (flow rate = 50 

mL/min) was used as a purge gas. The calibration of the cell constant and enthalpy 

was performed with indium (Tm = 156.6 °C, ∆Hf = 28.71 J/g), as instructed by the 

manufacturer. Data were collected using TA Advantage software for Q series (Version 

2.8.394 - TA instruments - Waters LLC, New Castle, DE, US) and analysed using TA 

Instruments Universal Analysis 2000 (Version 5.5.24 - TA instruments - Waters LLC, 

New Castle, DE, US). All the melting temperatures were reported as extrapolated 

onset, unless otherwise stated. Tzero aluminium pans and lids (TA instruments - 

Waters LLC, New Castle, DE, US) were used, where the mean sample sizes ranged 

between 3 – 5 mg.  

 

5.2.14. XRPD 

XRPD was used to characterise the crystallographic structures and physical 

properties of the pure drugs, polymers, powder mixtures and the GRPs. For the latter, 

3D printed discs (23 mm diameter × 1 mm height), composed the same formulations 

that were used for the printing of the printlets, were fabricated. The XRPD patterns 

were obtained using a Rigaku MiniFlex 600 (Rigaku, Wilmington, MA, US) with a Cu Kα 

as the X-ray source (λ = 1.5418 Å), wherein, an intensity of 15 mA and a voltage of 40 
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kV were applied. The angular range of data acquisition was at 5 – 45° 2θ, with a 

stepwise size of 0.02° and a speed of 2 °/min.  
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5.3.  Results and discussion 

5.3.1. SLS 3D printing 

SLS 3D printing was successfully utilised to print GRPs in the form four-arm 

devices (Figure 5.10). The design of an unfolding GRP plays a major role in its 

gastroretentive activity. Over the years, several geometries for unfolding GRDs have 

been proposed, including four-lobed, disc, four-limbed cross, ring and tetrahedron 

devices [330]. Herein, this 3D design was selected due to its ability of being easily 

folded into a temporary shape that is small enough to fit inside a capsule shell. Once 

in its permanent shape, the GRP should be big enough to be retained in the gastric 

region. As such, the length and width of the device should be larger than that of the 

pyloric sphincter (e.g., more than 20 mm [331]). Moreover, the selection of four arms 

was based on the fact that three arms or less would potentially pose a risk of 

premature ejection of the devices if one arm breaks, whereas the use of five arms or 

more would potentially block the pylorus and prevent food particles from being 

eliminated from the gastric region. 

 

Despite all of the SLS formulations being printable, only the KIR formulations 

were flexible. Nonetheless, the flexibility was not enough to allow bending the arms 

of the devices at a 90° angle. As such, attempts to improve the flexibility of the devices 

were made by adding different types of plasticisers, including MP, mannitol and TEC. 

At 5% and 10%, the flexibility of the devices improved, but not enough to enable the 

folding of the devices. No more than 5% TEC could be incorporated into the 

formulations due to the liquid nature of TEC, which made the powder sticky and 
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hindered its flow inside the printing platforms. At 20% MP and mannitol, the devices 

were no longer flexible, wherein there were apparent gaps in the printed devices, 

causing them to break immediately when attempting to fold them. 

 

The loose particle connections did not impart sufficient mechanical properties 

to allow bending the devices at a 90° angle. As such, the SLS technology was 

considered unsuitable for this application. Instead, a more suitable technology would 

involve the complete melting of the polymer matrix, which would soften it enough to 

enable changes in its structural morphology. 

 

5.3.2. Dual FDM 3D printing 

In this regard, the use of dual FDM printing was anticipated to provide 

mechanical properties suitable enough to allow changes in the structural morphology 

of the devices. Particularly, the use of two regions, an insoluble region, which is 

responsible for the shape memory effect and controlling the drug release, and a 

soluble region, responsible for the gastric residence time, could enhance the 

gastroretentive activity of the GRPs. Ideally, to maximise the efficiency and drug 

loading capacity of the GRPs, the drug should be incorporated in both regions. 

 

5.3.2.1. FDM 3D printing of insoluble region 

To select a suitable polymer matrix and enable optimisation of the individual 

formulations, the insoluble region was first investigated on its own using the same 3D 

design used for SLS 3D printing (Figure 5.10). The insoluble region plays a major role 
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in determining the gastroretentive activity of the device. This region is responsible for 

the shape transition between the temporary and permanent forms; thus, it should 

consist of a smart polymer matrix with shape memory effect. Additionally, the 

polymer should possess adequate elasticity to allow the folding of the device into a 

capsule, permitting its oral ingestion. Subsequently, upon its release from the capsule 

shell, it should be capable of recovering back to its permanent structure, preventing 

it from exiting the gastric region. Nevertheless, to avoid premature gastric emptying, 

the GRP should be robust enough to withstand the harsh gastric conditions, including 

the strong gastric motility, the presence of solid food particles and the low pH of the 

environment. However, owing to its insoluble nature, this region could potentially 

lead to intestinal obstruction when exiting the stomach region following the 

disintegration of the device. Therefore, it is preferable that this region dissolves at the 

intestinal pH. Different pH-independent (e.g., PCL) and enteric polymers (e.g., HPMC-

AS, POV and EUD) were explored. A summary of the tested formulations is shown in 

Table 5.2.  

 

5.3.2.1.1. PCL 

PCL is a biodegradable polymer with unique thermoplastic properties, 

including good toughness and flexibility [332]. Due to its low melting point (60°C) and 

low Tg (-60°C), PCL is very easy to process. Thus, filaments were easily extruded using 

PCL at 60°C. However, at 75% PCL, the filaments were too flexible, causing them to 

bend inside the liquefier of the printing head and leading to its blockage. At 65% PCL, 

the filaments had optimum rigidity and flexibility, allowing the GRPs to be printed at 

85°C. Due to the low Tg of PCL, the GRPs were programmed into the temporary 



 227 

configuration at room temperature. Once submerged in the dissolution medium, the 

devices instantly began recovering back to their permanent forms. Within 10 min, it 

was notable that the GRPs recovered 80.0% ± 3.8% of their original shapes (Figure 

5.13). The drug release from the devices was observed over a period of 24 h, during 

which they remained intact in the acidic medium and showed no signs of degradation 

(Figure 5.14). Following the complete drug release, the GRPs were tested under 

dynamic intestinal conditions, wherein no signs of degradation were observed either.  

 

 

Figure 5.13. Images of the 65% PCL formulation (left) in its temporary form and (right) 

its recovered form after being dissolved for 10 min in 0.1 M HCL (pH 1.2). 
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Figure 5.14. In vitro drug release profile from the 65% PCL formulation in 0.1 M HCL 

(pH 1.2). 

 

5.3.2.1.2. PCL mixed with PEO or celluloses 

Thus, in attempt to accelerate the degradation rate of the GRPs, PCL was mixed 

with different polymers, including PEO, EC, HPC, PPS, SSG, guar gum, Acacia gum and 

xanthan gum. Attempts to extrude the PCL with PEO failed, as the powder mixture 

was not extrudable. A similar effect was observed when PCL was mixed with EC, 

wherein the powder mixture was also unextrudable. Subsequently, the effect of 

incorporating HPC was studied. The PCL and HPC mixture was successfully extruded 

and printed at 65 °C and 80 °C, respectively. The GRPs retained their original shape 

memory properties, wherein an 81.4% ± 1.9% shape recovery was observed (Figure 

5.15A). Dissolution studies have shown that the device remained completely intact in 
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the acidic medium. However, it was noted that the drug release from the devices was 

significantly slower than that of the formulations with PCL alone, wherein the 

complete drug release was achieved within ~28 h (Figure 5.16). However, the devices 

still remained insoluble when transferred into the basic medium.  

 

 

Figure 5.15. Images of the (A) 65% PCL/25% HPC EF, (B) 65% PCL/25% PPS and (C) 65% 

PCL/25% SSG formulations in their (left) temporary forms and (right) recovered forms 

after being dissolved for 10 min in 0.1 M HCL (pH 1.2). 



 230 

 

Figure 5.16. In vitro drug release profiles from the 65% PCL/25% HPC EF, 65% PCL/25% 

PPS and 65% PCL/25% SSG formulations in 0.1 M HCL (pH 1.2). 

 

5.3.2.1.3. PCL mixed with starch 

Previous studies have shown that the degradation rate of PCL can be 

accelerated using starch [333]. Thus, incorporating two forms of starch, SSG and PPS, 

was attempted. In addition, both of these excipients are commonly used as 

disintegrants [334]. Disintegrants are known for their high attraction to water 

molecules, allowing them to swell rapidly and excessively when exposed to an 

aqueous medium. Thus, their use was expected to further aid the GRPs recover back 

to their permanent forms. Both formulations were extruded with ease and the 

produced filaments had mechanical properties suitable for printing. GRPs were 

successfully printed using both filaments. It was apparent that the devices 
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incorporating PPS recovered 85.7% ± 0.3% of their permanent shapes (Figure 5.15B), 

whereas those incorporating SSG recovered 81.4% ± 1.6% of their permanent shapes 

(Figure 5.15C). In vitro drug dissolution studies have shown that the addition of PPS 

resulted in a slower drug release in comparison to the formulations with PCL alone. 

On the other hand, the incorporation of SSG resulted in a faster drug release when 

compared to the formulations with PCL alone (Figure 5.16). Nonetheless, both 

formulations remained intact in both the acidic and basic media. 

 

5.3.2.1.4. PCL mixed with natural gums 

Alternatively, the incorporation of different types of gums, including guar gum, 

acacia gum and xanthan gum, was investigated. Gums are naturally-occurring 

substances derived from plant sources. These excipients are characterised for being 

easily hydrated in the presence of water, producing thick, viscous gels. Gums have 

been extensively explored for their potential usage as sustained release matrices 

[335]. Different filaments incorporating two different concentrations of each gum, 

25% and 45% w/w, were prepared. All the filaments were easy to extrude and showed 

good printability. For the formulations containing xanthan gum, the shape recovery 

studies have shown the capability of the 25% and 45% formulations to recover back 

to 77.1% ± 7.6% and 80.1% ± 0.2% of their permanent shapes, respectively (Figure 

5.17A and B). Whereas, for the formulations containing acacia gum, it was shown that 

they can recover 84.3% ± 1.8% and 55.7% ± 2.0% of their permanent shapes, 

respectively (Figure 5.17C and D). In regard to the formulations containing guar gum, 

results have shown that the GRPs containing 45% guar gum recovered 98.6% ± 2.0% 

of their permanent conformations, whereas those with 25% guar gum only recovered 
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91.4% ± 0.3% of their shapes (Figure 5.17E and F). As such, of the fabricated GRPs, 

those incorporating guar gum have shown to have the most superior shape recovery 

properties compared to the GRPs with other gums. In vitro drug dissolution studies 

have shown that the higher amounts of gums resulted in a significant acceleration in 

the drug release, wherein the complete drug release was achieved within ~2 - 4 h 

(Figure 5.18). On the other hand, the lower gum concentrations have shown to exhibit 

sustained drug release, with the formulation containing xanthan gum achieving a 

complete drug over a period of 24 h, whilst the formulations containing guar and 

acacia gums released only 70.4% ± 0.4% and 67.6% ± 1.0% of paracetamol after 24 h. 

Nevertheless, all the GRPs remained intact following their transfer into the basic 

medium.  
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Figure 5.17. Images of the (A) 65% PCL/25% xanthan gum, (B) 45% PCL/45% xanthan 

gum, (C) 65% PCL/25% acacia gum, (D) 45% PCL/45% acacia gum, (E) 65% PCL/25% 

guar gum and (F) 45% PCL/45% guar gum formulations in their (left) temporary forms 

and (right) recovered for forms after being dissolved for 10 min in 0.1 M HCL (pH 1.2). 
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Figure 5.18. In vitro drug release profiles from the 65% PCL/25% xanthan gum, 45% 

PCL/45% xanthan gum, 65% PCL/25% acacia gum, 45% PCL/45% acacia gum, 65% 

PCL/25% guar gum and 45% PCL/45% guar gum formulations in 0.1 M HCL (pH 1.2). 

 
5.3.2.1.5. HPMC-AS 

Since none of the PCL formulations were soluble under intestinal conditions, 

the use of pH-independent polymers was considered unsuitable for this application, 

as there is a high risk that if the formulations pass into the intestinal regions, they may 

lead to intestinal blockage. Instead, different enteric polymer including, HPMC-AS, 

POV and EUD, were investigated. HPMC-AS is a non-ionic pH-dependent polymer 

often used in delayed release formulations [336]. Depending on its MW and particle 

size, HPMC-AS is classified into different grades. In this study, the LG grade of HPMC-



 235 

AS was investigated. The filament was successfully extruded at 125 °C with optimum 

diameter and flexibility. However, the printing process was rather challenging, as the 

polymer needed high temperatures to melt. The elevated temperature made the 

filament very sticky, causing it to stick to the tip of the nozzle and preventing it from 

attaching to the platform. Thus, the printing process required the use of double-sided 

tape to help hold the GRPs in their place. It should be not though that use of the 

double-sided is not possible in practice as it does not abide with GMP requirements 

and is not suitable for pharmaceutical use. Instead, its use could be potentially avoided 

by printing a brim or raft, both of which aid in holding the printed objects in positions 

during FDM 3D printing. Attempts to program the GRPs into a temporary form did not 

prove successful, as applying minimal heat was not sufficient enough to enable the 

folding of the devices without breaking them, whilst increasing the heat resulted in 

the shrinkage of the GRPs. 

 

5.3.2.1.6. POV 

POV is a thermoplastic co-polymer consisting of a combination of water-

soluble polymers (e.g., PVA and acrylic acid) and an enteric polymer (e.g., methyl 

methacrylate). Depending on the average particle diameter, POV is subclassified into 

different types. In this study, two types, namely type F and type MP, were 

investigated. Type MP with a particle diameter of 0.125 mm was unextrudable. This 

was mainly because the powder could not flow properly inside the extruder’s barrel. 

To aid with the extrusion, attempts to incorporate TEC as a plasticiser instead of 

mannitol were made.  However, no improvement was observed. Type F (particle 

diameter = 1.5 mm) on the other hand, was extruded with ease. Unfortunately, due 
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to the excessive brittle nature of the produced filament, the GRPs could not be 

printed. This indicated that the POV polymers were not suitable for this application 

either. 

 

5.3.2.1.7. EUD polymers 

Subsequently, the EUD polymers, which are co-polymers comprising esters of 

acrylic and methacrylic acid [337], were explored. Depending on the functional 

groups, EUD polymers are classified into different grades, with each exhibiting unique 

physicochemical properties. EUD L and S grades are specially designed for enteric drug 

release. Thus, these polymers remain intact in the gastric regions and dissolve at 

intestinal pH. In this study, three different EUD polymers, including (A) EUD L100 

(dissolves at pH above 5.5 – in the duodenum), (B) EUD L100-55 (dissolves at pH 6-7 – 

in the jejunum) and (C) EUD FS100 (dissolves at pH above 7 – in the ileum). Although 

these polymers were extrudable, none of the produced filaments were suitable for 

printing. A common problem encountered with all the three grades was the extensive 

swelling of the polymers upon heating. Thus, the filaments were extruded with 10% 

lubricant instead of the 5% used with all the previous formulations. Moreover, GM 

was used as the lubricating agent instead of PEG 8000, as GM has previously shown 

to facilitate the thermal processing of the EUD polymers [338]. Moreover, it has been 

suggested that the addition of GM to EUD matrices increases the hydrophobicity of 

the EUD polymers, thus, slowing down the drug release in low pH environments [339, 

340]. Nonetheless, the produced filaments were extremely thick, hindering their 

loading into the printer’s nozzle. Of the three filaments, the EUD FS100 filaments 

displayed the least variation in diameter. As such, attempts to increase the mannitol 
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content to help reduce the swelling effect was made. Interestingly, the 65% EUD 

FS100 with 20% mannitol filaments have shown improvement over the 75% EUD 

FS100 with 10% mannitol filaments, wherein higher consistency in the filaments’ 

diameter was observed. The filaments required processing three times inside the 

extruder to obtain an optimum and completely consistent diameter of 1.75 mm. The 

extruded filaments were successfully extruded at 185 °C, wherein the devices were 

programmed at 40 °C. The shape recovery studies have shown that this formulation 

regains 87.1% ± 12.0% of its original shape (Figure 5.19). In vitro drug dissolution 

studies have shown that the GRPs exhibit an extended drug release profile, wherein 

71.9% ± 2.4% paracetamol was released over a period of 7 days (Figure 5.20). The 

devices remained intact throughout the dissolution period. Once subjected to 

dynamic intestinal conditions, the GRPs completely dissolved within ~40 - 50 min 

following their subjection to pH 7.0 (~76 – 86 min after they exit the gastric region). 

As such, it is likely that if the devices break inside the gastric region and are excreted 

into the intestinal region, they will not cause intestinal blockage and will naturally 

degrade in the ileum. Therefore, the 65% EUD FS100 with 20% mannitol formulation 

was considered suitable for the insoluble region of the GRPs. 
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Figure 5.19. Images of the 65% EUD FS100 with 20% mannitol formulation in its (left) 

temporary form and (right) recovered form, after being dissolved for 10 min in 0.1 M 

HCL (pH 1.2). 

 

 

Figure 5.20. In vitro drug release profiles from the 65% EUD FS100/20% mannitol 

formulations in 0.1 M HCL (pH 1.2). 

 

Herein, the overall masses of most of the devices ranged between 280 – 360 

mg, indicating that a 5% drug loading would be too low and as such, the device 
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dimensions and percentage of drug loading should be increased in the following 

studies. 

 

5.3.2.2. 3D shape design for dual FDM 3D printing 

As the original 3D design was based on a single material, it required 

modifications to enable the inclusion of the soluble regions. To permit rapid 

prototyping and exclude any printing difficulties relating to extruded filaments, the 

preliminary 3D designs were printed using commercial filaments. The insoluble 

regions, which were responsible for the shape-memory effect, were printed using 

TPU, whereas the soluble regions were printed using PVA.  

 

Initially, the easiest approach involved modifying the four-arm structure used 

in the previous studies (Figure 5.21).  As such, four breaking points were designed to 

represent the soluble regions, whilst the remainder was the insoluble regions. 

Moreover, the 3D design was enlarged to fill and fit into a size 000 capsule shell, 

wherein the new dimensions were 52 mm in length x 52 mm in width x 1.25 mm in 

height. The size of the device was increased in an aim to increase the drug loading 

capacity. Although the GRPs were printable, upon trying to fold them inside the 

capsule shell, the arms were not stable and broke off easily. In addition, due to the 

small size of the soluble regions, they dissolved within less than 30 min. Moreover, it 

was noticed that a large space remained empty inside the capsule shell. Therefore, 

there was room to increase the dimensions of the GRP, which could potentially retard 

the dissolution of the soluble regions, improve the mechanical properties of the 

devices and increase the drug loading capacity.  
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Figure 5.21. 3D design of a four-arm shape suitable for dual FDM printing, wherein 

the yellow and blue colours represent the soluble and insoluble regions, respectively. 

 

Thus, to allow a higher drug loading, the soluble parts were extended, and the 

overall thickness of the shape was increased (Figure 5.22). This did not affect the 

programming of the GRPs, as the shape base, which is responsible for the shape 

transformation mechanism, still consisted of the same insoluble part. 
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Figure 5.22. Second 3D design of the four-arm shape suitable for dual FDM printing, 

wherein the yellow and blue colours represent the soluble and insoluble regions, 

respectively. 

 

However, in vitro testing has shown that the dissolution rate did not improve 

and the GRPs still dissolved within less than 30 min. Moreover, the rounded surface 

of the arms prevented the shape from being held in its temporary form. Thus, arms 

with a prism configuration were designed instead. With the defined edges, the four 

arms were easy to fold into a square shape. Moreover, to delay the dissolution of the 

soluble regions, the latter was enclosed within an insoluble shell (Figure 5.23). In each 

arm, small sections of the soluble region were kept exposed, to allow contact between 

the soluble region and the gastric medium. Thus, the polymer erosion was controlled 

through the exposed parts. Moreover, this allowed the breaking of the GRPs into 

fragments small enough to pass through the intestinal tract.  
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Figure 5.23. Third 3D design of the four-arm shape suitable for dual FDM printing, 

showing (A) the soluble and insoluble regions combined and (B) the soluble region 

alone. The yellow and blue colours represent the soluble and insoluble regions, 

respectively. 

 
However, the new design was highly frail, and it broke apart during handling.  

This was mainly due to the higher mass of the arms as compared to the middle part, 

causing the middle part to disconnect from the arms. Therefore, the middle part was 

thickened using the insoluble material and the soluble opening was moved to the 

lateral sides of the GRP (Figure 5.24). This improved the overall rigidity of the GRP, 

A 
 
 
 
 
 
 
 
 
B 
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preventing the soluble and insoluble regions from disconnecting. Nonetheless, only a 

slight improvement in the dissolution of the soluble regions was observed, wherein 

the GRPs dissociated within ~60 min. But this was thought to be also related to the 

high water solubilty of PVA and thus, this 3D design was selected for studies with the 

soluble FDM formulations (Table 5.3). 

 

 

 

Figure 5.24. Final 3D design of the four-arm shape suitable for dual FDM printing, 

showing (A) the soluble and insoluble regions combined and (B) the soluble region 

A 
 
 
 
 
 
 
 
 
B 
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alone. The yellow and blue colours represent the soluble and insoluble regions, 

respectively. 

            

5.3.2.3. FDM 3D printing of soluble region 

The key role of the soluble region is to ensure the safe ejection of the GRP from 

the gastric area following the complete drug release, by completely dissolving, causing 

the breakdown of the insoluble region into small fragments. It should be noted that 

for the preliminary studies, the insoluble regions were printed using commercial ABS 

filaments. This was because both the insoluble and soluble regions were drug-loaded 

and the aim was to investigate the individual behaviours of both regions separately. 

Moreover, re-formulating the insoluble region without the incorporation of the drug 

might have changed the extrudability and printability of the filaments. This would 

have necessitated the need for additional formulations steps, which requires time and 

resources. As such, the use of the ABS filaments was more feasible and favourable, 

since herein the aim was to investigate a soluble formulation with suitable dissolution 

and release characteristics. To achieve this, five different sustained release polymers, 

including KSR, PSR, PEO, HMPC and HPC, were investigated. To make it easier to 

visualise and inspect the printability of the soluble regions, a colourant, Candurin® Red 

Sparkle, was included in all the formulations. A summary of the formulations that were 

explored is shown in Table 5.3. 

 

KSR is a sustained release polymer that is composed of a mixture of polyvinyl 

acetate and povidone. Having shown pH-independent properties, this polymer was 
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considered suitable for use in the soluble region of the GRP. Two formulations 

incorporating two different plasticisers, TEC and mannitol, were prepared. The 

formulation containing TEC could not be extruded, whereas the formulation 

containing mannitol was successfully extruded at 80 °C. However, the filaments could 

not be used for printing, as they had a diameter of more than 2.5 mm and could not 

be loaded into the printing head. This was because during the extrusion process, it 

was noticed that this polymer swells excessively when subjected to heat. Attempts to 

lower the extrusion temperature failed. Yet, the thick filaments were very flexible and 

rigid. 

 

PSR is a sustained release matrix composed of PVA chains. Previous studies 

performed using this polymer have shown its strong pH-independence and alcohol 

resistance [341]. The PSR filaments were successfully extruded at 150 °C. Whilst the 

obtained filaments had an optimum diameter of 1.75 mm, their printing was hindered 

due to their excessive brittleness, causing them to break inside the liquefier of the 

printing head during the printing process. As the properties of the PSR filaments were 

completely opposite to the KSR filaments, it was interesting to investigate the effect 

of combining both polymers together. Thus, extruding a mixture incorporating equal 

amounts of both polymers was attempted. Three different formulations were 

prepared, wherein TEC, mannitol or a mixture of both was incorporated as a 

plasticiser. All the formulations were successfully extruded, and the resulting 

filaments were flexible and robust with optimum diameters of 1.75 mm. The 

formulations containing TEC and the TEC/mannitol mixture were too flexible, and 

thus, could not be printed because the filaments bent inside the liquefier of the nozzle. 
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As for the formulation with mannitol solely, it was successfully printed at 185 °C.  In 

vitro dissolution tests of the GRPs have shown their ability to provide a constant drug 

release over a maximum period of ~3 days (Figure 5.25). Nonetheless, following the 

complete drug release, these devices remained completely intact and showed no signs 

of disintegration, even though they were kept in the medium for an extra week.  

 

 

Figure 5.25. In vitro drug release profiles from the 40% KSR/40% PSR/10% mannitol 

formulations in 0.1 M HCL (pH 1.2). 

 

In an attempt to trigger the disintegration of the 40% KSR/40% PSR/10% 

mannitol formulation, the content of the formulation was adjusted by incorporating 

SSG. Although the mixture was successfully extruded at 125 °C, due to its excessive 

brittleness, it could not be used for printing. Alternatively, incorporating soluplus, a 

co-polymer composed of polyvinyl caprolactam, polyvinyl acetate and PEG, was 

attempted. Owing to its amphiphilic nature, this polymer is often used as a solubilising 
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agent [342-344]. The formulation was successfully extruded at 130 °C. However, the 

extruded filament was also brittle, making it unsuitable for printing. Thus, other 

polymers were explored instead. 

 

PEO is a non-ionic thermoplastic polymer that exists in several MWs, ranging 

between 100,000 - 8,000,000 g/mol, wherein the higher the MW, the stronger are the 

sustained release properties [333]. Owing to the hydration of the oxygen group in the 

ether moiety, this polymer is highly swellable in water, producing a thick viscous gel.  

Attempts to extrude filaments using PEO 1M and PEO 7M were made. Although 

temperatures up to 165 °C were utilised, it was impossible to extrude filaments 

incorporating PEO 1M. On the hand, the PEO 7M formulation was extruded with ease 

at 115 °C. The filament had a smooth surface and a consistent diameter of 1.75 mm. 

However, due to its excessive flexibility, attempts to print using it failed.  

 

HPMC is a cellulose derivative widely used in sustained release applications 

[333]. Upon its contact with water, the polymer swells and hydrates instantly, forming 

a viscous mass that releases the drug gradually.  In this study, two grades of HMPC, 

HPMC K4M and HPMC K100LV PH, were investigated. Nonetheless, both grades were 

unextrudable. 

 

HPC is a non-ionic polymer exhibiting high solubility in water and organic 

solvents [345]. Upon its contact with water, it produces a thick aqueous gel, releasing 

the drug in a slow, steady manner. Depending upon the viscosity and MWs of the 

particles, HPC is classified into different grades. The polymer exhibits strong 
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thermoplastic properties and has shown good FDM printability [93, 104, 122]. 

Different HPC grades, including LF, ELF and EF, were successfully extruded. The LF and 

ELF filaments suffered from excessive flexibility and thus, could not be utilised for 

printing. On the other hand, the HPC EF filament was printed with ease at 150 °C. In 

vitro dissolution studies have shown that drug release was achieved within 16 h 

(Figure 5.26). However, it was notable that the disintegration of the GRPs was initiated 

within ~4 h.  

 

 

Figure 5.26. In vitro drug release profiles from the 75% HPC EF formulations in 0.1 M 

HCL (pH 1.2). 

 

Thus, attempts to slow down the solubility of the HPC EF matrix by 

incorporating other excipients, including HPMC and PEO, was made. While both 

grades of HPMC have shown improved extrudability, the 37.5% HPC EF/37.5% HPMC 
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K4M filament was not printable.  This was mainly due its excessive brittleness, causing 

it to break instantly. On the other hand, the 37.5% HPC EF/37.5% HPMC K100LV PH 

filament was successfully utilised to print the GRPs at 150 °C. In vitro dissolution 

studies have shown that the drug was completely released within 10 h, making it 

faster than the original HPC formulation (Figure 5.27). Moreover, the GRPs 

disintegrated within ~3 h. 

 

 

Figure 5.27. In vitro drug release profiles from the 37.5% HPC EF/37.5% HPMC K100LV 

PH formulations in 0.1 M HCL (pH 1.2). 

 

As for PEO 7M, two formulations, incorporating either mannitol or TEC as 

plasticisers, were attempted.  The formulation with TEC was unextrudable, whereas 

the formulation with mannitol was successfully extruded at 95 °C and printed at 165 
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°C. In vitro drug dissolution studies have shown an extended drug release over 10 h 

(Figure 5.28), wherein the GRPs starting disintegrating within 6 h.  

 

 

Figure 5.28. In vitro drug release profiles from the 40% HPC EF/40% PEO 7M/10% 

mannitol formulation in 0.1 M HCL (pH 1.2). 

 

EC is a non-ionic polymer exhibiting high solubility in organic solvents, while 

being completely insoluble in water. Based on the different viscosities, EC is classified 

into different grades. The viscosity of EC is directly proportional to the length of the 

chains, whereby a higher viscosity denotes to a longer chain length. This polymer 

manifests strong thermoplastic properties making it stable at high extrusion 

temperatures. Three different grades of EC, including EC N7, EC N20 and EC N50, were 

considered. The EC N7 grade was successfully extruded at 115 °C and easily printed at 

a 150 °C. As for EC N20 and EC N50, although the formulations were extrudable, the 
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filaments were not printable. In vitro drug dissolution studies have shown that the 

GRPs exhibited extended drug release over a period of ~23 h (Figure 5.29). 

Nevertheless, in terms of the disintegration time, the improvement was minimal, 

wherein the disintegration of the GRPs was initiated after ~5 h. 

 

 

Figure 5.29. In vitro drug release profiles from the 60% HPC EF/15% EC N7 formulation 

in 0.1 M HCL (pH 1.2). 

 

In all the soluble formulations that were attempted, it was evident that the 

disintegration time of the devices was either too short (e.g., maximum 6 h) or the GRPs 

did not disintegrate at all. Thus, it was concluded that the short disintegration time of 

the GRPs was related to the 3D design of the devices rather than the formulation 

solely. Therefore, the dual FDM 3D printing approach, involving the use of a soluble 

and an insoluble region was considered unsuitable for this application. 
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5.3.3. Singular FDM 3D printing 

Instead, a different approach based on the use of a single insoluble region was 

adopted. Since the above-mentioned findings (Section 5.3.2.1) have shown that EUD 

FS100 had the highest potential to be retained in the gastric region for extended 

periods of time (e.g., over one week), it was selected as the main polymer matrix. 

Several attempts were made to increase the drug loading and improve the 

extrudability and printability of the formulations (Table 5.4). It was noticed that the 

best extrusion and printing is achieved when incorporating 5% MP and 10% Mannitol 

as plasticisers. Three different paracetamol concentrations, including 10%, 25% and 

50% paracetamol, were investigated.  

 

To allow comparison to the previous formulation, the GRPs were printed based 

on the 3D design shown in Figure 5.10. The GRPs displayed high uniformity in mass 

and no significant drug loss was observed (Table 5.6).  The 10%, 25% and 50% 

paracetamol GRPs were programmed at 40 °C, 60 °C and 100 °C, respectively. Findings 

have shown that the devices recovered 95.1% ± 0.3%, 90.5% ± 0.5% and 10.4% ± 0.8% 

of their permanent shapes, respectively (Table 5.6 and Figure 5.30). This indicated that 

at 50% paracetamol, the concentration of the polymer matrix was too low, and the 

shape memory effect was inhibited, preventing the GRPs from recovering to their 

permanent conformation. 
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Table 5.6. Characteristics of the EUD FS100 GRPs fabricated based on the singular FDM 3D printing approach. 

Paracetamol 

content (%w/w) 

Mass (mg) 

(Mean ± SD) 

Shape recovery (%) 

(Mean ± SD) 

Drug loading (%) 

(Mean ± SD) 

Swelling percentage (%) 

(Mean ± SD) 

Funnel test (N) 

(Mean ± SD) 

10% 257.7 ± 5.2 95.1 ± 0.3 98.9 ± 0.9 64.0 ± 0.8 4.7 ± 0.3 

25% 264.9 ± 12.3 90.5 ± 0.5 99.6 ± 0.4 38.3 ± 0.5 5.1 ± 0.6 

50% 266.3 ± 7.1 10.4 ± 0.8 95.7 ± 0.5 0* 1.2 ± 0.2 

*The values obtained were in the negative, representative of drug release and indicating the polymer did not swell.
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Figure 5.30. Images of the (A) 65% EUD FS100/10% paracetamol, (B) 50% EUD 

FS100/25% paracetamol and (C) 25% EUD FS100/50% paracetamol formulations (left) 

in their temporary forms and (right) recovered forms, after being dissolved for 10 min 

in 0.1 M HCL (pH 1.2). 

 

Funnel testing has shown that the 10% and 25% paracetamol formulations can 

be retained in the gastric regions, wherein values of more 1.5 N were obtained 

(Bellinger et al., 2016). The 50% paracetamol GRPs however, have shown that they 

can be easily eliminated from the gastric region with a force of 1.2 N ± 0.2 N. This low 
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value was attributed to the fact that the devices did not recover to their permanent 

forms, rendering them small enough to exit through the opening of the funnel. In vitro 

drug dissolution studies have shown that the GRPs incorporating 10% and 25% 

paracetamol exhibited similar drug release properties, wherein 63.8% ± 4.9% and 

60.7% ± 2.2% paracetamol was released after 7 days (Figure 5.31). The 50% 

paracetamol device on the other hand, displayed a more sustained effect and 52.7% 

± 0.3% paracetamol was released after 7 days. The GRPs remained intact under gastric 

conditions throughout the dissolution period, wherein the maximum drug release 

(91.3% ± 2.3%, 87.6% ± 1.2% and 79.9% ± 0.9%) was achieved within ~9, 10 and 13 

days from the 10%, 25% and 50% paracetamol GRPs, respectively. Following the 

maximum drug release, the GRPs were subjected to dynamic intestinal conditions, 

wherein they completely dissolved within ~40 - 50 min following its subjection to pH 

7 (~76 – 86 min after they exit the gastric region). As such, if the devices are excreted 

into the intestinal region, they will naturally degrade in the ileum.  
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Figure 5.31. In vitro drug release profiles from the 65% EUD FS100/10% paracetamol, 

50% EUD FS100/25% paracetamol and 25% EUD FS100/50% paracetamol formulations 

in 0.1 M HCL (pH 1.2). 

 

DSC and XRPD analyses of the drug, excipients, powder mixtures prior to 

printing and filaments/printlets, were performed to determine the physical state of 

the drugs and the degree of their incorporation within the polymers. Results from the 

DSC data showed that the raw paracetamol powder presented a melting endotherm 

at approximately 168 °C, suggesting that paracetamol was in form I [177] (Figure 5.32). 

DSC thermograms of MP and mannitol showed sharp endotherms at 127.1 °C and 

167.6 °C, respectively, corresponding to their melting temperatures and indicating 

they were in their crystalline forms [7, 334, 346, 347]. EUD FS100 displayed a broad 

endotherm at 55 °C, corresponding to solvent evaporation. All the filaments showed 



 257 

broad melting endotherms corresponding to the melting of paracetamol and mannitol 

and indicating that some of the paracetamol and mannitol still existed in the 

crystalline form. 

 

 

Figure 5.32. DSC thermograms of the pure drug, excipients, powder mixtures prior to 

printing and filaments of the 65% EUD FS100/10% paracetamol, 50% EUD FS100/25% 

paracetamol and 25% EUD FS100/50% paracetamol formulations. 

 

Corroborating with the DSC results, the XRPD findings confirmed the 

crystalline state of paracetamol, further confirming that it existed in the stable form I 

(Figure 5.33) [7, 348]. No peaks were observed for EUD FS100, signifying that it existed 

in the amorphous form [349]. The X-ray diffraction peaks of paracetamol at 22- 27° 

were observed in all the powder mixtures. Weak crystalline paracetamol peaks were 
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observed in the diffractograms of the printlets, indicating the presence of crystalline 

traces of paracetamol.  

 

 

Figure 5.33. X-ray diffractograms of the drug, excipients, powder mixtures prior to 

printing and the printlets of the 65% EUD FS100/10% paracetamol, 50% EUD 

FS100/25% paracetamol and 25% EUD FS100/50% paracetamol formulations. 

 

Collectively, the 50% EUD FS100/25% paracetamol GRPs were considered the 

most suitable for gastroretentive applications. This was because the printlets had 

optimum shape recovery characteristics and drug release profile, were resistant to 

high forces and had high drug loading capacity (compared to the 65% EUD FS100/10% 

paracetamol GRPs). 
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5.3.4. DPE 3D printing 

To simplify the printing procedure, the DPE 3D printing system was 

implemented. This is mainly because this technology shares the same underlying 

principles of the FDM technology, without the need for the additional HME process. 

Instead, the powder formulation can be directly used for printing. It should be noted 

that this printing technique is novel and did not exist at the start of this project and 

thus, could not be used for the initial investigations. 

 

Herein, the same formulation used to print the FDM 50% EUD FS100/25% 

paracetamol GRPs was investigated (Table 5.5). However, the 3D design utilised was 

similar to the one shown in Figure 5.24, wherein the soluble and insoluble regions 

were combined into one device (Figure 5.34). Compared to the previously tested 3D 

design, this design had bigger dimensions, which was anticipated to strengthen the 

gastroretentive properties of devices and maximise their drug loading capacity. 

 

 

Figure 5.34. 3D design and dimensions used for DPE 3D printing. 
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Herein, DPE 3D printing was successfully utilised to fabricate GRPs using the 

same formulation utilised with HME/FDM 3D printing, wherein the overall printing 

process of one device required a maximum of ~8 min. Thus, demonstrating the 

efficiency of this technology compared to FDM. Moreover, it was shown that the same 

formulation could be printed at a temperature lower (e.g., 160 °C) than what was 

needed with the FDM technology (e.g., 180 °C). This reduction in the printing 

temperature minimised the swelling effect previously seen with this polymer upon its 

exposure to heat and thus, resulted in better printing resolution. It was noticed that 

increase in the size of the GRPs improved the drug loading capacity by ~4 folds when 

compared to those made by FDM. This is a major improvement, supporting the 

gastroretentive activity of the printlets. 

 

Drug loading studies have shown that the printing process did not result in a 

major drug loss (Table 5.7). The GRPs were easily programmable at 40 °C and inserted 

into size 000 gelatine capsule shells. In the gastric medium, the GRPs recovered to 

their permanent shapes within ~12 min, wherein they recovered 92.9% ± 3.7% of their 

shapes (Figure 5.35). In vitro dissolution studies have shown that despite the 

difference in sizes, the devices have a similar behaviour to the FDM GRPs, whereby 

57.0% ± 0.8% paracetamol was released in 7 days and the devices swell by 47.3% ± 

1.2% (Figure 5.36). The maximum drug release (71.9% ± 1.8%) was achieved within 

~11 days. Funnel testing has shown that DPE GRPs can withstand forces up to 7.4 N ± 

1.8 N, indicating they are resistant to gastric emptying. 
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Table 5.7. Characteristics of the EUD FS100 GRPs fabricated using DPE 3D printing. 

 

 

 

 

 

Figure 5.35. Images of the 50% EUD FS100/25% paracetamol GRP fabricated using DPE 3D printing (left) in its permanent form (before 

programming) and (right) its recovered form after being dissolved for 7 days in 0.1 M HCL (pH 1.2). 

Mass (mg) 

(Mean ± SD) 

Shape recovery (%) 

(Mean ± SD) 

Drug loading (%) 

(Mean ± SD) 

Swelling percentage (%) 

(Mean ± SD) 

Funnel test (N) 

(Mean ± SD) 

1023.2 ± 66.2 92.9 ± 3.7 96.2 ± 1.5 47.3 ± 1.2 7.4 ± 1.8 
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Figure 5.36. In vitro drug release profiles from the 50% EUD FS100/25% paracetamol 

formulation fabricated using DPE 3D printing in 0.1 M HCL (pH 1.2). 

 

Thus, it can be concluded that DPE 3D printing can fabricate printlets similar 

to those made by FDM 3D printing within a shorter time frame. Moreover, 

modifications in the size of printlets does not significantly affect their characteristics 

and drug release patterns. This demonstrates the flexibility of the DPE technology in 

fabricating GRPs in different sizes and drug loadings, which can be personalised to 

each patient’s needs and medical condition.  

 

Typically, most expandable GRDs are made using solvent casting and 

moulding. However, both production methods are lengthy, wherein in most cases the 

devices are prepared in individual fragments that require assembly. Moreover, solvent 
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casting requires the use of solvents, which necessitate drying steps and could 

potentially leave highly toxic residuals that pose risks to the safety of the patient and 

the environment [350, 351]. The use of DPE 3D printing offers a rapid, single-step and 

solvent-free method to create distinctive devices. Due to their long activity (e.g., one 

to two weeks), these GRPs can significantly reduce the frequency of dosing and aid in 

improving compliance to medications in patients suffering from chronic illnesses [311, 

352]. More importantly, the dimensions and drug loading of the GRPs can be adjusted 

to suit the individual needs of patients. This in turn could enhance the quality of life in 

these patients, reducing morbidity and number of hospitalisations [353].   

 

The use of a gastroretentive dosage forms could improve the absorption and 

bioavailability of APIs that are used for the local treatments of gastric diseases, those 

with narrow therapeutic windows, those that are P-gp, CYP and/or microbiota 

substrates or those that are poorly soluble in high pH environments. The 4D effect 

observed with the GRPs is likely to be a result of subjecting them to two types of 

stimuli, namely heat (e.g., exposure to the body temperature ~37 °C) and water (as 

observed by the swelling ratio findings). As such, the gastric residence time of these 

printlets was dependent upon their size rather than the constant presence of gastric 

fluids. Thus, unlike other gastroretentive approaches (e.g., low- and high-density 

approaches), the use of expandable GRPs is not expected to show variations relating 

to the patient’s fed/fasting state or posture, thus increasing the success rates of this 

system. Furthermore, as these devices are composed of an enteric polymer, risks of 

causing intestinal blockage can be mitigated, as they naturally dissolve at pH above 7 

(e.g., in the ileum).  Moreover, intestinal blockage in the upper small intestine can be 
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avoided by modifying the dimensions of the device arms, wherein they could be 

designed to larger than 2 cm (the average diameter of the pylorus) but less than 3.5 

cm (the average diameter of the small intestine). This will lock the devices in the 

gastric region as they are too big to exit but at the same time, if they accidently 

undergo premature ejection to the small intestine, they will be too small to be trapped 

there and will advance into the ileum where they will naturally dissolve.
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5.4.  Conclusions 

FDM 3D printing was assessed for its suitability for the fabrication of 

expandable gastroretentive printlets that function based on the 4D technology. The 

initial approach involved the fabrication of systems composed of insoluble regions, 

that control the shape shifting mechanism, and soluble regions, that control the 

gastric residence time of the printlets. Several polymers were investigated for both 

regions, wherein most insoluble polymers have shown to either have inadequate 

shape memory effect or are insoluble, posing a risk of intestinal blockage in the case 

of immature ejection. An exception was EUD FS100, which has shown to have strong 

shape memory properties and dissolves in the ileum. In terms of soluble regions, all 

polymers have shown to dissolve within less than 5 hours, leading to the immature 

disintegration of the device and its ejection into the intestinal region. This was mainly 

related to the low thickness of the devices, enabling water to quickly penetrate and 

dissolve the polymers. Thus, the use of two regions was impractical and was 

abandoned. 

 

The use of a single, insoluble polymer was adapted instead. The printlets were 

formulated with different percentages to assess the maximum amount of drug that 

can be loaded without compromising their gastroretentive properties. It was shown 

that the GRPs containing 25% paracetamol in 50% EUD FS100 had the best 

gastroretentive properties. Nonetheless, due the swelling properties of the polymer, 

the filaments required several processing cycles to achieve a diameter suitable for 

FDM 3D printing. Thus, to simplify the printing procedure, the DPE 3D printing system 
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was implemented instead. The GRPs have shown similar properties to those made 

using FDM, wherein they exhibited a continued drug release, extending over a period 

of ~ 11 days. Herein, the use of 3D printing could enable the on-demand dispensing of 

GRPs with varied sizes, shapes or drug-loading, which are tailored to the specific needs 

and dosing regimen of the patient. This could lead to a significant progress in the 

management of chronic diseases and improvement of healthcare outcomes. 

 

Nonetheless, despite having shown to dissolve in a pH above 7 (in the ileum), 

the devices could still lead to intestinal blockage at earlier regions of the small 

intestine. This can be avoided by adjusting the 3D design of the GRPs so that they are 

big enough to be retained in the stomach but smaller than the diameter of the small 

intestine so that they can pass along until they reach the ileum, where they naturally 

dissolve. Another aspect that requires improvement is that the drug release slows 

down after one week and an incomplete drug release is achieved in the gastric region. 

Although the remainder of the drug will be released in the ileum as the polymer 

dissolves, this defies the rationale behind these systems. Therefore, the 3D design 

and/or formulation requires further modification to improve the drug release.  

Additionally, even though the GRPs have shown to withstand gastric conditions in 

vitro, this is not necessarily the case in vivo. As an example, the current testing 

conditions do not reflect the effect of presence of food (e.g., type and amount) or 

replicate the exact mechanism of gastric contractions. Thus, these GRPs might behave 

differently in real-life conditions.



 267 

  

Conclusions and future work



 268 

6.1.  Conclusions 

The healthcare industry is a dynamic field that is constantly evolving, wherein new 

generations of technology and cutting-edge scientific breakthroughs are shaping its future. 

Currently, technologies of the 21st century are paving the way for new digital health era. In 

particular, traditional ‘one-size-fits-all’ therapeutic methods are advancing into patient-

centred medications. However, conventional pharmaceutical production technologies are 

wholly unsuitable for manufacturing tailored dosage forms, wherein they entail the use of 

inherently laborious, dose-inflexible and lengthy processes. This calls for the need for 

optimising and embracing novel digital platforms capable of customising therapies to meet 

the individual needs of different patients. 

 

3D printing is an additive manufacturing technology that is at the forefront of 

potentially transforming pharmaceutical production by aiding in the development of novel 

treatments. Although the main focus has been placed on 3D printing’s ability to create 

individualised doses, its use is not limited to such applications. Instead, it can be leveraged to 

design and create dosage forms that are usually challenging to produce using traditional 

manufacturing techniques. In doing so, 3D printing can offer innovative and practical 

solutions to prevailing problems and challenges. 

 

As an example, in Chapter Two, it was demonstrated that SLS 3D printing can be used 

for the fabrication of multiparticulates with modified release properties. Despite their small 

dimensions and large surface areas, the EC-based miniprintlets displayed prolonged drug 

release patterns. Moreover, a high uniformity in mass and diameter was shown, indicating 
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the reproducibility of the SLS technology. Subsequently, for the first time, dual SLS 3D printing 

of pharmaceuticals was introduced, wherein it demonstrated that it is possible to produce 

dual miniprintlets combining two APIs, paracetamol and ibuprofen, that are dispersed in 

distinct polymer matrices. By varying the types of polymers incorporated, the dual 

miniprintlets were programmed to achieve individualised drug release patterns, where one 

drug was suspended in a KIR matrix and thus was released promptly in the dissolution 

medium. On the other hand, as the second drug was dispersed in EC, its therapeutic activity 

was sustained over an extended period of time. Furthermore, it was confirmed that the two 

matrices do not mix during the printing process and can be distinctively defined, as each 

matrix had its own physical properties. This offered an innovative drug delivery system that 

be utilised to accurately dispense multi-drug therapeutics to patients from different age 

groups, without the need to manipulate the dosage form. However, the main limitation of 

the technology lies in the 3D printer not being suitable for the automatic printing with 

multiple materials. 

 

In Chapter Three, 3D printing was presented as a novel and practical way to create 

ODPs for blind and visually impaired patients. FDM 3D printing has shown printing limitations 

relating to its inherent resolution, wherein the printlets were not suitable for tactile 

perception. In contrast, SLS 3D printing was effectively used to print dosage forms with Braille 

and Moon patterns that can easily be read. The printlets have shown to be able to disintegrate 

within ~5 s, indicating that patients can take them without the need for water and thus, 

avoiding the help from a carer. To maximise the efficiency of this technology, printlets in 

different shapes were also designed as a supplementary way for providing more information 

relating to the medication use or its dosing regimen. The addition of the patterns has shown 
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not to significantly affect the mechanical properties and dissolution behaviour of the 

printlets. These dosage forms are particularly useful when medications are removed from 

their original packaging, enabling blind patients to identify and differentiate medications 

independently, which improves adherence to treatment and aids in lessening medication 

errors. Nonetheless, it was shown that the printing resolution can be affected by the position 

at which the printing happens. 

 

Chapter Four described the use of DPE 3D printing as a single-step method to create 

oral dosage forms that can deter opioid abuse and can be co-ingested with alcohol without 

causing fluctuations in the drug release behaviour. Modified release printlets incorporating 

tramadol were successfully printed using two different grades of HPC. In general, the HPC-SL 

printlets displayed stronger abuse-deterrent and alcohol-resistant properties compared to 

the HPC-L printlets. However, as the HPC matrix on its own has only shown moderate abuse-

deterrent characteristics, the effect of incorporating PEO into the formulations was 

subsequently studied. The addition PEO has shown to strengthen the abuse-deterrence and 

ethanol-resistance of the printlets. In this chapter, it was projected that the small-scale 

production of opioid dosage forms tailored to the individual needs of patients may permit 

higher control over the use of opioid medications by regulating the amount of drug available 

for abuse/misuse. In practice, the printing platform requires several modifications that enable 

its use more safely and efficiently. 

 

Finally, Chapter Five investigated the potential of exploiting 4D printing to produce 

smart gastroretentive dosage forms that change their morphologies once exposed to the 

gastric fluids and body temperature. Initially, SLS 3D printing was explored, however, the 
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printlets did not display shape memory properties, making them unsuitable for this 

application. Subsequently, dual FDM 3D printing was utilised to create GRPs with two 

different regions; a soluble region that controls the gastric residence time of the printlets, and 

an insoluble region that is responsible for determining the shape memory effect of the 

printlets. Multiple formulations and 3D designs were investigated for both regions, wherein 

all the soluble formulations have displayed short gastric residence time due to the design of 

the GRPs. Thus, it was concluded that the use one type of material may be more effective. As 

such, EUD FS100 was used to fabricate GRPs with three different drug concentrations, 

including 10%, 25% and 50% paracetamol. At 10% and 25% drug loading, the GRPs displayed 

strong shape memory, whereas at 50% paracetamol, the shape recovery was inhibited. 

Interestingly, both the 10% and 25% formulations displayed similar drug dissolution profiles, 

highlighting the flexibility of this system. Due to the enteric properties of the polymer, the 

GRP remained intact in the gastric medium and completely dissolved in the ileum. 

Nonetheless, due to the small size of the GRPs, their drug loading capacity was limited. 

Moreover, as FDM is typically preceded by HME to create the drug-loaded filaments, the 

overall process is rather lengthy. As such, the feasibility of utilising DPE 3D printing was 

examined. Furthermore, the 3D design of the GRPs was modified to maximise the drug 

loading capacity. It was noted that the DPE printlets behaved similar to the ones made using 

FDM. In addition, despite the change in the 3D design, the dissolution behaviour of the GRPs 

was not significantly affected. Therefore, these GRPs can be fine-tuned and dispensed in 

varied sizes, shapes or drug-loading that are specifically tailored to meet the needs and dosing 

requirements of different patients, facilitating the management of chronic diseases and 

improving healthcare outcomes. However, in vivo assessment or more realistic testing 

methods are needed to ascertain their behaviour in humans. 
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In conclusion, this work demonstrates the transformative potential of 3D printing 

within healthcare, reshaping the way medications are designed, produced and dispensed, 

whilst highlighting the gaps that need to be addressed. By combining it with different digital 

technologies, 3D printing could be integrated within healthcare systems to complement 

current fabrication methods by expediting the development of dosage forms that are specific 

to certain patient groups or medical conditions.  

 

6.2.  Future work 

The findings of this work emphasise the potential of 3D printing in the pharmaceutical 

industry. Thus far, most studies have been focused on the use of 3D printing to create dosage 

forms. One aspect that remains underexplored is the possibility of combining 3D printing with 

traditional manufacturing processes to personalise pre-existing medicines. For instance, 

Braille and Moon patterns can be directly printed onto compressed tablets. As the patterns 

disintegrate in the mouth before the formulations are swallowed, the drug activity would not 

be affected. However, the current SLS platform has limitations and needs to be modified to 

enable printing onto other objects. This would involve locking the tablets in predefined 

positions on the printing platform, preventing them from moving during the printing process 

and ensuring the patterns get printed in the correct location. In addition, it is necessary to 

understand the long-term storage effect on the stability of the tactile patterns. Moreover, the 

SLS 3D printers need to be improved to ensure that the printing efficiency is the same across 

the whole printing platform. Ideally, the printers should also enable printing with multiple 

materials simultaneously. 
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Moreover, most studies concerning 3D printed dosage forms have been done in vitro, 

with limited in vivo data available and no comprehensive understanding on how these 

formulations actually behave in animals and humans. As an example, in the case of the orally 

disintegrating formulations, it is important to evaluate the aftertaste and mouth feel of the 

tablets. Due to the nature of the sintering process, there is a possibility that the ODPs might 

have a gritty feel or will require taste masking. As such, it would be interesting to perform an 

observational taste study using these SLS printlets.  

 

Likewise, herein, the GRPs were tested under fasted conditions. However, as these 

medications are for long-term treatments, it is essential to evaluate their gastroretentive 

properties in real life conditions. One important aspect to consider is the presence of food 

and the effect of food on the pH of the gastric environment. As such, studies under fed 

conditions should also be performed. Another aspect that should be evaluated is the effect 

of gastric contractions. Typically, replicating gastric motility in dissolution apparatus may not 

be feasible and a more feasible option would include the use of an animal model (e.g., pigs, 

horses or dogs). The animal model ideally should have a comparable stomach anatomy (e.g., 

shape and size), gastric motility and emptying time. However, there is no such animal species 

that has a GI tract that is completely representative of a human’s other than a human. 

Another option would involve the exploitation of 3D printing to develop a more realistic in 

vitro test that can depict the behaviour of gastroretentive systems. Thus, a stomach model 

could be printed from a 3D scan using FDM, SLA or SLS 3D printing. The stomach model should 

preferably be made of a flexible material (e.g., TPU or silicon) that can stretch once filled with 

gastric fluids and recover when empty. Gastric motility can be reproduced using mechanical 
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plungers or elastic bands that apply force on the walls of the stomach model. Alternatively, 

electroactive inks can be used to print parts of the walls of the stomach model, where an 

electric current can be used to stimulate the contractions. Moreover, as the GRPs were tested 

with paracetamol, which was only a model drug. It would be interesting to assess if the 

printlets behave the same when loaded with other APIs with more relevance to this 

application (e.g., P-gp or CYP substrates). 

 

In this work the use of 3D printing has shown to improve medication adherence and 

enhance treatment efficacy in different patient groups. However, this approach cannot 

completely diminish medication non-adherence.  Herein, a more sophisticated approach 

could involve the use of 3D printing to integrate electroactive inks within the dosage forms, 

which in turn can be utilised to monitor patients’ adherence to medications. Various 

information, such as medication intake, dose, dosing regimen and prescription refill, could be 

derived. In doing so, these electronic medications could be directly integrated within the 

digital health loop, wherein medication adherence could be remotely monitored by 

healthcare practitioners, ensuring that treatments are being taken in a correct, safe manner. 

As the information are being provided electronically, artificial intelligence can be applied to 

process the data in a more rapid and reliable manner, which in turn decreases the load on 

healthcare practitioners and reduces the chances of errors. 

 

The use of safe, ingestible 3D printed electronics could also be combined with the 

principles of 4D printing and exploited to create robotic pills or dosage forms that can be 

activated in situ or remotely guided to the site of infection (e.g., tumour or injury site) or 

target organs (e.g., stomach or colon). Currently, to create these dosage forms, a multitude 
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of processes that are costly and unfeasible are needed. In this regard, the use of 3D printing 

could provide a timely and more practical approach to create such advanced therapies, 

reinvigorating the way treatments are delivered to patients. In particular, this system can be 

used to ensure that the API is released in its intended site of action and the efficiency of 

treatment can be maximised.
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