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1. INTRODUCTION 

It has been known for a while that the “one size fits all” concept does not 
always apply in medicine. Precision (also known as personalised) medicine is 
an approach to enhance the prevention, diagnosis, and treatment of diseases to 
benefit a specific group of patients. This approach includes, e.g., improved 
diagnostics by biological markers, pharmacogenetics, and more detailed evalua-
tion of clinical responses. Using this knowledge to select the most suitable 
active pharmaceutical ingredients (APIs) and doses enables to achieve the opti-
mal therapeutic efficiency. This applies to both specific diseases and patient 
populations, i.e., children and elderly, who need API dose and/or dosage form 
different from the average.  

Another strategy to achieve an optimal drug treatment is to combine multiple 
otherwise simultaneously administered APIs into one drug delivery system 
(DDS). The growing number of medicines administered by a single patient is 
one of the reasons for a poor patient compliance. Such combined medicines 
called “polypills” are already on the market in the treatment of hypertension. 
While the combination of APIs is a step towards the right direction, it can still 
provide only a few average dose combinations. This is because the conventional 
industrial-scale manufacturing technologies (e. g., tablet compression), while 
being established and cheap, are not intended for producing small-scaled 
batches of personalised medicines. Therefore, the aim of pharmaceutical scien-
tists is to find novel and more flexible methods to better meet the requirements 
of precision medicine. 

Three-dimensional (3D) printing is an additive manufacturing technique that 
has been proposed as a solution for this challenge. In the first stage of 3D 
printing, computer-aided design (CAD) is used for creating a desired shape and 
size for the object to be printed. Next, the design is sliced into a layer-by-layer 
pattern by which the 3D printer will build up the object. There are various 
printing technologies using for example powdered, semisolid or molten mate-
rials for the creation of designed objects. Depending on the technique used, 
additional considerations, such as thermal stability and viscosity of the materials 
might need to be taken in to account. The 3D printing technologies have been 
studied since the 1980s, but they have gained wider popularity in recent years. 
Today, 3D printing technologies are widely used in different fields, such as in 
electronics, automotive industry, modular design, food industry, arts and jewel-
lery making, and, of course, in medicine and pharmaceutics.  

Patient-specific prostheses, models for practical studies, bioprinted cells, tis-
sues, and printed medical gadgets are only a few examples of the implementa-
tion of printing technologies in medicine and biotechnology. Today, printing is 
also of great interest in pharmaceutical science. As 3D printing enables the 
layer-by-layer fabrication of DDSs, the API dosage can be readily modified by 
either increasing or decreasing the size or infill of the system. By using different 
carrier polymers and excipients, it is also possible to modify the drug release 



10 

behaviour. Therefore, 3D printing is considered as a possible future technology 
for fabricating more complex patient-specific DDSs. While this novel technique 
is promising, there is still a lot of understanding and knowledge to be gained. 
Further understanding of the 3D printing process, various printing technologies, 
printable materials and process parameters is crucial in successful development 
and manufacture of safe and stable personalised printed DDSs. 

In the present doctoral research work, micro-extrusion-based and fused 
deposition modelling (FDM) 3D printing were investigated in fabricating novel 
pharmaceutical solid dosage forms. The aims of the research work were to gain 
understanding of the critical process parameters of these 3D printing methods, 
and to investigate the applicability of some commonly used polymeric exci-
pients in 3D printing process. 
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2. LITERATURE REVIEW 

2.1. The concepts of precision medicine 
Precision medicine is a combination of methods to achieve the successful pre-
vention, diagnosis, and treatment of diseases in a way that would benefit a 
specific patient group the most (Ashley, 2016). Figure 1 illustrates the dynamics 
from a common “one size fits all” concept to a novel precision medicine con-
cept, and from the larger group of various patients towards detecting the needs 
of patient subgroups and a single patient. Some established approaches, such as 
blood type compatibility for transfusion (Landsteiner and Levine, 1927), have 
been used in medicine for almost a century and they have become a common 
practice. In the recent decades, however, a lot of research has focused on 
finding new strategies for precision medicine. Not only are patients categorised 
to subgroups by specific clinical features (Trusheim et al., 2011, Trusheim et al. 
2007), but individual features, medication history and lifestyle habits can be 
considered when deciding on the medical treatment (Gray et al., 2019; Mutie et 
al., 2017).  
 

 
Figure 1. The idea and process of personalisation in medicine.  
 
 
It is well known that if we focus only on a single patient, the medical treatment 
may not be cost-effective. Therefore, patient similarity and the possibility to 
create new clinically meaningful patient subgroups have been discussed in the 
literature (Brown, 2016; Parimbelli et al., 2018). Such medical treatment 
tailoring was intended also by the United States (US) National Research Coun-
cil, when they implemented the term “precision medicine” in contrast to “perso-
nalised medicine” which implies to a patient-specific treatment (US National 
Research Council, 2011). Both precision and personalised medicine involve the 
overall idea of focusing on a smaller group of patients and their individual 
features, and therefore parallel terminology can be found in the state-of-the-art 
literature.  
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The volume of data and our knowledge of analysing and interpreting is ever 
growing (Hulsen et al., 2019). In the recent years, the application of precision 
medicine has been reported e.g., in the fields of cardiology (Antman and Los-
calzo, 2016), oncology (Hamamoto et al., 2020; Li et al., 2020), and auto-
immune diseases (Conrad et al., 2020; Giacomelli et al., 2021). An increased 
understanding of the individual therapeutic response and outcome in patients 
has opened a door for more personalised DDSs, and consequently, changes in 
dosage, drug release behaviour and API combination(s) (Cerda et al., 2020; 
Shaban A. Khaled et al., 2015; Robles-Martinez et al., 2019). As the overall 
goal of a healthcare system is not only to diagnose and treat, but also prevent 
diseases, it is not surprising that parallel to personalised DDSs and precision 
medicine, a new field of precision health is also emerging (Gambhir et al., 
2018; Hekler et al., 2020; Khoury et al., 2016). The precision health approach 
involves the early-stage assessment of clinical risk and preclinical conditions. 
This concept very much relies on the technological advances of omics (Ahmed, 
2020; Chen and Snyder, 2013; Garay and Gray, 2012; Long et al., 2018; Olivier 
et al., 2019), but also on the daily and commonly understandable methods, such 
as the implementation of wearable monitoring devices to everyday life (Ho et 
al., 2019; Jeong et al., 2019).  

For years, the concept of drug delivery (i.e., the systems designed for de-
livering API(s) into the body to obtain desired clinical response) has evolved into 
the usage of complex modified or targeted DDSs with an ultimate goal to achieve 
the personalisation of drug treatment(s) (Florence and Lee, 2011). In many 
aspects, precision medicine and precision pharmacotherapy can be regarded as a 
similar concept – more thorough decisions are made by the aid of genetic and 
biological markers to achieve optimal results. Personalised medicine as such can 
be considered quite a historical approach, since pharmacists have been com-
pounding extemporaneous preparations intended for specific patients’ needs for 
centuries (Falconer and Steadman, 2017). Today, if precision medicine is 
discussed, in most cases pharmacogenomics is meant (Lee et al., 2020).  

The US Food and Drug Administration (FDA) has published a list of over 
fifty APIs that need considerations when administering to specific patient sub-
groups of certain genetic variants, or genetic variant-inferred phenotypes (FDA, 
2020). It is not surprising that the majority of the variations listed are related to 
cytochrome P450 enzyme family, as they are responsible for the biotransforma-
tion of approximately 75% clinically used APIs (Lynch and Price, 2007; Zanger 
and Schwab, 2013). Yet, the first personalised treatment was targeted at human 
epidermal growth factor receptor 2 (HER2), that is associated with worse prog-
nosis for breast cancer (Ross et al., 2009; Whenham et al., 2008). 

The further development of conventional methods for tailoring API doses 
and dosage forms should not be underestimated. The need for age-appropriate 
doses for paediatric and geriatric patients is well understood, but this approach 
still remains a challenge for the pharmaceutical industry (Galande et al., 2020; 
Walsh et al., 2018). Problems can arise for example in finding oral solid dosage 
forms with suitable size (Forough et al., 2018; Ranmal and Tuleu, 2013; Schiele 
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et al., 2013; Stegemann et al., 2012). Oral liquid formulations are often deve-
loped and administered to both children and elderly patients to overcome this 
barrier. However, the two major formulation challenges related to such oral 
liquids are their limited stability (Haywood and Glass, 2013) and dose-related 
variations/errors (Grießmann et al., 2007; Wang et al., 2020; Williams et al., 
2019; Yin et al., 2016). In addition, palatability, mouth feel and taste are of 
most importance for the use of oral liquids (Andrews et al., 2021; Mistry and 
Batchelor, 2017; Ternik et al., 2018). Moreover, from the safety point of view 
the careful selection of excipients is crucial in paediatric formulations (Binson 
et al., 2019; Buckley et al., 2018; Nellis et al., 2016). 

As the amount of information for making medical decisions is rapidly 
growing and evolving, the methods used in medical treatment and drug therapy 
need to keep up. The most common manufacturing technologies used in the 
pharmaceutical industry are intended for large-scale manufacture, thus lacking 
flexibility. The process flexibility and reliability are being improved via the 
implementation of quality-by-design (QbD) concept to produce improved DDSs 
(Tahara, 2020; Zhang and Mao, 2017). In addition, 3D-printing as a novel 
manufacturing technology holds great promises in filling the gap between the 
conventional batch-wise and modern flexible continuous manufacturing 
methods (Prendergast and Burdick, 2020).  

 
 

2.2. Additive manufacturing – 3D printing 
Three-dimensional (3D) printing is an additive manufacturing technique for the 
layer-by-layer creation of pre-designed structure of any shape. It was first de-
scribed by Charles W. Hull in 1980s as a “system for generating three-dimen-
sional objects by creating a cross-sectional pattern of the object to be formed at 
a selected surface of a fluid medium” (Hull, 1986). Additive manufacturing 
holds great promises in fabricating customised healthcare products, since it 
enables to reduce environmental impact and simplifies a supply chain (Huang et 
al., 2013). Even more, 3D-printing has shown its advantages in quick adaption 
to current needs during the COVID-19 pandemics (Choong et al., 2020; Cox 
and Koepsell, 2020; Oladapo et al., 2021; Tarfaoui et al., 2020). 

The overall process schematic of 3D printing from design to final object is 
shown on Figure 2.  
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Figure 2. Simplified schematic of additive manufacturing exemplified by extrusion-
based 3D printing setup. 
 
 
The object to be printed is first created by computer-aided design (CAD). CAD 
enables to design the final DDS with a wide range of properties regarding size, 
shape and drug release behaviour (Curti et al., 2020). The design can also be 
obtained by 3D scanning (Willis et al., 2007), which to date has also been 
widely applied in the medical field (Goyanes et al., 2016; Haleem and Javaid, 
2019). In the next step, the design is sliced by a computer software to separate 
layers and a specific printing itinerary is created. The STL (standard tessellation 
language, also called stereolithography) file provides the approximation of the 
original model using planar geometry via tessellation. Such pre-processing of 
the design instructs the printer on how to optimally prepare the model object, 
and in some cases it can be challenging (Oropallo and Piegl, 2016). The de-
signed object is then fabricated either by layer-by-layer addition of (semisolid, 
molten) printing material, or by layer-by-layer manipulation of printing bed 
(powder, polymeric) via thermal or laser treatment. The formation of object 
from CAD file is also called rapid prototyping. Depending on the process and 
material(s) used, additional post-print curing may be needed. 

The theoretical basis for 3D printing was described already more than a 
hundred years ago by an Italian mathematician Guido Fubini (Fubini, 1907). He 
proved that any real-life 3D object can be replicated by two-dimensional (2D) 
layers. According to Fubini’s theorem, any object of n dimensions can be 
portraited by a spectrum of layers of shapes of n-1 dimensional layers. In prac-
tice, the well-known bottleneck for the use of 3D-printing in medical applica-
tions is finding suitable biocompatible polymers as carrier materials (Paul et al., 
2018; Yan et al., 2018). These material considerations are discussed in detail in 
subchapter 2.4.2. 

Two-dimensional (2D) and four-dimensional (4D) printing have also found 
uses in pharmaceutical and medical applications. 2D (or inkjet) printing is fami-
liar to common users as a method to print text or images onto paper or other 
surfaces. In medical field this concept has been used by replacing office supp-
lies with eatable or biodegradable carrier surface (e.g. paper/film/mats), and by 
introducing API-loaded biocompatible ink (Daly et al., 2015; Tian et al., 2019). 
4D printing refers to the phenomena where the dimensions of a 3D-printed 
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object are changed when in contact with certain medium, such as water (Glad-
man et al., 2016; Joshi et al., 2020; Momeni et al., 2017). 
 

2.2.1. 3D-printing technologies 

Additive manufacturing technologies are classified differently in the literature – 
often based on either the state of substance material, or the additive shaping 
principle. The latter is also used by the International Organization for Standar-
dization in a first international standard (ISO/ASTM 52900:2015 Standard 
Terminology for Additive Manufacturing – General Principles – Terminology, 
2015). In this standard, 3D printing process techniques are categorised into 
seven groups:  

1) Binder jetting  
2) Directed energy deposition 
3) Material extrusion 
4) Material jetting 
5) Powder bed fusion 
6) Sheet lamination 
7) VAT photopolymerization 

The layer formation principle of these printing methods is summarised in Table 
1. As the names of printing methods may vary in the literature, it is important to 
understand the basic mechanisms of given technique. Some variations are also 
introduced in this thesis. It is worth to mention that not all printing methods 
listed in Table 1 are applicable for fabricating pharmaceutical dosage forms, and 
the selection of a printing method is primarily based on the physicochemical 
characteristics of API (Garcia et al., 2018; Yu et al., 2008).  
 
 
Table 1. Printing technologies and their characterisation 

Technology Layer formation 

Binder jetting spraying of solution binds solid particles to one 
another  

Directed energy deposition material is deposited onto surface and then melted, 
using a laser, electron beam or plasma arc 

Material extrusion 

molten material is deposited onto surface, layers build 
up on solidified material 

deposition of viscous liquids/semisolids, layers build 
up from dried material 

Material jetting liquid material is deposited onto surface, then 
cured/hardened 

Powder bed fusion powder layers are melted and fused using a laser or 
electron beam 

Sheet lamination material layers are stacked using welding, adhesive, 
heat, or pressure 

VAT photopolymerization UV light cures/hardens the layers 
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Micro-extrusion-based printing, fused deposition modelling (FDM), binder 
jetting, selective laser sintering (SLS) and stereolithography (STL) are the most 
common printing methods used in pharmaceutics today (Trenfield et al., 2018). 

Bioprinting is a special printing technique in which bioengineered structures 
are generated by assembling living and non-living materials to predesigned 2D 
or 3D placement (Groll et al., 2016; Moroni et al., 2018). According to the 
literature, 3D-bioprinting techniques are classified to the following four cate-
gories: material jetting, VAT photopolymerization, material extrusion and bio-
assembly (Lee et al., 2018).  

By taking these ‘classical’ methods and improving their portability, novel 
printing pens for possible in situ 3D printing have been developed (Han et al., 
2014). 

In the present dissertation, two material extrusion methods, micro-extrusion-
based 3D-printing and FDM, were used for fabricating pharmaceutical oral 
solid dosage forms.  
 

2.2.2. Micro-extrusion-based printing 

In micro-extrusion-based 3D-printing, viscous solutions or semisolid materials 
are used to create layered constructs (Zhou et al., 2020). The method has also 
been called pressure-assisted micro syringe (PAM) printing in the literature (El 
Aita et al., 2020; Elbadawi et al., 2021). Both names are well-descriptive of the 
method setup as illustrated in Figure 3.  

A syringe-like printing head containing the printing material is moved 
around the printing plate at a pre-set speed and trajectory. The material is 
pushed out of the printing head at a set force level aided by either a screw, 
piston or pneumatic movement (Zhang et al., 2020). The selection of a proper 
driving mechanism can be important when printing living cell-incorporated 
materials (Ning et al., 2020). The material deposited on the printing plate needs 
to be dried/solidified before the addition of a subsequent layer.  

 

 
Figure 3. Schematic illustration of micro-extrusion-based 3D printing head setup 
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If needed, both the printing plate and printing head compartment can be heated. 
The use of elevated temperatures with this method is not necessary, making this 
a suitable method for use in pharmaceutics (El Aita et al., 2019; Elbadawi et al., 
2021), food printing (Liu et al., 2017; Piyush et al., 2020; Voon et al., 2019) and 
bioengineering (Chia and Wu, 2015; Groll et al., 2016; Kyle et al., 2017; 
Moroni et al., 2018; Ozbolat and Hospodiuk, 2016). Relevant material conside-
rations when using micro-extrusion-based 3D printing are further discussed in 
subchapter 2.5. 
 

2.2.3. Fused deposition modelling 

Fused deposition modelling, FDM (also known as fused filament fabrication, 
FFF) requires premade filaments, which are commonly prepared by hot melt 
extrusion (HME). HME itself is also a widely used pharmaceutical method for 
producing DDSs via mixing and jointly melting the carrier system and API 
together to create an homogenous extrudate (Patil et al., 2016; Simões et al., 
2019). The recent increase in 3D-printing applications has also extended the use 
of HME in this area (Awad et al., 2018; Azad et al., 2020; Dumpa et al., 2020; 
Giri et al., 2020; Melocchi et al., 2020b, 2016; Tan et al., 2018; Vo et al., 2020; 
Yan et al., 2018).  

HME process integrated in FDM 3D-printing sets strict requirements for the 
selection of a filament-forming polymer due to the use of elevated temperatures 
(Goyanes et al., 2015a; Kempin et al., 2018). In FDM, these filaments are 
applied in most cases as an intermediate product. Novel FDM 3D printing 
approaches, however, have also made it possible to print solids without using 
any HME filaments as an intermediate product (Fanous et al., 2020; Goyanes et 
al., 2019). 

In the integrated HME and FDM 3D-printing approach, the extruded fila-
ment is fed into FDM printing head and subsequently melted in a heated 
chamber (Figure 4). Then, the molten material is used to deposit a layer on the 

head. 

 
Figure 4. Schematic illustration of FDM 3D printing head setup 
 

printing plate at the set speed and trajectory of the printing 
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Today, FDM is probably one of the most widely used 3D printing methods with 
widespread applications also in pharmaceutics (Cailleaux et al., 2021; Melocchi 
et al., 2020a).  
 
 

2.3. 3D printing in medicine and pharmaceutics 
In the past recent years, 3D printing is increasingly used in various medical 
disciplines. Some of those applications and outcomes could have previously 
been considered even like science fiction. One specific field in medicine, where 
3D printing has found wide use and advances is surgery (Pugliese et al., 2018). 
Modern 3D printing principles were also used before implementing 3D printing 
in the successful manual recreation of urinary bladder (Yoo et al., 1998). 
Further automation in 3D printing has replaced a slow and complicated manual 
construction process.  

Printing technologies have found applications also in the other medical 
specialities, such as cardiology (Luo et al., 2017; Vukicevic et al., 2017), den-
tistry (Lin et al., 2019), urology (Huri et al., 2020; Parikh and Sharma, 2018), 
and plastic surgery (Lin and Yarholar, 2020). Some of these examples have 
similar features compared to the abovementioned surgical interventions. 
Another emerging printing application is bioprinting (Groll et al., 2016; Moroni 
et al., 2018). The goals and applications of bioprinting are often closely linked 
to surgical operations. The desired result of working organ replacements could 
also be beneficial in solving the emerging crisis in donor organ transplantations 
(Mills and Mills, 2020; Munoz-Abraham et al., 2016; Sreekala et al., 2020). 

In pharmaceutical technology, 3D-printing holds great promises as a poten-
tial flexible fabrication method suitable for personalised medicines. The focus 
of pharmaceutical 3D printing has been on creating more complex systems with 
a combination of APIs (polypills), controlling the drug release behaviour, and 
printing the medicinal products on demand with accurate dose for specific 
patient groups. Patient adherence has an important role in successful medical 
treatment. Adherence among the patients with high drug burden can be im-
proved by using polypills – a combination of APIs fused into one DDS (Baum-
gartner et al., 2020). 3D printing has been used to produce such polypills con-
taining five and more APIs (Shaban A Khaled et al., 2015; Robles-Martinez et 
al., 2019). Not only are the APIs combined into one system, but also the drug 
release behaviour of each separate component can be modified (Shaban A 
Khaled et al., 2015; Shaban A. Khaled et al., 2015). In addition, the dimensions 
and geometry of the printed DDS affect the dissolution profile of API (Goyanes 
et al., 2015b; Kyobula et al., 2017a; Sadia et al., 2018).  

A milestone was hit in 2015 with the FDA approving the first 3D-printed 
drug product, an orally disintegrating tablet (ODT) Spritam® by Aprecia 
Pharmaceuticals (Norman et al., 2016). Spritam® ODTs are fabricated by a 
powder-based ZipDose® 3D-printing technology enabling the creation of a 
porous tablet structure, which presents significantly shorter disintegration time 
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compared to conventional ODTs. Such behaviour has also been described in 
scientific literature (Fina et al., 2018b). Up to date, Spritam® has remained the 
only 3D-printed pharmaceutical product on the market.  
 
 

2.4. Quality aspects of 3D printed objects 
The 3D printability of materials can be defined as the capability of a 3D printer 
to reproduce a given model produced by CAD. The accuracy and precision of a 
printing process will determine the final quality of the printed product. In the 
literature, the printability has been evaluated by the determination of e.g., the 
width of the printed scaffold filament (Habib et al., 2018; Li et al., 2016), fila-
ment collapsing (Habib et al., 2018), overlaps in sharp corners (He et al., 2016), 
area (He et al., 2016), the properties of the lattice gap (Habib et al., 2018; 
Ouyang et al., 2016), visual appearance (Yang et al., 2018), and surface rough-
ness (Rocha et al., 2014) of the printed 3D object. Moreover, the internal 
structure and density of the 3D-printed objects have been studied with (X-ray) 
micro computed tomography (CT) (du Plessis et al., 2018; Vasarhelyi et al., 
2020).  

In the development of 3D printed pharmaceuticals, it is of outmost impor-
tance that the final product is reproducible and complies all quality specifica-
tions set for the printed product (e.g., the dimensions and shape, mechanical 
properties, and drug release in vitro). According to the literature, the variations 
and defects in the shape of printed DDSs can result in an inadequate drug 
dosing and delivery (Kyobula et al., 2017b; Yu et al., 2008). The possible 
technological shortcomings in accuracy and resolution are discussed in chapter 
2.2, yet the materials used play an equally important role.  

The printability and quality aspects of hydrogels are widely reported in the 
state-of-the-art literature (Gao et al., 2018; Habib et al., 2018; He et al., 2016; 
Li et al., 2016). With 3D-printed pharmaceuticals, it is essential to conduct a 
complete pharmaceutical qualitative and quantitative analyses relevant to the 
present manufacturing technology to ensure the final quality of 3D printed DDS 
(Melocchi et al., 2021).  
 
 

2.5. Material considerations in 3D printing 
Materials used in medical and pharmaceutical applications need to be bio-
compatible, biodegradable, and non-toxic. Moreover, the materials need to 
comply with the technical requirements set by the printing technology used. 
Therefore, the chemical and physical properties of the carrier materials are of 
vital importance (Chia and Wu, 2015; Habib et al., 2018). 

If semisolids such as gels and pastes are used as printing materials, viscosity 
is one of the key parameters affecting the printing process. Therefore, the 
rheological tests are critical for assessing the applicability of such materials for 
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printing (Aho et al., 2015; He et al., 2016; Kyle et al., 2017; Paxton et al., 
2017). The material needs to be viscous enough to maintain structural integrity 
after printing. With the materials being too viscous, higher force is needed to 
eject it through the printing head nozzle. For printing, a shear thinning beha-
viour of the material is beneficial. Other material properties affecting the 
printability of solutions and semisolid materials include the gelation mecha-
nism, surface tension, density and thermal properties (He et al., 2016; Joshi, 
2011). 

The use of elevated temperatures in FDM 3D printing will become one of 
the key concerns, and consequently strategies to lower the HME and/or printing 
temperature for thermolabile APIs are needed (Kollamaram et al., 2018).  

For ensuring the pharmaceutical quality of the final 3D-printed product, it is 
crucial that the HME filaments as intermediate products are uniform in terms of 
their geometrical, physical solid-state and pharmaceutical properties. High 
temperatures are used during HME process, therefore the carrier polymer(s) 
used need to be thermostable (Kempin et al., 2018). The addition of plasticizer 
can increase the extrudability of the carrier polymer (Desai et al., 2018). In 
addition, APIs used in the printing formulation can act as plasticizers, thus 
enhancing the process (Siepmann et al., 2006). The key HME process factors 
affecting the properties and performance of final extruded products are the 
extrusion temperature, screw speed and size, and feed rate (Thiry et al., 2015). 
 

2.5.1. Polyethylene oxide 

Polyethylene oxide (PEO) is a hydrophilic, thermoplastic semicrystalline 
synthetic polymer obtained by the polymerisation of ethylene oxide monomer 
(Herzberger et al., 2015).  

It can be used either on its own, in the composition of copolymers or in 
combination with other polymers. For example, Pluronic block-copolymer (con-
sisting of PEO – polypropylene oxide – PEO) allows the 3D printing of 
vascularised tissue constructs (Kolesky et al., 2014). On its own, PEO has been 
used in FDM for printing radiator-like shaped oral dosage forms (Isreb et al., 
2019) and in SLS for printing gyroid lattices (Fina et al., 2018a). PEO has also 
been used as the viscosity enhancer for printing polyurethane elastomers (Hung 
et al., 2014).  
 

2.5.2. Polycaprolactone 

Polycaprolactone (PCL) is a biodegradable and water-insoluble polymer with a 
relatively low melting point of approximately 50 to 60 °C (Murphy et al., 2012).  
In the literature, PCL has been reported as a suitable carrier polymer for FDM-
assisted 3D printing (Beck et al., 2017; Fu et al., 2018; Ramanath et al., 2008). 
For pharmaceutical/medical applications, PCL has been used in patient-specific 
3D-printed antimicrobial wound dressings (Muwaffak et al., 2017), intrauterine 
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implants (Holländer et al., 2016), and biodegradable/bioabsorbable stents 
(Guerra and Ciurana, 2018). 
 
 

2.6. Regulation and legislation aspects of 3D-printing 
In 2011, a Berlin-based designer Ronen Kadushin published an open design for 
stylised intra-uterine device called Bearina. The mock-DDS consisted of similar 
polymers as its role models, and a euro cent was used as the source of Cu2+ ions. 
The fabrication of the present prototype costs 2.50€ each (Kadushin, 2011). 
While the author stresses that this device is by no means intended for thera-
peutic use, such projects became available for everyone due to large open-
source design banks and cheaper 3D printers (Rayna and Striukova, 2016). 

Today, 3D-printing as a novel technology is not yet very much regulated. 
With the method emerging, it would be important to pay attention to this soon. 
Currently, the main issues are related to the intellectual property (IP) and the 
corresponding legislation. More precisely, the problem is two-fold, the protec-
tion of (1) CAD files and (2) printed final object.  

Taking a step towards the adoption of 3D printing in pharmaceutical manu-
facturing, we still need more comprehensive studies on the scale-up possibilities 
of this method (Jamróz et al., 2018). The pharmaceutical industry is thoroughly 
regulated by both national and international regulatory bodies, making the 
changes in manufacturing challenging and time consuming. The methods for the 
compounding of extemporaneous preparations in Estonian pharmacies are not 
enacted by either Medicinal Products Act (RT I 2005, 2, 4) nor the regulation of 
the Manufacturing of Medicinal Products (RT I, 19.12.2014, 6) issued by 
Minister of Health and Labour. The future application of 3D printers in practice 
have been discussed in the literature (Beer et al., 2021). Recently, it has been 
suggested that the individual patients could print their own medicines, but this 
can be a great risk for the safety and compliance of medicines. The experts have 
found that the most likely scenario is the implementation of 3D printers in 
hospital pharmacies or compounding community pharmacies. This, however, 
would require a paradigm shift in the way how extemporaneous preparations are 
being seen by the pharmacists, doctors, and regulatory bodies. This is also valid 
for any novel technology or method to be adopted in use in medicine and 
pharmacy.  
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3. SUMMARY OF THE LITERATURE 

To conclude, the layer-by-layer fabrication during 3D printing allows the intro-
duction of flexibility in future fabrication of novel and more patient-specific 
DDSs. Dosage form design is a multistage process, and the implementation of 
new techniques can add various material and process considerations. Often new 
in-house quality control methods and regulations need to be developed. 

The choice of material dictates many of the properties of the final 3D printed 
product, irrespective of the used printing method. Both PEO and PCL are being 
studied as carrier polymers for API-loaded electrospun nanofibers in the Insti-
tute of Pharmacy, University of Tartu (Hakkarainen et al., 2019; Lanno et al., 
2020; Preem et al., 2017; Ramos et al., 2021). Previous knowledge and expe-
rience with the chosen materials also aid the application of them in 3D printing. 

Further understanding of the 3D printing process, different printing techno-
logies, printable materials and process parameters is crucial in successful 
development, manufacture, and quality control of safe and stable 3D printed 
DDSs.   
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4. AIMS OF THE STUDY 

The overall aim of the present thesis was to gain understanding of the appli-
cability and critical process parameters of extrusion-based 3D printing methods 
in fabricating pharmaceutical oral solid dosage forms. Aqueous-based micro-
extrusion 3D printing and HME-integrated FDM 3D printing were used as 
novel methods for fabricating pharmaceutical DDSs. The “green manufactu-
ring”-related goal of the study was to design pharmaceutical 3D printing for-
mulations without using any organic solvents.  
 
The specific aims were: 
(1) to find at least one feasible composition of carrier polymer(s) and API(s) 

for both pharmaceutical micro-extrusion based, and FDM 3D printing 
(2) to gain knowledge of the critical material and process parameters of micro-

extrusion based, and FDM 3D printing  
(3) to investigate the effects of printing head speed and printing plate tempe-

rature on the micro-extrusion-based 3D printability of a model aqueous 
polymer solution 

(4) to gain knowledge on the impact of plasticizer and API(s) on the forma-
tion, mechanical properties, homogeneity, and 3D printability of HME 
filaments intended for FDM 3D printing 

(5) to evaluate the effects of tablet geometry and post-printing treatment 
(crosslinking) on the drug release behaviour of 3D-printed tablets.  
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5. MATERIALS AND METHODS 

5.1. Materials (I, II, III) 
Aqueous gel-like solutions (further referred also to as gels) of polyethylene 
oxide (PEO, MW approx. 900,000, Sigma-Aldrich, USA) were used in micro-
extrusion-based 3D printing. Polycaprolactone (PCL, Purasorb PC 08, Corbion 
Purac, USA) was used as a polymeric base in the HME filaments applied as an 
intermediate product in a FDM 3D-printing process.  

The three model APIs used in the 3D-printing experiments were selected 
based on their different physicochemical properties and water solubility. Indo-
methacin, IND (Acros Organics, UK), anhydrous theophylline, THEO (Sigma-
Aldrich, Germany) or ibuprofen, IBU (Hangzhou Dayangchem Co. Ltd, China) 
were loaded in the HME filaments intended for FDM 3D printing. Anhydrous 
THEO (Sigma-Aldrich, Switzerland) was also used in micro-extrusion-based 
3D-printing. 

Arabic gum, ARA (Sigma-Aldrich, USA) in powder form was used as plasti-
cizer in HME filaments. 

For the crosslinking of PEO, 4-hydroxybenzophenone, HBP (Sigma-Aldrich, 
USA) was used in powder form as a photo-initiator. 
 
 

5.2. Preparation of 3D-printing materials 

5.2.1. Preparation of printing solutions (I, III) 

The gels referred to as 10%, 15%, and 20% (coded as PEO10, PEO15, PEO20) 
were prepared by dissolving either 1 g, 1.5 g, or 2 g of PEO in 10 ml of distilled 
water, respectively. PEO was dissolved for at least 12 hours in distilled water at 
ambient room temperature to form a viscous gel. The pure polymeric gels were 
printed as such, unless otherwise stated.  

For preparing the API-loaded gels (PEO_THEO, 80:20 ratio), 0.375 g of 
THEO was added to 15 ml of distilled water and heated until fully dissolved. 
Then, 1.5 g of PEO was added, mixed, and subsequently allowed to dissolve 
overnight similarly to that with pure polymeric gels. For crosslinking, HBP was 
mixed into the aqueous printing solution (at the concentration of 10% w/w from 
a polymer PEO weight in the gel) prior to the 3D-printing.  
 

5.2.2. Preparation of physical mixtures (II) 

The physical mixtures (PMs) for HME were prepared using a ‘geometric dilu-
tion’ protocol. The powders were first manually ground by mortar and pestle 
before mixing. Three batches of PMs were made with the content of API (IND, 
THEO or IBU) either 20%, 30% or 40% (w/w). All PMs contained 10% (w/w) 
of plasticizer (ARA), and the amount of PCL was varied in accordance with the 
API content. 
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5.2.3. Hot-melt extrusion (II) 

The filaments were extruded from PMs using a Filabot EX2 (Filabot, USA) 
single-screw hot-melt extruder. The most suitable extrusion temperature was 
screened and selected individually for each formulation. The extrusion speed 
was manually optimised during the process. The samples were stored in a dry 
cabinet (containing silica gel) at room temperature (22 ± 2 °C). The extruded 
filaments are considered as printing materials in this work since they are used as 
an intermediate product for further 3D printing. 
 
 

5.3. Characterisation of printing materials and  
3D-printed objects 

5.3.1. Viscosity measurements (I) 

The viscosity measurements of the pure PEO gels were conducted with a 
Physica MCR 101 rheometer (Anton Paar, Austria) using a cone-plate geo-
metry. The measurements were carried out at 25 °C. The viscosity was mea-
sured in a rotational shear test at the controlled shear rates between 100 s−1 and 
0 s−1. All measurements were carried out in triplicates. 
 

5.3.2. Injectability of printing solutions (III) 

Brookfield CT3 Texture Analyzer (Middleboro, MA, USA) together with 
TexturePro CT software (AMETEK Brookfield, Middleboro, MA, USA) was 
used for measuring the injection force needed for pushing the printing solutions 
through a 21G needle. PEO + THEO 80:20 printing solution and reference solu-
tions (PEO15 and PEO10) were tested. A 3-ml Luer lock Norm-Ject  syringe 
was filled and fixed at 2 ml of test solution. The syringe was securely placed 
between the fixtures of the texture analyzer, and a continuous speed of 1.0 mm/s 
was used for material extrusion from the syringe. All measurements were 
carried out in triplicates at room temperature (22 ± 2 °C). 
 

5.3.3. Fourier-transform infrared spectroscopy (I, II, III) 

The Fourier-transform infrared (FTIR) spectra of the samples were obtained 
using an IRPrestige-21 spectrophotometer (Shimadzu Corp., Japan) and Specac 
Golden Gate Single Reflection attenuated total reflection ZnSe crystal (Specac 
Ltd., UK). The analytical range was from 600 cm-1 to 4000 cm-1. All measure-
ments were in triplicates. A single spectrum was an average of 60 spectra, 
normalised and baseline corrected. 
 
  

®
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5.3.4. Differential scanning calorimetry (II, III) 

The thermal behaviour of pure substances intended for extrusion, PMs and 
HME filaments were studied using the TA DSC2500 system (TA Instruments, 
USA). The samples of approximately 2–8 mg were placed in crimped alumi-
nium pans with a pinhole on the lid. The samples were analysed under a nitro-
gen purge of 50 ml/min. In the cooling unit, a purge of 200 ml/min was used. 
The heating was conducted at 10 °C/min with a starting temperature at 25 °C. 
The end temperature was 170 °C for IND and IND extrudates, 150 °C for ARA, 
75 °C for PCL, 280 °C for THEO, 270 °C for 20% THEO extrudate and 275 °C 
for 30% and 40% THEO extrudate. 

The melting temperature (Tm) and other thermal properties for pure materials 
(THEO and PEO), PMs and micro-extrusion-based 3D-printed multilayered 
tablets were determined by using a PerkinElmer DSC 4000 Differential Scan-
ning Calorimeter (PerkinElmer, Inc, Waltham, MA, USA). Samples of 4 mg 
were placed in sealed aluminum standard pans and an empty pan was used as a 
reference. The samples were heated (10 °C/min) from 20 °C to 300 °C under a 
nitrogen gas purge at the flow rate of 20 ml/min. The data were analysed using 
Pyris software (PerkinElmer, Inc, Waltham, MA, USA). All measurements 
were performed in triplicate. 
 

5.3.5. Near infrared spectroscopy (III) 

To study the drying of 3D-printed DDSs, near-infrared (NIR) spectra were mea-
sured with a AvaSpec-NIR256-2.2 spectrometer (Avantes, The Netherlands) 
equipped with a 256-pixel GaAs detector and tungsten halogen lamp (AvaLight-
HAL). The NIR spectra were collected on the pure materials, PMs (freshly 
prepared and stored at 40 C and 75% relative humidity (RH), and a drop of water 
added on the top of mixture) and 3D-printed tablets (FRESH, the tablet imme-
diately after 3D-printing, and AGED, the tablet stored for a week in a desiccator 
in a refrigerator at 2–8 C). All measurements were carried out in triplicate. 
 

5.3.6. X-ray powder diffraction (I, II) 

The powder samples, extruded filaments, PEO model squares, and 3D-printed 
tablets were studied by means of X-ray powder diffraction (XRPD) using a 
Bruker D8 Advance diffractometer (Bruker AXS GmbH, Germany) with Ni 
filtered CuKα radiation, 0.3° divergence slit, two 2.5° Soller slits and LynxEye 
line detector, operated at 40 kV and 40 mA. Scanning steps of 0.019° 2θ from 3 
to 55° 2θ and a total counting time of 175 s per step were used. 
 

5.3.7. Three-point bending test (II) 

The mechanical properties of HME filaments were evaluated by a three-point 
bending test using a texture analyser (AMETEK Brookfield CT3, USA) at room 
temperature (22 ± 2 °C). The filament samples were cut in 5 cm pieces, and 

°

°
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their diameter was measured by a digital calliper. The general placement of the 
sample within batch (beginning, middle, end) was considered. The distance 
between horizontal probes was 3 cm, trigger load was set at 10 g, and test speed 
was 1 mm/s. All measurements were carried out in triplicate. 
 

5.3.8. Filament homogeneity (II) 

For evaluating the homogeneity of filaments, five to eight filament samples of 0.5 
cm in length were cut from each original filament generated and weighed. The 
sample size differed due to practical reasons. The length of filaments was not the 
same with the different materials, and therefore the samples were collected in 
such a way that they could present the whole filament as much as possible. These 
samples were dissolved in 100 ml of acetonitrile by mixing in acetonitrile 
overnight. Aliquots (10 ml) were filtered (jet biofil 0.45 µm, Guangzhou Jet Bio-
Filtration Co., China) and diluted (1:10) with a solution of acetonitrile and water 
(70:30 V/V). The concentration of API in the filaments was determined by high-
performance liquid chromatography, HPLC (all Gilson, France) equipped with a 
321 pump and 234 autoinjector, 506C System Interface Module, and UV/Vis-151 
detector. A Gemini NX C18 250 mm x 4.60 mm HPLC column (Phenomenex, 
USA) equipped with a SecurityGuard pre-column (Phenomenex, USA) was used. 
The analytical wavelength used for IND and THEO was 270 nm and 210 nm, 
respectively. The mobile phase consisted of 70% of acetonitrile, 30% of water 
and 0.1% of trifluoroacetic acid (Sigma-Aldrich, USA), and the flow rate was 
adjusted to 1.2 ml/min (Ojarinta et al., 2017). Standard curves were prepared 
using an acetonitrile/water 70/30 (V/V) solution. 
 

5.3.9. Physical stability of HME filaments (II) 

The physical appearance and potential solid-state changes of the HME filaments 
were studied for 3 months with the filaments stored at the elevated temperature 
of 40 °C and 75% RH, or alternatively in a refrigerator at 3-8 °C and 0% RH. 
The XRPD solid-state analysis of the fresh and stored HME filaments was 
performed as described previously. 
 

5.4. 3D-printing (I, II, III) 
The semisolid materials were printed using a bench-top extrusion-based 3D-
printing system (System 30M, Hyrel 3D, USA) equipped with a KRA-15 
extrusion head and a 21G needle as a printing head nozzle.  

During 3D printing, the printing head is moving at a set speed, and the 
printing material is extruded and forced through a nozzle system onto a printing 
plate. Following every printed layer, the printing plate is lowered by a pre-
defined distance, thus allowing the printing head to create another layer of 
material on top of the printed object. 

The printing experiments for 3D printability evaluation were carried out with 
three different PEO concentrations (X1): 10%, 15% and 20%. The effects of a 
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printing head speed (X2) and printing plate temperature (X3) on the overall 
printability of PEO gels were evaluated as independent process parameters 
(Table 2). The printing head speeds studied were 0.5 mm/s, 1.0 mm/s and  
1.5 mm/s. The printing plate temperature was set at 30°C, 50°C or 70°C. All 
other process parameters, such as layer height, extrusion speed, needle size, and 
temperature in the printing head were kept constant. The layer height was set at 
0.1 mm, 21G needle was used for the nozzle and the temperature in the printing 
head was held at 30°C. 
 
 
Table 2. Full factorial design matrix (33) and the results (n=3).  

Exp. Independent parameter Response 
X1 X2 X3 Y1 Y2 Y3 

1 -1 -1 -1 24.5 ± 12.1 162.7 ± 41.3 1.01 ± 0.26 
2 -1 -1 0 30.2 ± 7.2 149.4 ± 4.9 0.93 ± 0.03 
3 -1 -1 +1 47.0 ± 21.0 245.2 ± 79.8 1.52 ± 0.50 
4 -1 0 -1 27.8 ± 0.6 202.0 ± 27.8 1.26 ± 0.17 
5 -1 0 0 37.8 ± 19.6 195.2 ± 16.0 1.21 ± 0.10 
6 -1 0 +1 26.4 ± 13.3 136.8 ± 25.7 0.85 ± 0.16 
7 -1 +1 -1 25.6 ± 6.3 240.9 ± 82.4 1.50 ± 0.51 
8 -1 +1 0 29.8 ± 1.9 152.8 ± 15.3 0.95 ± 0.09 
9 -1 +1 +1 34.2 ± 4.9 169.8 ± 20.9 1.06 ± 0.13 
10 0 -1 -1 44.3 ± 2.0 154.7 ± 33.4 0.96 ± 0.21 
11 0 -1 0 43.8 ± 1.8 190.0 ± 32.1 1.18 ± 0.20 
12 0 -1 +1 44.9 ± 3.3 186.0 ± 3.3 1.16 ± 0.02 
13 0 0 -1 56.1 ± 13.6 230.7 ± 28.3 1.43 ± 0.18 
14 0 0 0 44.4 ± 4.6 151.0 ± 26.5 0.94 ± 0.16 
15 0 0 +1 45.8 ± 4.2 169.7 ± 31.8 1.06 ± 0.20 
16 0 +1 -1 43.8 ± 7.3 281.7 ± 13.1 1.75 ± 0.08 
17 0 +1 0 37.9 ± 5.8 141.9 ± 5.8 0.88 ± 0.04 
18 0 +1 +1 43.6 ± 1.2 170.0 ± 27.4 1.06 ± 0.17 
19 +1 -1 -1 76.8 ± 15.2 188.1 ± 20.9 1.17 ± 0.13 
20 +1 -1 0 53.1 ± 11.3 153.3 ± 18.3 0.95 ± 0.11 
21 +1 -1 +1 71.3 ± 9.6 171.8 ± 36.7 1.07 ± 0.23 
22 +1 0 -1 56.4 ± 2.3 208.1 ± 98.8 1.29 ± 0.61 
23 +1 0 0 46.2 ± 9.5 126.2 ± 5.8 0.78 ± 0.04 
24 +1 0 +1 57.6 ± 11.1 112.5 ± 7.2  0.70 ± 0.04 
25 +1 +1 -1 51.4 ± 1.6 210.9 ± 34.0 1.31 ± 0.21 
26 +1 +1 0 53.7 ± 2.5 134.1 ± 7.7 0.83 ± 0.05 
27 +1 +1 +1 57.8 ± 8.1 137.6 ± 4.1 0.86 ±  0.03  

 

Key: X1 = Concentration of PEO solution: 10% (-1), 15% (0), 20% (+1); X2 = Printing 
head speed (mm/s): 0.5 (-1), 1.0 (0), 1.5 (+1); X3 = Printing plate temperature (°C): 30 
(-1), 50 (0), 70 (+1).  
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The cylindrical-shaped model tablets were printed at a printing head speed of 
0.5 mm/s and the printing plate temperature was 50 C. Nine tablets were 
printed in one batch, and the number of material layers (i.e., tablet thickness 
referred to as TH for thin, or TK for thick) was varied in different batches. The 
tablet thickness was taken into consideration only for in vitro drug release 
testing. The tablets were kept in a desiccator in a refrigerator (2–8 C) before 
crosslinking and subsequent dissolution tests. 

Both the scaffold design and model tablet design for semisolid micro-
extrusion-based 3D-printing were designed using Autodesk® 3ds Max® Design 
2017 software (Autodesk, Inc., USA). For FDM 3D printing, similar cylindrical 
model tablet design was used. To alter the drug release, the model honeycomb 
tablets with equal weight but different surface area were designed using 
Solidworks software (Solidworks 2018, Dassault Systems, USA).  

The FDM model printlets were manufactured by a ZMorph 3D-printing 
system (ZMorph, Poland). The temperature in printing was held at 175 °C and a 
printing plate temperature was kept in the range of 35 °C and 40 °C for IND 
tablets. The corresponding temperature levels used with the THEO tablets were 
190 °C and 40 °C, respectively. The filaments and prepared 3D printed samples 
were stored in a dry cabinet (containing silica gel) at room temperature (22 ±  
2 °C) before further analyses. 
 
 

5.5. Crosslinking (III) 
The PEO-based 3D-printed tablets were crosslinked using an UV transillumi-
nator (GVM-20, 230V, 50Hz, 100W, 2A, ᴓ5x20, Serial 964215, Syngene, UK). 
The irradiation time was 15 minutes for both sides of the tablets (30 minutes in 
total for one tablet). These tablets are further referred to as TH_UV30 and 
TK_UV30. Potential swelling or the degradation of the 3D-printed solids were 
evaluated visually. Gamma-radiation induced crosslinking was carried out in 
Scandinavian Clinics Estonia OÜ, Estonia. The measured radiation doses 
absorbed ranged from 31.3 kGy to 32.9 kGy. The tablets were gamma-radiated 
in either ambient air (TK_gamma) or nitrogen gas (TK_gammaN) environment 
to investigate the impact of environment during irradiation on the 3D-printed 
tablets. 
 

5.6. Evaluation of printability (I) 
The evaluation of 3D printability was based on the printed lattice weight, dimen-
sions, and area measurements. The dimensions for a square-shaped 3D lattice 
were 20 x 20 x 1 mm. The surface area of the theoretical lattice (160.89 mm2) 
was compared with the experimental areas of the 3D-printed lattices. Each 
printed PEO lattice was weighed with an analytical scale and photographed with 
a digital single-lens reflex camera (Nikon D3300, Nikon, Japan). The photo-
graphs were analysed with an ImageJ (National Institute of Health, USA) image 

°

°
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analysis software (version 1.51k). The area was automatically calculated from a 
black-and-white image based on a threshold value. This experimental value was 
then compared with the theoretical value of a designed lattice. The ratio of areas 
was calculated as the ratio of experimental area to the theoretical area (Equation 
1).  

         
Equation 1

 
 
where rs stands for the calculated ratio, se for the experimental area and st for the 
theoretical lattice area calculated from the designed lattice model.  

The effects of PEO concentration (X1), printing head speed (X2) and 
printing plate temperature (X3) on over all printability of PEO gels were 
modelled using the following second-order polynomial Equation 2: 
 𝑌 = 𝑎1 ∙ 𝑋1 + 𝑎2 ∙ 𝑋2 + 𝑎3 ∙ 𝑋3 + 𝑎4 ∙ 𝑋1 ∙ 𝑋2 + 𝑎5 ∙ 𝑋1 ∙ 𝑋3 + 𝑎6 ∙ 𝑋2 ∙ 𝑋3 + 𝑎7 ∙ 𝑋1ଶ + 𝑎8 ∙ 𝑋2ଶ + 𝑎9 ∙ 𝑋3ଶ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡         Equation 2 
 
where Y = response and a1...a9 = coefficients. 

The model was simplified with a multi-linear backward, stepwise regression 
technique. The least significant terms were excluded from the model if the 
predictive power (Q2) of the model was increasing (Table 3). The modelling 
was performed using MODDE  for Windows (Version 7.0.0.1, Umetrics AB, 
Sweden). 
 
 
Table 3. The fitted models for unscaled coefficients and responses 

Coefficient  Y1  Y2   Y3 
a1   2.68  3.12   0.0186 
  
a2   -6.46  152   0.940 
a3   NS  -4.68   -0.0299 
a4   NS  NS   NS 
a5   NS  -0.110   -0.000667 
a6   NS  -2.95   -0.0183 
a7   NS  NS   NS 
a8   NS  NS   NS 
a9   NS  0.0821   0.000517 
constant   11.2  215   1.36 
R2   0.746  0.682   0.681 
Q2   0.668  0.411   0.410 
NS = not significant 
 
  

®
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5.7. Drug release (II, III) 
The drug release of the FDM 3D-printed tablets was studied in vitro by a Sotax 
AT6 dissolution tester (Sotax AG, Switzerland) using the USP Paddle method 
with a paddle rotation speed of 50 rpm. The volume and temperature of the 
dissolution medium were 900 ml and 37 °C, respectively. The sample size was 
5 ml. Immediately after sampling, 5 mL of pure buffer solution was added to 
the test sample to replace the volume. The sampling time points were at 15 min, 
30 min, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, and 24 hours. The release of 
IND from the tablets was studied in a phosphate buffer (pH 7.2; USP). For 
THEO, the dissolution medium was HCl-buffer solution with sodium chloride 
(pH 1.2; USP). The dissolution tests were carried out in triplicate one week after 
printing.  

The in vitro dissolution tests for micro-extrusion-based 3D-printed tablets 
were performed using a dissolution apparatus (Sotax AT7 Smart, Sotax, 
Switzerland) and a paddle method. The paddle speed was set at 50 rpm. The 
dissolution medium used was 500 ml of distilled water at 37 C. The samples 
were assayed by UV spectrophotometry (Specord 200 plus, Analytik Jena, Ger-
many) and compared to the calculated theoretical drug content of these tablets. 
Dissolution tests were carried out in three parallels. The residual samples were 
weighed after the test, if possible. Water uptake (%) was calculated from the 
weight gain of these samples. The dissolution behaviour of batch TK_UV 
tablets in water was visually compared with the dissolution of the corresponding 
round-shaped solvent-cast UV-crosslinked free films (with an equivalent 
composition, diameter, and thickness).  

 
 

5.8. Data analysis (I, II, III) 
Principal component analysis (PCA, Simca-P+ Version 12.0.1.0, Umetrics AB, 
Sweden) was applied for NIR spectra to evaluate the drying phenomena and 
process. Spectral range from 1200 to 2250 nm was used for multivariate data 
analysis. Standard Normal Variate (SNV) and the 1st derivative spectral pre-
processing was performed. For the PCA model, the first three principal com-
ponents (PC) were used to explain the data. The results are presented as scores 
plot and loadings plot where the scores reveal the spectral variation, and the 
loadings represent the spectral contribution to each PC.  

All other statistical tests were carried out using MS Excel (Version 2110 
Build 16.0.14527.20234). The influence of the process parameters on the 3D 
printability was evaluated using regression analysis. A two-tailed unpaired t-test 
was used to study the statistical difference between the groups.   

°
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6. RESULTS AND DISCUSSION 

6.1. Rheological properties of the printing solutions  

6.1.1. Viscosity of printing solutions (I) 

The viscosity of aqueous PEO printing solutions increased as the polymer 
concentration was increased in the solutions at all shear rates studied (Figure 5). 
The viscosity of the present gels intended for extrusion-based 3D printing 
ranged from 24.4 ± 1.1 Pa⋅s to 186.7 ± 6.8 Pa⋅s at a shear rate of 10 s-1 (25 °C). 
We observed that by knowing the range of viscosity profiles of the solutions or 
gels suitable for micro-extrusion-based 3D printing, we can readily assess the 
expected 3D-printability of the material as well. The influence of PEO con-
centration (i.e., viscosity) on the 3D printability of tablets is discussed in more 
detail in chapter 6.3.   

We found that the rheology of aqueous PEO gels followed a shear-thinning 
(also known as pseudoplastic) behaviour at all PEO concentrations studied. 
These results are in good agreement with the findings on the rheological beha-
viour of PEO gels reported in the literature (Ebagninin et al., 2009).  
 

 
Figure 5. Viscosity of PEO gels (25 °C) intended for 3D printing.  
Key: PEO10 = 10% aqueous PEO gel; PEO15 = 15% aqueous PEO gel; PEO20 = 20% 
aqueous PEO gel. 
 
 
Perhaps surprisingly, the viscosity of aqueous PEO gels used in our study was 
even ten-to-hundreds time lower than those reported in the literature for 3D 
printing by using gels of different materials (Compton and Lewis, 2014; 
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Postiglione et al., 2015). However, Bakarich et al. (2013) reported that less 
viscous gels are also applicable for extrusion-based bioprinting. It is evident 
that the successful 3D printing with low-viscosity PEO gels is partially attri-
buted to the shear-thinning rheology of PEO gel. A shear-thinning response and 
high near-zero viscosity have been reported as highly desirable in the context of 
liquid deposition modelling based 3D printing. In an extrusion-based printing, 
extrusion through a capillary nozzle at high shear-rates has been shown to 
decrease the viscosity of a printing material (Faes et al., 2015; Postiglione et al., 
2015). 

It is of outmost important to find the most suitable printing parameters for 
such polymer(s), and thus to gain understanding of the printing process. This 
will in turn contribute to finding more promising biocompatible polymers that 
can be applied in medical and/or pharmaceutical 3D printing. Pluronic F127 
gels with different polymer concentrations (viscosity ranging from 30 mPa⋅s to 
over 60 × 106 mPa⋅s) were successfully applied in 3D printing (Chang et al., 
2013). The known viscosity profile and 3D-printability correlation can be 
further taken into consideration when choosing the desired design pattern and 
printing parameters. According to the literature, crosslinking of polymer can 
also increase the viscosity, and consequently, also enhance the printing of low 
viscosity polymer inks (Chung et al., 2013). 
 

6.1.2. Injectability of printing solutions (III) 

The injectability test method was used to investigate the effects of drug-loaded 
semisolids and their rheological properties on a 3D-printing process. Table 4 
shows the maximum injection force values for the aqueous PEO, and drug 
loaded PEO gel samples in the test. The maximum injection force for the 
aqueous PEO10 and PEO_THEO solutions was 43.7 ± 6.2 N and 52.9 ± 2.2 N, 
respectively. The difference of these two maximum forces, however, was not 
statistically significant (p = 0.057). A slight increase in the maximum force with 
the PEO_THEO solution is obviously due to the higher concentration of solids 
in the mixture. The PEO15 solution was found more challenging to load into the 
syringe due to higher viscosity of the solution. As shown in Table 4, the PEO15 
solution presented also the highest maximum force value of 95.7 ± 5.9 N in the 
injectability test. The difference to the force values obtained with PEO10 and 
PEO_THEO solutions was statistically significant (p < 0.05).  
 
  



34 

 
 
The injectability test is widely used for determining the critical rheology-related 
parameters affecting the subcutaneous and intramuscular injection of APIs 
(Cilurzo et al., 2011). To date, however, this test method has not been used 
frequently in the evaluation of 3D printing materials, even though the test setup 
mimics well the syringe-like printing head of a nozzle-based 3D-printing 
system. Moreover, the test method enables the visual monitoring of the flowing 
behaviour of a printing solution and the formation or presence of air bubbles in 
the solution, thus predicting the success of a printing process. 

With the aqueous solutions of PEO, the impact of the polymer concentration 
on the injection force is evident, and this finding is in good agreement with our 
previous studies on the effects of viscosity on 3D printing. The high molecular 
weight of PEO can also play an important role in resisting injectability (Meruva 
and Donovan, 2020). Despite of the advantages of using an injectability test for 
predicting the materials behaviour in 3D printing, there are some limitations 
related to this test. Such limitations include the difference in the flow velocity 
of materials in the injectability test and extrusion-based 3D printing. Therefore, 
for improving the prediction capacity, it would be important to use the same 
shear rate levels in an injectability test as in the real extrusion-based 3D printing 
process.    
 

6.2. Formulation of HME filaments (II) 
Finding a suitable carrier polymer for a HME process is crucial since the poly-
mer affects the stability and physicochemical characteristics of the final drug-
loaded filaments. We selected PCL as a carrier polymer, since it is extrudable in 
a HME process alone at 75 °C. The HME filaments fabricated from PCL, 
however, were soft, somewhat uneven in thickness and not intact enough for 
handling. In our study, the main reason for adding a secondary excipient (in 
addition to a carrier polymer) was to improve the overall processability of 
filaments. This can be achieved by the addition of a suitable plasticizer (Desai 
et al., 2018). For HME process, the plasticizer of choice should be a solid 
plasticizer, since liquid plasticizers could extensively decrease the viscosity and 
solidity of HME mass, and thus impair extrusion and subsequent 3D printing. 
To date, there are only a few studies in the literature reporting on the use of 
solid plasticizer(s) in the HME of polymeric filaments (Desai et al., 2018; 

Table 4. Injectability of printing solutions (n=3).  

Printing solution Maximum injection force (N) 
PEO15 95.7 ± 5.9 
PEO10 43.7 ± 6.2 
PEO_THEO 52.9 ± 2.2 

Key: THEO = theophylline, PEO = polyethylene oxide. 
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Schilling et al., 2007; Wu and Mcginity, 2003). Based on the results of our 
preliminary tests, a carrier polymer-plasticizer mixture of PCL and ARA was 
chosen for fabricating the HME filaments loaded with API. In comparison with 
the other solid plasticizers preliminary tested (citric acid, solid polyethylene 
glycols), ARA (incorporated with PCL) aided a HME process the most enabling 
the most uniform filament flow. The addition of ARA in the HME filament 
composition made the filaments mechanically strong (less brittle), thus im-
proving their handling and further processing. 

Table 5 summarizes the composition, extrusion temperature and some key 
final filament properties of the API-loaded HME filaments. For fabricating the 
HME filaments, the model API (IND, THEO or IBU) was loaded in the fila-
ments at the concentration levels of 20%, 30% and 40%. The HME temperature 
was kept as low as possible for each formulation (Table 5). We found that the 
HME filaments loaded with IND or THEO can be fabricated at all three API 
concentrations without any limitations. The addition of IBU in the HME fila-
ments, however, resulted in soft filaments with an uneven filament diameter and 
non-repeatable process. Therefore, the IBU-loaded filaments were excluded 
from the further studies. The limitations associated with IBU filament formula-
tions could be explained by the significantly lower melting temperature of IBU 
(80 °C)  (Lerdkanchanaporn and Dollimore, 1997) compared to the melting 
temperatures of approximately 160°C for IND (Tita et al., 2009) and 270 °C for 
THEO (Shaikh et al., 2019).  
 
 

 6.2.1. Physical appearance of HME filaments (II) 

Figure 6 shows the appearance of the API-loaded HME filaments (reference is 
also made to Table 5). With the THEO-loaded filaments, the surface roughness 
apparently increased as the concentration of the API in the filaments was 
increased. The corresponding trend was not observed with the IND-loaded 
HME filaments. The IND-loaded filaments, however, were found to be more 
yellowish in colour as the concentration of API was increased. 



36
 

Ta
bl

e 5
. C

om
po

sit
io

n,
 e

xt
ru

sio
n 

te
m

pe
ra

tu
re

 a
nd

 p
ro

pe
rti

es
 o

f t
he

 d
ru

g-
lo

ad
ed

 h
ot

-m
el

t e
xt

ru
de

d 
(H

M
E)

 p
ol

yc
ap

ro
la

ct
on

e 
(P

CL
) f

ila
m

en
ts.

 

Ba
tc

h 
PC

L 
A

RA
 

A
PI

 
A

PI
 (%

) 
m

ea
su

re
d 

Ex
tru

sio
n 

te
m

pe
ra

tu
re

 
Fi

la
m

en
t d

es
cr

ip
tio

n 
 

IN
D

20
 

70
%

 
10

%
 

20
%

 
13

.3
 ±

 3
.8

 
10

0.
..1

05
°C

 
Li

gh
t y

el
lo

w
ish

 u
ni

fo
rm

 fi
la

m
en

t, 
sli

gh
tly

 
ro

ug
h 

su
rfa

ce
1.

83
 ±

 0
.1

5 

IN
D

30
 

60
%

 
10

%
 

30
%

 
16

.3
 ±

 4
.8

 
10

0.
..1

05
°C

 
Li

gh
t y

el
lo

w
ish

 u
ni

fo
rm

 fi
la

m
en

t, 
sli

gh
tly

 
ro

u g
h 

su
rfa

ce
- 

IN
D

40
 

50
%

 
10

%
 

40
%

 
33

.9
 ±

 3
.4

 
10

0.
..1

05
°C

 
Li

gh
t y

el
lo

w
ish

, s
lig

ht
ly

 ro
ug

h 
su

rfa
ce

, m
or

e 
br

itt
le

1.
78

 ±
 0

.0
3 

TH
EO

20
 

70
%

 
10

%
 

20
%

 
19

.1
 ±

 4
.5

 
12

0.
..1

25
°C

 
O

ff-
w

hi
te

 u
ni

fo
rm

 fi
la

m
en

t, 
sm

oo
th

 su
rfa

ce
 

1.
74

 ±
 0

.0
7 

TH
EO

30
 

60
%

 
10

%
 

30
%

 
29

.6
 ±

 3
.4

 
12

0.
..1

25
°C

 
O

ff-
w

hi
te

 u
ni

fo
rm

 fi
la

m
en

t, 
so

m
ew

ha
t r

ou
gh

 
su

rfa
ce

- 

TH
EO

40
 

50
%

 
10

%
 

40
%

 
40

.0
 ±

 3
.9

 
12

0.
..1

25
°C

 
O

ff-
w

hi
te

 u
ni

fo
rm

 fi
la

m
en

t, 
vi

sib
ly

 ro
ug

h 
su

rfa
ce

1.
88

 ±
 0

.0
3 

IB
U

20
 

70
%

 
10

%
 

20
%

 
- 

75
…

85
°C

 
Li

gh
t y

el
lo

w
ish

, n
on

-u
ni

fo
rm

, r
ou

gh
 su

rfa
ce

 
- 

IB
U

30
 

60
%

 
10

%
 

30
%

 
- 

- 
- 

- 

IB
U

40
 

50
%

 
10

%
 

40
%

 
- 

- 
- 

- 

K
ey

: A
RA

 =
 a

ra
bi

c 
gu

m
; A

PI
 =

 a
ct

iv
e 

ph
ar

m
ac

eu
tic

al
 in

gr
ed

ie
nt

; I
BU

 =
 ib

up
ro

fe
n;

 I
N

D
 =

 in
do

m
et

ha
ci

n;
 T

H
EO

 =
 th

eo
ph

yl
lin

e;
 P

CL
 =

 
po

ly
ca

pr
ol

ac
to

ne
. 

⌀(mm
)



37 

As seen in Table 5, the average diameter of IND20 and IND40 HME filaments 
(n = 9) was 1.83 ± 0.15 mm and 1.78 ± 0.03 mm, respectively. The present 
difference in diameter, however, was not statistically significant. With the 
THEO-loaded HME filaments, the trend went perhaps surprisingly the other 
way around: THEO20 filaments had a diameter of 1.74 ± 0.07 mm and 
THEO40 filaments 1.88 ± 0.03 mm (p < 0.05). In both cases, the HME fila-
ments with higher percentage of API had a more uniform filament diameter.  
 
 

 
Figure 6. Hot melt extruded (HME) filaments composing of polycaprolactone (PCL), 
arabic gum (ARA) and 20% of (A) indomethacin (IND), (B) theophylline (THEO), or 
(C) ibuprofen (IBU). 

 
 

6.2.2. Homogeneity of HME filaments (II) 

The uniformity of HME filaments is one of the key parameters for the further 
development of successful 3D-printed DDSs (Govender et al., 2020). The 
concentrations of API in the HME filaments are shown in Table 5. With both 
THEO- and IND-loaded filaments, the actual API concentration was lower than 
the corresponding theoretical values. The API-content in THEO-loaded fila-
ments, however, was very close to the theoretical nominal value at all con-
centrations studied (Table 5).  

The variation of API concentration in the API-loaded HME filaments is 
shown in Figure 7. With the IND-loaded filaments, the concentration of IND 
was decreased on the course of a HME process. The corresponding trend was 
not observed with the THEO-loaded HME filaments, but the variation in the 
API concentration in the different measurement points along the filament was 
evident. With both APIs, the variation in concentration along the filament 
appeared to be the smallest with the filaments having the highest concentration 
of API. The heterogeneity of the filaments in terms of an API concentration 
could be explained by the inadequate degree of mixing of API and excipients 
prior to extrusion, or de-mixing during extrusion. As mentioned earlier, the 
particle size reduction of the components prior to HME could improve the 
homogeneity of the filaments. Another reason for the inhomogeneity of the 
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IND-loaded filaments could be the cohesiveness of IND, which has been 
reported to cause challenges in a HME process (Holländer et al., 2016).  

We also found that the homogeneity of the HME filaments loaded with 
THEO was not as good as expected (reference is also made to Table 5 and 
Figure 6). There are, however, no reports in the literature for such limitations 
with the HME filaments loaded with THEO. 
 

 
Figure 7. Changes in the concentration (%) of (A) indomethacin (IND) and (B) 
theophylline (THEO) along the corresponding hot melt extruded (HME) filament. 
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6.2.3. Mechanical properties of HME filaments (II) 

Several recent studies in the literature have focused on describing the impor-
tance and evaluation of the mechanical properties of filaments intended for 3D-
printing (Aho et al., 2019; Nasereddin et al., 2018). We used an established 
three-point bending test for investigating the mechanical properties of HME 
filaments (Figure 8). This test method was considered as the method of choice 
for characterizing the polymeric filaments in our study, since it provides infor-
mation about the filament properties relevant to the process behaviour in HME 
and resistance to flexural strength.  

The results of the three-point bending test showed that as the content of API 
was decreased in both IND and THEO-loaded HME filaments, the mechanical 
resistance to deformation and elongation of the filaments were enhanced (Fi-
gure 8). This could be explained by the higher ratio of polymer (PCL) to API in 
the powder mixture used for extruding filaments, thus promoting the handling 
properties of given HME filaments. This phenomenon could be expected, since 
PCL itself is also shown to have plasticizing characteristics, and it has been also 
used as a plasticizer (Olewnik-Kruszkowska et al., 2016). Combining materials 
with such properties with our primary plasticizer, ARA, can result in a syner-
gistic effect. 

 
 

 
Figure 8. Load-displacement curves of hot-melt extruded (HME) filaments loaded with 
theophylline (THEO) and indomethacin (IND) at two different drug concentrations 
(20% and 40%). The filaments were tested with a three-point bending test (n = 3). Each 
line represents one test sample. 
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The mechanical strength (load) values for the IND-loaded HME filaments were 
quite equal in comparison with the corresponding values obtained with the 
THEO HME filaments (the difference in load values was not statistically 
significant). With the IND filaments, however, the displacement values for the 
elongation (at break) were significantly higher than the corresponding values 
for the THEO filaments. This suggests the auto-plasticization characteristic of 
IND resulting in enhanced strain behaviour of HME filaments.  

The limited elongation (strain values) of THEO filaments suggests that 
THEO does not support the plasticization and formation of PCL filaments in a 
HME process. With the THEO filaments, the relatively large variation in the 
results of a three-point bending test could be explained by the uneven filament 
diameter observed with the THEO filaments (Table 5). 
 
 

6.2.4. 3D printing of HME filaments (II) 

According to the state-of-the-art literature, the temperature in 3D printing 
should be set slightly higher than the temperature used in the HME of the 
polymeric filaments (Kollamaram et al., 2018). Therefore, it is important to 
select the temperature used in the HME process as low as possible to minimize 
the potential negative effects on the final product in 3D printing. We found that 
all HME filaments loaded with a model API were applicable for the 3D printing 
of tablets with different geometries. The HME filaments loaded with 20% of 
IND showed very good 3D-printing properties, and the printing of tablets was 
performed without any drawbacks. With the HME filaments loaded with the 
highest concentration of IND (40%), the 3D printing was limited due to regular 
nozzle blockages. With the HME filaments loaded with THEO, the uneven 
filament diameter made the final 3D printing of tablets somewhat complicated. 
While printing solid cylindrical-shape tablets or lattice (“honeycomb”) tablets, 
no technical problems were met. Both types of 3D-printed tablets were 
successfully generated using the HME filaments of an API.  
 
 

  6.2.5. Solid-state characterisation of HME filaments (II) 

The effects of a HME and 3D-printing process on the physical solid state of the 
APIs (IND, THEO) and key excipients are shown in Figure 9. The XRPD 
pattern of IND powder showed the characteristic major diffraction peaks for the 
γ-polymorph (indicated by the tiny arrows in Figure 9A), and this finding is also 
in line with the literature (Aceves-Hernandez et al., 2009). The HME of IND-
loaded filaments resulted in an apparent loss in crystallinity of the API (i.e., 
blunting of the corresponding XRPD reflections), and after 3D printing it is 
evident that IND is in an amorphous form (Figure 9A). While there is an 
enhancement to solubility in amorphous state, the physicochemical behaviour of 
the API is less predictable (Skrdla et al., 2016). The XRPD pattern of THEO 
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powder showed the characteristic diffraction peaks of THEO (Figure 9B), 
previously also described in the literature (Phadnis and Suryanarayanan, 1997). 
As shown in Figure 9B, these characteristic reflections can be found also in the 
XRPD diffraction patterns of the PMs and HME filaments of THEO. The latter 
showing that the solid-state of THEO was preserved during HME. 

The thermal behaviour of pure substances, HME filaments and 3D-printed 
tablets is presented in Figure 10. Figure 10A shows the characteristic melting 
endotherm for IND (at onset temperature 160 °C) and THEO (270 °C), which 
are both in good agreement with the literature (Holländer et al., 2016; Karmwar 
et al., 2011; Shaikh et al., 2019). PCL as a semi-crystalline polymer presented a 
melting endotherm at onset temperature of approximately 55 °C (Figure 10A).  

The DSC thermograms for the HME filaments show the characteristic 
melting endotherms for both IND and PCL (Figure 10B). It is evident that 
amorphous IND recrystallizes in the filaments upon heating (as verified also by 
XRPD). A slight shift of the endothermic peak temperature of PCL (approxi-
mately 2.5 °C) was observed with the HME filaments compared to that obtained 
with pure PCL. This suggests potential interaction (but not necessarily incom-
patibility) of PCL with IND confirming also the previous results reported in the 
literature on the interaction between the API and polymer (Kempin et al., 2017). 
As seen in Figure 10B, the melting peak for IND is more prominent in the DSC 
thermograms of HME filaments loaded with higher concentration (30% or 40%) 
of API. In the case of 3D-printed tablets (Figure 10C), the melting endotherm of 
PCL has been shifted towards lower temperature. The DSC thermogram of 3D-
printed tablets with 40% of API presented a small characteristic melting peak of 
IND indicating that the API is at least partially in a crystalline form.  

With the THEO-loaded HME filaments, the melting endotherm of PCL can 
be seen at 55 °C onset temperature (Figure 10D), and this peak was slightly 
shifted to lower temperature as the concentration of API in the filaments was 
decreased. Similar endothermic peak shift (PCL) was observed with the IND 
filaments, thus indicating potential interaction of PCL with the other compo-
nents of the HME filaments (APIs, ARA). Moreover, the characteristic melting 
endotherm of THEO can be seen, thus confirming its crystallinity. Figure 10E 
shows the DSC thermogram of 3D-printed tablets of THEO. The deformed 
endothermic peaks for both PCL and THEO suggest the occurrence of some 
thermal-induced changes in the formulation. Overall, the present DSC thermal 
profiles are in good agreement with the XRPD results shown in Figure 9. 
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Figure 9. X-ray powder diffraction (XRPD) patterns of model drugs, polycaprolactone 
(PCL), arabic gum (ARA) as a powder form, and the corresponding XRPD patterns for 
the physical mixtures (PM), hot-melt extruded (HME, EXT) filaments, 3D-printed tab-
lets (3DP), and the HME filaments after a 3-month storage stability test. Key: (A) Indo-
methacin (IND) and (B) Theophylline (THEO). 
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6.2.6. Storage stability (II) 

Figure 9 shows the physical stability of the API-loaded HME filaments stored 
for 3 months at the elevated temperature of 40 °C and 75% RH, or in a refrige-
rator at 3–8 °C and 0% RH. We found that the HME filaments loaded with IND 
or THEO changed their appearance and colour from off-white/yellowish to 
either darker (IND) or lighter (THEO) brownish paste-like slurry when the 
filaments were stored at 40°C/75% RH for 3 months. In the slurry, there were 
some fiber-like and crystal structures detectable. The crystal formation can be 
observed also in the XRPD diffraction patterns of the aged HME filaments 
presenting the characteristic diffraction peaks for IND and THEO (Figure 9). A 
slight shift in the diffraction peak positions can be observed, which could be 
due to the limitations in the sample preparation of the filaments for XRPD. 
When the IND or THEO-loaded HME filaments were stored in a refrigerator (3-
8 °C and 0% RH) for 3 months, no physical solid-state changes were detected in 
the filaments (Figure 9). The colour of all aged filaments, however, was slightly 
changed to darker, but the shape and structure of the filaments were virtually 
the same as observed with the original filaments. 
 
 
6.3. Influence of the printing parameters on 3D printability 

6.3.1. Visual appearance of the 3D printed polymer lattices (I) 
and tablets (III) 

The extrusion-based 3D printing of the model lattices using aqueous PEO gels 
was found to be possible at all printing parameter levels included in the experi-
mental design (Table 2). The general morphology and printing accuracy of the 
polymeric lattices, however, varied significantly. As shown in Figure 11, the 
overall appearance and quality of the printed lattices were improved as the PEO 
concentration of the gels (and therefore also the gel viscosity) was increased. 
The two most common defects of the 3D-printed lattices were a dumbbell-
shaped lattice and the fusion of separate printed layers, thus indicating un-
satisfactory 3D-printing. The quality grades given in the visual inspection 
session by the independent inspectors (n = 10) to the 3D-printed lattices were in 
line with the results obtained in the subsequent deeper characterisation of the 
printed lattices. Calculating the area of printed lattices by image analysis and 
comparing it with the theoretical area of a designed model enabled us to 
evaluate the printability of aqueous PEO gels and influence of the key process 
parameters on the 3D printing. 

Two batches of tablets varying with the number of layers were successfully 
3D-printed. The physical appearance, weight and water uptake of the 3D-
printed multilayered tablets are summarised in Table 6. The weight variation of 
the tablets was found to increase as the weight of the tablets was increased. This 
is most likely due to the uneven material deposition onto the tablets because of 
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an increased printing time of the tablets with a higher number of layers. The 
printed tablets were white to off-white in color, and occasional lines of a 
material deposition can be discovered on the top surface of the tablets. The UV-
crosslinked tablets were the only preparations in our study having a subtle 
yellowish tint. No visual deformation was observed on the surface of the UV-
crosslinked tablets. 

 
 

6.3.2. Weight variation of the 3D printed polymeric lattices (I) 

Figure 12 shows the effects of the PEO concentration (X1) and printing head 
speed (X2) on the weight and lattice area of the 3D printed polymeric lattices. 
The PEO concentration (X1) had a positive effect on the weight of the 
extrusion-based 3D printed lattices (R2=0.9995). If higher concentration of PEO 
(20%) was used in 3D printing, more polymer was deposited during printing, 
thus resulting in a slight overall increase in the weights of 3D-printed PEO latti-
ces (Figures 12A and 12B). The average weights for the 3D-printed lattices 
were 31.5 ± 9.7 mg (PEO gel concentration of 10%), 45.0 ± 4.9 mg (15%) and 
58.2 ± 7.9 mg (20%), respectively.  

In addition to PEO concentration (X1), a printing head speed (X2) (i.e., the 
movement speed of a printing head on X-Y axis) affected the lattice weight. 
Since a gel-extrusion speed was kept constant, the printing head speed deter-
mines the time to complete the lattice printing and the amount of material 
deposited during that time. Therefore, as a printing head speed (X2) was de-
creased (for a longer time to complete printing), a slight increasing trend in 
lattice weight was observed (Figures 12A and 12B). The printing plate tempe-
rature (X3) did not affect the weight of the extrusion-based 3D printed lattices. 
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Figure 11. Photographs of the 3D printed polyethylene oxide (PEO) lattices. The 
photographs A, B and C denote the polymeric lattices printed with 10%, 15% or 20% 
PEO printing solution, accordingly.  
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6.3.3. Surface area of the 3D printed polymeric lattices (I) 

According to the literature, extrusion-based (fused deposition) 3D-printing can 
result in the thermal contraction and shrinkage of the printed objects (Dizon et 
al., 2018). The effects of a printing head speed (X2) on the area of 3D-printed 
lattices at different PEO concentrations are shown in Figures 12C and 12D. In-
creasing the printing head speed (X2) and decreasing the PEO gel concentration 
(X1) led to larger area of the 3D printed lattices. It is evident that by using a 
higher printing head speed (X2), the gel material for one layer will be deposited 
faster, thus shortening the gap time before the next layer is printed. As shown in 
Figure 5, the PEO gels studied exhibit pseudoplastic behaviour, thus interfering 
with the gel settling. In addition, if a new layer is printed before the previous gel 
layer has not dried completely, the mass of the next layer will cause the defor-
mation of the previous layer. This effect was seen with all 3D printing formu-
lations studied here. 

The printing plate temperature (X3) had a significant influence on the sur-
face area of the 3D printed lattices (p < 0.05). The increase of a printing plate 
temperature (X3) resulted in a clear decrease of the surface area of the 3D 
printed lattices (Figure 13). This decrease in a lattice surface area was observed 
with all PEO gel concentrations (X1) studied but it was especially prominent 
with a PEO 20% gel concentration (Figure 13). The higher viscosity PEO gels 
could keep their initial shape on the course of a curing time, while lower visco-
sity gels exhibited deformation. The higher printing plate temperature enhances 
the drying of the previous gel layer prior to printing the subsequent layer onto it.  

Table 6. Visual appearance, weight, and water uptake of 3D-printed tablets (n=3).  

Batch code Visual 
appearance 

Weight (mg ± SD) Water 
uptake 

(%) 
Post-
print 

Pre-
dissolution 

Post-
dissolution 

TH white, dissolves 
in water 35 ± 5 34 ± 4 N/A N/A 

TH_UV 
yellowish, fully 
gel-like when in 

water 
37 ± 5 35 ± 4 184 ± 4 526% 

TK white, dissolves 
in water 71 ± 8 71 ± 8 N/A N/A 

TK_UV 
yellowish, fully 
gel-like when in 

water 
63 ± 5 63 ± 5 385 ± 35 611% 

TK_gamma white, dissolves 
in water 103 ± 4 91 ± 1 N/A N/A 

Key: N/A – non-applicable, TH – thin (tablet), TK – thick (tablet), TH_UV – thin UV-
crosslinked 3D-printed tablets, TK_UV – thick UV-crosslinked 3D-printed tablets, 
TH_gamma – thin gamma-radiation crosslinked 3D-printed tablets. 
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As shown in Figure 14, increasing the printing plate temperature (X3) lead to a 
clear decrease of the surface area of the 3D printed lattices at the printing head 
speed (X2) settings higher than 1.0 mm/s. Since the extrusion speed is kept 
constant, the amount of extruded material per lattice surface area is dependent 
on a printing head speed (X2) creating visually thinner print lines at higher 
printing speed levels and thicker print lines at lower printing speed levels. This 
in turn results in either smaller or larger 3D printed lattice surface areas, respec-
tively. Interestingly, a printing head speed (X2) had a two-fold effect on a lat-
tice surface area: a positive effect as the lowest printing plate temperature 
(30°C) was used, and a negative effect at the highest printing plate temperature 
(70°C) used. However, these contradiction effects could not be explained by the 
amount of the extruded material per a lattice surface area. Further studies are 
needed to gain understanding of this phenomenon.  

Printing head speed had a positive effect on the 3D lattice area at low 
printing plate temperature levels and negative effect on the present response at 
high printing plate temperatures (Figure 14). As discussed earlier, when the 
PEO gel is not exposed to higher temperature, print lines will be deformed by 
the flow of the material itself and the mass of the next layer. This results in the 
increase of the print line width. As the drying of the gel material is aided by 
elevated printing plate temperature, the lines remain thinner. Since the model 
lattice grid consists of one print line, the width of this line determines the 
overall lattice area. However, the application of higher temperature in 3D prin-
ting may affect the other relevant properties of polymer(s) and/or drug sub-
stance(s) incorporated in the DDS (Okwuosa et al., 2016), and hence these 
effects need to be separately investigated. In the present study, the solid-state 
properties of the 3D printed lattices were investigated and compared to raw 
materials. 
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Figure 12. Effects of polyethylene oxide (PEO) concentration (%) and printing head 
speed (mm/s) on the weight (mg) (A, B) and lattice area (mm2) (C, D) of the 3D-printed 
polymeric lattices (n = 3). A surface plot (A, C) and contour plot (B, D) presentation. 
 
 

6.3.4. Surface area ratio of the 3D printed polymeric lattices (I) 

The lattice area measurements of the 3D-printed objects give us information 
only on the layer formation behaviour of the gel during printing. These mea-
surements, however, do not directly indicate, if the printability of the gel is 
good or poor. To evaluate the true printability, the actual value of the surface 
area of the 3D-printed lattice was compared to the theoretical lattice area 
(160.89 mm2). As shown previously in Figures 12C and 12D, the use of higher 
printing head speed resulted in a slightly larger area of the 3D-printed PEO 
lattices. The lattice area ratio (rx) (i.e., the ratio of the areas of an experimental 
and theoretical lattice) was similarly affected by both the printing head speed 
and PEO gel concentration (Figure 15). As seen in Figure 15, the area of the 
experimental 3D-printed lattice was the closest to the theoretical value when the 
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PEO concentration of the gel was 12% and the printing head speed used was  
1.0 mm/s.  

It was confirmed that 3D printing is a multivariate process, and the accuracy 
of the printing process is influenced by more than one parameter at a time. The 
printing plate temperature and printing head speed were the most critical and 
prevalent process parameters (p = 0.002). The present results suggest that the 
most challenging combination of the process parameters in terms of 3D prin-
tability is a high printing head speed (Figure 15A) and low plate temperature 
(Figure 15B). With the 3D-printed polymeric lattices, the measured area was 
larger than the theoretical value. Also, instead of a straight-lined grid, dumbbell 
shaped lattices were formed. Similar material spreading effect in 3D printing 
(resulting in insufficient printability) has been reported in the literature (Habib 
et al., 2018; Li et al., 2016; Lille et al., 2018). Heating up the printing plate 
results in faster drying of the printed PEO gels, thus allowing a faster printing 
head speed to be used (Figure 15C). The application of a faster printing head 
speed in turn lead to more precise 3D printing. With some other 3D-printed 
lattices (especially with those printed with a high PEO gel concentration), the 
experimental lattice area was smaller than the theoretical value (Figures 15A 
and 15B). The possible reasons for this phenomenon were discussed already in 
the previous section.  

 
 

 
Figure 13. Effects of polyethylene oxide (PEO) concentration (%) and printing plate 
temperature (°C) on the lattice area (mm2) of the 3D-printed polymeric lattices (n = 3). 
A surface plot (A) and contour plot (B) presentation. 
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Figure 14. Effects of printing head speed (mm/s) and printing plate temperature (°C) on 
the lattice area (mm2) of the 3D printed polymeric lattices (n = 3). A surface plot (A) 
and contour plot (B) presentation. 

 

 
Figure 15. Effects of polyethylene oxide (PEO) concentration (%) (A, B), printing head 
speed (mm/s) (A, C), printing plate temperature (°C) (B, C) on the lattice area ratio (rx) 
of the 3D- printed polymeric lattices (n = 3). Reference is also made to Table 1.  
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6.4. Solid state characterisation of the printed object 

6.4.1. Thermal-induced solid-state changes (I) 

To verify whether any unexpected solid-state transformations took place at the 
utilised printing settings, we also conducted the solid-state analyses for the 
samples. It is well known that solid state transformations can have a great im-
pact on the final performance and stability of DDSs. In our study, the printing 
plate temperatures above 70°C were not studied due to the possible melting of 
PEO. Therefore, the elevated temperatures higher than 70°C are not considered 
as applicable for the 3D printing process described here. 

According to the literature, PEO degrades at elevated temperatures (Crowley 
et al., 2002). In the present extrusion-based 3D printing, the aqueous PEO gel 
and printed lattices were exposed to the printing plate temperatures ranging 
from 30 °C to 70 °C. The printing contact time ranged from 20 min to 60 min. 
The melting temperature of PEO is approximately 65 °C (Warfield and Hart-
mann, 1973). In the present study, no visible melting of the carrier material was 
detected when the PEO gel was printed onto a plate at the temperature of 70 °C 
for up to 60 min. The possible thermal-induced solid-state changes of PEO in 
extrusion-based 3D printing were investigated by means of FTIR spectroscopy 
and XRPD.  

Figure 16A shows the FTIR spectra of the 3D printed PEO-based squares. 
Two significant absorption complexes were displayed between 2960 cm-1 and 
2890 cm-1 and around 1100 cm-1 representing methylene stretching and a com-
bination of ether group and methylene group stretching, respectively. The pre-
sent results are in line with the earlier findings in the literature (Yoshihara et al., 
1964). An increase in the intensity of absorption can be seen at approximately 
2875 cm-1 with the increase of the printing plate temperature.  
 

 
Figure 16. Fourier-transform infrared (FTIR) spectra (A) and X-ray diffraction (XRD) 
patterns (B) of polyethylene oxide (PEO) polymer and the 3D-printed PEO-based 
squares printed at different plate temperatures. 
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Figure 16B presents the XRD patterns of PEO powder and the 3D-printed PEO-
based squares printed at different plate temperatures. PEO shows two distinctive 
diffraction peaks at 2θ = 19° and 23° (Uyar and Besenbacher, 2009). In our 
study, as the plate temperature was increased, the intensity of the characteristic 
XRD peak for PEO at approximately 23° was very slightly decreased. We found 
that the XRD patterns did not show any significant difference in the degree of 
crystallinity between the 3D-printed PEO lattices prepared with different plate 
temperatures (Figure 16B). 

Figure 17 shows the DSC thermograms of pure substances (THEO and 
PEO), PMs, and non-crosslinked and UV-crosslinked 3D-printed tablets. Ac-
cording to the literature, the degradation temperature of PEO  ranges from 400 °C 
to 450 °C for a high molecular weight PEO (Jakic et al., 2013; Samad et al., 
2013; Wang et al., 2001). The characteristic melting peaks for THEO and PEO 
are seen at 273 °C and at approximately 70 °C, respectively (Figure 17). With 
the non-crosslinked tablets, the melting endotherm for PEO can be seen at a 
slightly lower temperature at 68 °C. Since the temperature will not rise to 400 °C 
in an extrusion-based 3D printing process, and since we did not observe any 
solid-state changes (XRD) at the process temperatures used, PEO was con-
sidered as a plausible model polymer for these printability studies. 
 

 
 
Figure 17. Differential scanning calorimetry (DSC) thermograms of pure substances, 
physical mixture (PM), and non-crosslinked and UV-crosslinked 3D-printed tablet. 
Key: THEO = theophylline, PEO = polyethylene oxide, TK = thick. 

 
 

As seen in Figure 17, no melting endotherm of anhydrous THEO is displayed in 
the DSC thermograms of the PMs and 3D-printed tablets. This is a well-known 
effect occurring with API-polymer mixtures where the polymer melts at a lower 
temperature than the melting temperature of an API. This kind of behaviour and 
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phenomenon affect also the dissolution of THEO in PEO (Hakkarainen et al., 
2019). It is evident that THEO acting as a nucleating agent is able to facilitate 
the crystallisation of polymer (PEO) (Renterghem et al., 2017). As seen in 
Figure 17, the glass transition temperature of PEO was not detectable under the 
present testing conditions by DSC. We assume that no thermal degradation took 
place during a heating phase as there are no additional peaks seen in the DSC 
thermograms. 

 
6.4.2. Near-infrared spectroscopy (III) 

The importance of a drying step in the extrusion-based 3D printing of semisolid 
materials has been discussed previously in this dissertation. The water activity 
of 3D-printed tablets can be very high immediately after printing (El Aita et al., 
2019). We compared the water content of the freshly prepared PMs, the PMs 
stored at high humidity conditions (40 °C/75% RH), and the freshly prepared 
and aged 3D-printed tablets by using NIR spectroscopy (Figure 18).  
 

 
Figure 18. Principal component analysis (PCA) of the water content in the freshly 
prepared physical mixtures (PMs), the PMs stored at high humidity conditions  
(40 °C/75% RH), and the freshly prepared and aged 3D-printed tablets. Fig. 18A: The 
untreated near-infrared (NIR) spectra of samples. Fig. 18B: The scores plot of t1/t2 and 
t1/t3. Fig. 18C: The loadings of a component 1. 
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NIR spectroscopy has been widely used for monitoring the drying as it is very 
sensitive towards H-bonding related to water molecules, and it is easy to corre-
late the water content with NIR spectral features using modelling. No quanti-
tative spectral analyses were performed, but the interpretation of the raw NIR 
spectra and PCA was used to qualitatively analyze the data and understand the 
drying effect. Figure 18B shows the score plots of the PCA displaying two or 
three distinct groups for the NIR spectra. It was confirmed by the loadings plot 
that the present groups obtained in the PCA differ from each other based on the 
water content in the sample (Figure 18C). The NIR spectra of the freshly pre-
pared and stored 3D-printed tablets were grouped together with the NIR spectra 
of the freshly prepared PMs. The results suggest that the selected drying period 
for the 3D-printed tablets of the present size and shape is sufficient to remove 
any excess water.  

The PCA model revealed that the largest differences between the samples 
were due to the presence of water. Hence, the first principal component (PC1) 
can be used to explain the water content in the samples, and it represented 
70.1% of the spectral variation. As the PC1 loadings at the selected wavelengths 
were plotted, we found that the major differences in the variables occur at ap-
proximately 1200 nm, 1700 nm, 1750 nm, and 2170 nm. These differences can 
be associated with water absorption, since the bands at 1200 nm and 1700 nm 
correspond to the first and second overtone of the C-H stretching, and the band 
at 2200 nm corresponds to O-H stretch (Clevers et al., 2008; Giangiacomo, 
2006).  

We observed also in our preliminary tests (data not shown) that the time 
required for the weight stabilization was longer with the thicker 3D-printed 
tablets than that with the corresponding thinner tablets. Therefore, the water 
content (NIR spectra) of the 3D-printed tablets needs to be evaluated (collected) 
over the time-period long enough to ensure the drying of such tablet pre-
parations.  
 

6.4.3. Crosslinking efficacy 

FTIR spectroscopy was used to evaluate possible molecular interactions during 
the 3D-printing process and to confirm the crosslinking of PEO. Figure 19 
shows the FTIR spectra of pure materials, PMs, and non-crosslinked 3D-printed 
tablets. PEO has characteristic peaks at 840 cm-1 (relates to bonds of CH2),  
1093 cm-1 (shows triplet C-O-C stretching (Noor et al., 2011)) and 2875 cm-1 
(relates to C-H methylene stretching and shows semi-crystalline phase of PEO) 
(Jurkin and Pucić, 2012). All the above-mentioned peaks are also seen in Figure 
19 for the PM and non-crosslinked 3D printed tablets at very similar intensity. 
The peaks for HBP were not detected in the above-mentioned spectra. The 
specific absorption bands at 1658 cm-1 (related to C-O stretching for carbonyl 
group (Nokhodchi et al., 2009)) and at 3118 cm-1 (N–H stretching (Lin et al., 
2013)) are characteristic for THEO. The barely visible absorption band at  
1658 cm-1 can be seen in the FTIR spectra of PM and non-crosslinked 3D-
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printed tablets, being more intense in the latter. The phenomenon of lower 
intensity of the 1658 cm-1 peak has been also reported in previous studies 
(Hakkarainen et al., 2019). We found that similar behaviour also applied for 
non-crosslinked tablets. Another characteristic peak for THEO is hardly seen at 
3118 cm-1 in the FTIR-spectrum of the PM, but this peak is detectable in the 
FTIR-spectrum of the non-crosslinked tablets.  
 

 
 

Figure 19. Fourier-transform infrared (FTIR) spectra of pure substances, physical 
mixture (PM) and 3D-printed non-crosslinked tablets, and non-crosslinked, UV- and 
gamma-radiated crosslinked 3D-printed tablets. Key: THEO = theophylline, PEO = 
polyethylene oxide, HBP = 4-hydroxybenzophenone, TK = thick, N = nitrogen. Dotted 
lines show the characteristic peaks of PEO and THEO. 
 
 
The effects of the two radiation-based crosslinking treatments on the solid-state 
properties of 3D-printed tablets were also investigated. As seen in Figure 19, 
the non-irradiated and gamma-radiated tablets presented the characteristic peaks 
for PEO at 1093 cm-1 and at 2875 cm-1 in the FTIR-spectrum. The 3D-printed 
tablets irradiated by UV and gamma-radiation in a nitrogen environment 
showed very low-intensity peaks at 2875 cm-1 and 1093 cm-1 in the FTIR 
spectra (the characteristic peaks of PEO were only slightly observed). This peak 
disappearance at 2875 cm-1 suggests molecular interactions by homolytic scis-
sion of C-H bonds (especially, at the presence of nitrogen) as a crosslinking 
effect (Hennink and Nostrum, 2002; Teixeira et al., 2013). The characteristic 
high-intensity absorption peaks for THEO at 1658 cm-1, 609 cm-1 and 742 cm-1 
are clearly seen in the FTIR spectra of the 3D-printed tablets radiated with UV 
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and gamma-radiation in nitrogen environment (Figure 19). This suggests the 
presence of API in a free state in these tablets. The present characteristic peaks 
for THEO are much less-intense (or absent) in the FTIR spectra of the gamma-
radiated (without nitrogen) and non-crosslinked tablets. We found that the 
presence of HBP as a photo-initiator and the use of both UV- and gamma-
radiation treatments (only in a nitrogen environment) result in successful cross-
linking. In the literature, the use of nitrogen environment and/or antioxidants 
has been shown to benefit a crosslinking process and to prevent the chemical 
degradation of the polymer when gamma-radiation is used (Crowley et al., 
2002; Jurkin and Pucić, 2012). 
 
 

6.5. Drug release behaviour in vitro (II, III) 
The 3D-printed tablets fabricated from the API-loaded HME filaments pre-
sented a sustained drug release behaviour in vitro (Figure 20). The drug release 
of the 3D-printed tablets (cylinder-shape) loaded with IND was negligible (i.e., 
practically no drug was released within 24 hours; data not shown). With the 3D-
printed tablets (cylinder-shape) loaded with THEO, the amount of API released 
within 24 hours was somewhat higher, but the overall drug release was still very 
low (less than 5% from the theoretical drug load 48.9 ± 3.7 mg). According to 
the literature, the PCL-based DDSs exhibited a prolonged drug release (Lao et 
al., 2008). The dissolution results obtained in our study suggest that the present 
active-loaded 3D-printed tablets based on PCL are more applicable for implant 
drug-delivery applications than for oral administration. To accelerate the drug 
release, we made further 3D printing experiments with the HME filaments 
loaded with the model APIs.  

We changed the geometry and texture of the 3D-printed tablets from cylind-
rical to “honeycomb” (theoretical API loading 48.3 ± 5.2 mg) and found a 
significant increase in the amount of drug released compared to that obtained 
with conventional-shaped tablets (Figure 20). The weight of the novel “de-
signed” tablets was kept as much as possible the same as with the conventional-
shaped tablets (assuming that the amount of API in both tablets would be then 
identical as well). The drug release of the “honeycomb”-patterned 3D-printed 
tablets loaded with THEO was approximately 12% within 24 hours, while the 
drug release of the cylinder-shaped tablets was only 2% within the same time-
period. Much larger outer surface area of the “honeycomb”-structured tablets 
greatly enhances the drug release from the 3D-printed tablets.  

The positive effect of the increased surface area on the drug release beha-
viour has been reported also in the literature (Goyanes et al., 2015b). As the 
size, shape and texture of 3D-printed DDSs are easily modified, this could open 
a true option for the patient-specific formulation of drug products and tailoring 
the drug release in accordance with patient needs in the future.  
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Figure 20. Drug release profiles of the 3D-printed theophylline (THEO) tablets with 
different geometry and texture (n = 3). The amount of THEO in the tablet was 20% of 
the total tablet weight. 
 
 
Figure 21 shows the influence of the number of printing layers and crosslinking 
on the drug release behaviour of the micro-extrusion-based 3D-printed THEO 
tablets. The dissolution results were calculated as the drug release of an 
average-weighed tablet of the batch and considering the weights of the indivi-
dual tablets selected in the dissolution test (Table 6). As seen in Figure 21, the 
UV-crosslinked thin 3D-printed tablets (TH, tablet height, h = 2 mm) presented 
an immediate-release dissolution pattern and the drug (THEO) was released 
approximately within 30 minutes (Figure 21A). With the non-crosslinked and 
UV-crosslinked thick tablets (TK, h = 5 mm), however, the amount of THEO 
released within 30 minutes (and within subsequent 60 min) was only about 50% 
of the theoretical amount of drug (Figure 21A). Both thin and thick UV-
crosslinked tablets exhibited an identical immediate-release behaviour in vitro.  
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Figure 21. The in-vitro theophylline (THEO) release of 3D-printed tablets. (A) The 
dissolution of untreated and UV-crosslinked 3D-printed tablets (thin tablets TH_UV 
and thick tablets TK_UV). (B) The dissolution of UV-crosslinked (TK_UV) and 
gamma-radiated (TK_gamma and TK_gamma_N) 3D-printed tablets. Standard devia-
tions (n=3, TK_gamma_N n=1) and horizontal dashed lines for theoretical nominal con-
centrations are shown in both figures A and B. 
 
 
The non-crosslinked thick 3D-printed tablets presented a prolonged drug-
release pattern in vitro with the release of approximately 60% of the theoretical 
amount of drug within 90 minutes. Based on the visual inspection, the non-
crosslinked thin and thick tablets were all completely dissolved by the end of 
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the dissolution test. Our results are in agreement with those reported by Pietrzak 
et al. (2015). They found that the dissolution of Eudragit RL-based 3D-printed 
tablets presented a prolonged THEO release behaviour as the volume of the 
tablets (i.e., the number of printing layers) was increased (Pietrzak et al., 2015). 
Since the drug release of 3D-printed tablets is dependent on a carrier polymer, 
this is important to be considered in adjusting (“tailoring”) the individualised 
API dose and release pattern for the patients via the volume changes of 3D 
printed tablets. 

Figure 22 shows the photographs of the 3D-printed THEO tablets before, 
within and after a dissolution test in vitro. Based on the visual inspection, the 
UV-crosslinked 3D-printed tablets presented an insoluble residue in the 
dissolution vessel after completing the dissolution test in vitro (90 min). We 
also found that the water uptake of such TH_UV and TK_UV tablets on the 
course of a dissolution test was on average 526% and 611%, respectively (Table 
6). The increase in weight, however, shows us only swelling, and it does not 
consider the potential weight changes caused by the dissolution/erosion of 
THEO or PEO. TK_UV tablets were enlarged in size, but the shape of the 
tablets did not change (Figure 22A). When the tablets were dried, a charac-
teristic crisscross pattern (surface texture) caused by the deposited material can 
be seen (Figure 22B). Interestingly, when a solvent cast UV-crosslinked PEO 
films of equivalent diameter and thickness were dissolved in distilled water for 
same time as the 3D-printed tablets, the films lost their structure and shape 
(Figures 22C and 22D). Further studies on the importance of material deposi-
tion itinerary are needed to give a deeper insight into this phenomenon.  

The crosslinked extrusion-based 3D-printed tablets are the multilayer-struc-
tured systems with interlayer spaces. The importance of the porosity of PEO 
hot-melt extrudates in drug release has been discussed in the literature (Cantin 
et al., 2021). The porosity and subsequent drug release of traditional com-
pressed tablets are dependent on the compression force, while the extrusion-
based 3D-printed ones are composed of the deposited layers of semisolid mate-
rial, which enables larger interlayer spaces. Crosslinking such 3D-printed tablets 
results in a loose tablet structure enabling the API to release and dissolve faster. 
With the non-crosslinked 3D-printed tablets, a viscous gel-layer is formed around 
the tablet, thus prolonging the drug release (THEO) from the tablet. 

The gamma-irradiated TK (thick) tablets presented a slow drug-release 
pattern like that obtained with the non-crosslinked TK tablets (Figure 21B). The 
TK 3D-printed tablets kept in a nitrogen environment during gamma irradiation 
exhibited faster drug release like that observed with the UV-crosslinked TK 
tablets. The present two sets of 3D-printed tablets showed also the similar FTIR 
spectra (Figure 19). Nonetheless, the gamma-radiated 3D-printed tablets did not 
have any residue left to be weighed after a dissolution test. 
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Figure 22. Photographs of the 3D-printed tablets before, within and after a dissolution 
test in vitro. (A) Comparison of a thick UV-crosslinked (TK_UV) 3D-printed tablet 
before and after a dissolution test in vitro (scale bar equal to 1 cm); (B) The UV-cross-
linked 3D-printed tablet (TK_UV) dried after a dissolution test in vitro; (C) The UV-
crosslinked 3D-printed tablet after the exposition of 2 hours to distilled water; (D) The 
UV-crosslinked solvent-cast free film after the exposition of 2 hours to distilled water. 
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7. SUMMARY AND CONCLUSIONS 

The present dissertation provides further insight into the applicability of micro-
extrusion based and HME-integrated FDM 3D printing methods in pharma-
ceutics. The printed formulations were developed for either method allowing 
the successful use of established polymeric excipients in pharmaceutics without 
any organic solvents. 

From the results obtained here we can conclude, that 
(1) Polyethylene oxide (PEO) and polycaprolactone (PCL) are feasible carrier 

polymers to be applied in a micro-extrusion-based 3D printing and fused 
deposition modelling (FDM) 3D printing, respectively. Indomethacin 
(IND) combined with PCL as a carrier polymer and arabic gum (ARA) as 
an external plasticizer enables the preparation of hot melt extruded (HME) 
filaments intended for FDM 3D printing. Theophylline (THEO) can be 
used in both PCL- and PEO-based formulations and with both 3D-printing 
technologies. 

(2) Printing solution viscosity, printing head speed, printing plate temperature, 
solid-state properties and crosslinking efficacy are important material and 
process parameters in 3D printing affecting the final properties and beha-
viour of printed drug delivery systems (DDS). Cylindrical model tablets 
with varying number of layers were designed and successfully fabricated in 
a micro-extrusion-based 3D printing process. Both full and honeycomb 
latticed cylindrical model tablets were used for FDM 3D printing. 

(3) The accuracy of a micro-extrusion-based 3D printing process (3D printa-
bility) is influenced by more than one parameter at a time, and the combi-
nation of printing plate temperature and printing head speed is the most 
prevalent. For optimizing 3D printing, the printing solution consisting of 
1.2 g of PEO in 10 ml of distilled water and the printing head speed set at 
1.0 mm/s were selected for micro-extrusion-based 3D printing. 

(4) The HME filaments with the active pharmaceutical ingredient (API) con-
centrations of 20%, 30% and 40% (w/w) were prepared. Both IND and 
THEO loaded HME filaments showed some surface roughness and were 
more resistant to mechanical forces at lower API concentrations. The expe-
rimental API load was lower than theoretical API concentration, and the 
distribution of API was not homogeneous through the filament. After being 
stored for 3 months in 40°C/75% RH both filaments had turned brown and 
soft, losing their integrity. The IND filaments were printed at 175°C with 
the printing plate heated to 40°C. The corresponding temperature levels 
used with the THEO filaments were 190°C and 40°C, respectively. 

(5) The in vitro drug release from the PCL-based full cylindrical FDM tablets 
followed a sustained-release pattern. Practically no IND and less than 5% 
of THEO was released in 24 hours. The dissolution rate increased when the 
tablet geometry was changed to honeycomb structure. The honeycomb-
structured lattices released approximately 12% of the API (THEO) within 
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24 hours. The PEO-based micro-extruded tablets presented slower drug 
release (THEO) with thicker tablets (more layers) compared to that ob-
tained with the corresponding thinner tablets. With the thick (TK) tablets, 
UV-crosslinking and gamma-radiation in nitrogen environment resulted in 
faster drug release compared to that obtained with the corresponding non-
radiated 3D-printed tablets. 
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SUMMARY IN ESTONIAN 

3D printimine farmaatsias – tee uudsete 
ravimkandursüsteemideni 

Sissejuhatus 

Personaal- ehk täppismeditsiini võtete abil soovitakse haigusseisundeid enneta-
da, diagnoosida ja ravida viisi(de)l, mis saavutaks parima terapeutilise vastuse 
konkreetsel patsiendil või patsiendigrupil. Siia alla kuuluvad muuhulgas diag-
nostikavahendite parendamine bioloogiliste markerite kasutamisega, farmako-
geneetika meetmed ja ka ravivastuse patsiendikesksem hindamine. Nende tead-
miste kasutamine sobivaima raviaine, annuse ja ravimvormi valimisel aitab kaa-
sa optimaalse ravitulemuse saavutamisele. Kusjuures, seda mitte ainult väga 
spetsiifiliste ja harvaesinevate haiguste, vaid ka tavapärasemate patsiendipopu-
latsioonide, nagu lapsed ja eakad, puhul.  

Ameerika Ühendriikide Toidu- ja Ravimiamet (FDA) on avaldanud nimekirja 
rohkem kui viiekümnest raviainest, mille puhul geneetilised eripärad võivad 
muuta patsiendile vajalikku annust. Enamus neist on seotud tsütokroom P450 
ensüümidega, kuna viimased vastutavad ligi 75% kliinilises praktikas olevate 
raviainete biotransformatsiooni eest. Traditsioonilised ravimvormid raviaine 
organismi viimiseks on aja jooksul arenenud keerulisteks raviainet modifitseeri-
tult ja/või sihtmärgistatult vabastavateks ravimkandursüsteemideks. Farmako-
geneetilise info ja uudsete ravimkandursüsteemide kombineerimisel on võimalik 
luua personaliseeritum ravi. Parema ravitulemuse saavutamiseks kasutatav teine 
strateegia võiks olla mitme raviaine ühte kandursüsteemi koondamine. Sellisel 
viisil saab vähendada patsiendi poolt võetavate ravimite hulka ning sellega 
omakorda parandada ravisoostumust. Mitut erinevat raviainet sisaldavad kombi-
natsioonravimid on näiteks kõrgvererõhutõve raviks juba apteekides müügil, 
kuid jällegi vaid teatud keskmistes annusekombinatsioonides. Samm õiges suu-
nas on tehtud, kuid pikk tee on veel minna. Ravimitööstuses kasutatavad 
tootmistehnoloogiad, näiteks tableteerimine, on usaldusväärsed, laialdaselt uuri-
tud ja odavad, kuid ei ole mõeldud väikesemahuliste personaliseeritud ravimite 
partiide loomiseks. Uute paindlikumate tootmismeetodite kasutuselevõtt on 
seetõttu farmaatsiateadlaste üks eesmärk.  

Üheks lahenduseks eelmainitud probleemidele võib olla kolmemõõtmeline 
(3D) printimine. Tegu on kihtlisandustehnoloogiaga ehk varasemalt raalprojek-
teeritud (CAD) mudeli loomine toimub kiht kihi haaval. Sõltuvalt kasutatavatest 
materjalidest ja kihi lisamise viisist, jaguneb 3D printimine veel erinevateks 
meetoditeks. Meetodi valik aga omakorda võib seada kasutatavatele materja-
lidele lisatingimusi, näiteks sobilikud reoloogilised omadused ja vastupidavus 
kõrgele temperatuurile. 3D printimine sai alguse 1980ndatel, kuid oma laialdase 
populaarsuse on see meetod kogunud viimasel aastakümnel, jõudes kasutusele 
nii näiteks elektroonikas, autotööstuses, toiduainetööstuses, kunstivaldkonnas 
kui ka meditsiinis.  
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ISO/ASTM 52900:2015 standardi alusel jaotatakse 3D printimismeetodid 
seitsmesse gruppi: sideainejoa sadestamine, suunatud energiavooga mõjutami-
ne, materjali ekstrusioon, materjali sadestamine, pulbrikihi fusioon, kihtide 
lamineerimine ja VAT-fotopolümerisatsioon. Selles töös kasutatakse materjali 
ekstrusioonil põhinevat kahte 3D printimistehnoloogiat: mikroekstrusioon ja 
sulatatud sadestusega modelleerimine.  

Mikroekstrusioonil põhinev 3D printimine kasutab printimismaterjalina vis-
koosseid lahuseid või pooltahkeid materjale. Süstla-laadne printimispea liigub 
seatud kiirusega mööda kindlat trajektoori printimisplaadi kohal. Liikumise 
jooksul surutakse  printimispeast kontrollitud jõul välja materjal, mis sadestub 
printimisplaadile ning seal kuivab. Kuivanud materjalile on võimalik peale prin-
tida järgmine kiht. Nii printimisplaati kui -pead on võimalik protsessi kiirenda-
miseks kuumutada. 

Sulatatud sadestamisega modelleerimine kasutab materjalina varasemalt val-
mistatud filamente. Filamendid valmistatakse enamasti kuumsulatusekstrusioo-
nil. Saadud filament söödetakse printimispeasse, kus see sulatatakse. Sulatatud 
materjal sadestatakse printimispeast etteantud kiirusel ja trajektooril printimis-
plaadile. Jahtunud ja tahkunud materjalile on võimalik printida järgmine kiht. 

Viimastel aastatel on 3D printimistehnoloogiad jõudnud ka meditsiinivald-
konda. Kirjandusest leiab põhjalikke ülevaateid nende kasutamisest nt kardio-
loogias, hambaravis, plastilises kirurgias, bioprintimisel. Ravimitööstuses nä-
hakse 3D printimises võimalikku abimeest personaliseeritud ravimite tootmisel. 
Aastal 2015 sai FDA poolt müügiloa esimene 3D prinditud ravim Spritam®. 
 

Töö eesmärgid  

Doktoritöö üldine eesmärk oli saavutada parem arusaam ekstrusioonil põhine-
vate 3D printimistehnoloogiate kasutatavusest ja olulistest protsessiparameetri-
test tahkete suukaudsete ravimvormide tootmisel.  

Eesmärgi saavutamiseks seati tööle viis spetsiifilisemat ülesannet:  
(1) leida mikroekstrusioonil põhinevale ja sulatatud sadestusega modellee-

rimise 3D printimismeetoditele sobilikud kandurpolümeerid ja raviained, 
(2) uurida sulatatud sadestusega modelleerimisel ja mikroekstrusioonil põhi-

nevate 3D printimismeetodite olulisi materjalidest ja protsessitingimustest 
tulenevaid parameetreid,  

(3) uurida printimispea kiiruse ja printimisplaadi temperatuuri mõju vesipõhise 
polümeerlahuse 3D prinditavusele,  

(4) uurida raviaine valiku mõju kuumsulatusekstrusioonil loodud filamentide 
toodetavusele, mehaanilistele omadustele, homogeensusele ja 3D prindi-
tavusele,  

(5) hinnata tableti geomeetria ja järeltöötluse mõju raviaine vabanemisele 3D 
prinditud tablettidest.  

 



81 

Materjalid ja meetodid 

Töös kasutati polüetüleenoksiidi (PEO) vesilahuseid printimislahustena mikro-
ekstrusioonil põhineval 3D printimisel. Ristsidumisel kasutati fotoinitsiaatorina 
4-hüdroksübensofenooni (HBP). Sulatatud materjali sadestamisel põhineval 3D 
printimisel kasutati polükaprolaktoonil (PCL) põhinevaid kuumsulatusekstru-
sioonil (HME) valmistatud filamente. Plastifikaatorina filamentides kasutati 
araabiakummit (ARA). Mudelraviainetena olid kasutusel indometatsiin (IND), 
teofülliin (THEO) ja ibuprofeen (IBU).  

Printimislahused (10%, 15% ja 20%) valmistati vastavalt 1 g, 1,5 g või 2 g 
PEO lahustamisel 10 ml destilleeritud vees. THEO lisamisel printimislahusesse 
lahustati raviaine kuumutamisel enne polümeeri lisamist. Ristseotud proovide 
puhul lisati HBP lahusesse vahetult enne printimist.  

Töös kasutatud füüsikalised segud valmistati käsitsi uhmri ja nuia abil, geo-
meetrilise lahjendamise meetodil. HME filamentide valmistamiseks valmistati 
segud vastavalt 20%, 30% ja 40% IND, THEO või IBU sisaldusega. Plasti-
fikaatori kogus oli igas segus 10%, PCL kogus muutus sõltuvalt raviaine osa-
kaalust. Filamentide ekstrusioon viidi läbi iga segu jaoks sobivaima kiiruse ja 
temperatuuri juures.  

Printimislahuste reoloogilisi omadusi kirjeldati viskoossuse ja süstitavuse 
määramise abil. Tahke faasi uuringud viidi läbi kasutades Fourier teisendusega 
infrapunaspektroskoopiat (FTIR), lähiinfrapunaspektroskoopiat (NIR), diferent-
siaalset skaneerivat kalorimeetriat (DSC) ja (pulber)röntgendifraktomeetriat 
(XR(P)D). Filamendi mehhaanilisi omadusi mõõdeti kolme-punkti murdetesti 
abil, homogeensust kõrgefektiivse vedelikkromatograafia abil. 

Töö tarbeks valmistati mudelsüsteemid kasutades nii mikroekstrusioonil kui 
sulatatud sadestusega modelleerimisel põhinevaid 3D printimismeetodeid. Mikro-
ekstrusioonil prinditi PEO-põhised THEO sisaldusega silindrikujulised tabletid, 
mis erinesid üksteisest kihtide arvu (tableti paksuse) ja ristsidumismeetodite 
poolest. Sulatatud sadestusega modelleerimisel loodi PCL-põhised silindri-
kujulised täidetud või meekärjestruktuuriga mudeltabletid, raviainena IND või 
THEO. 

3D-prinditavust hinnati ruudukujuliste PEO võrestike piltanalüüsil. Eksperi-
mentaalselt saadud mudelvõrestike pindala võrreldi arvutusliku teoreetilise 
pindalaga. Modelleerimisel arvestati PEO kontsentratsiooni, printimispea liiku-
mise kiiruse ja printimisplaadi temperatuuri mõju printimise korrektsusele. 

Raviaine vabanemist mikroekstrusioonil ja FDM printimisel saadud tablet-
tidest uuriti farmakopöa dissolutsioonitesti abil. 

Materjali kuivamise hindamiseks pooltahke printimislahuse mikroekstru-
sioonil viidi läbi peakomponentanalüüs. Printimisparameetrite mõju 3D-prindi-
tavusele hinnati regressioonanalüüsil. Gruppide omavaheliseks võrdluseks kasu-
tati sobivaid t-teste. Tulemused on väljendatud keskmise väärtuse ja standard-
hälbena, kui pole märgitud teisiti. 
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Tulemused ja arutelu 

3D prinditavuse hindamiseks kasutatud PEO10, PEO15 ja PEO20 lahused 
käitusid pseudoplastiliselt. Uuritud lahuste viskoossus jäi nihkekiirusel 10 s-1 
vahemikku 24,4 ± 1,1 Pa⋅s kuni 186,7 ± 6,8 Pa⋅s (I). 

Meile teadaolevalt esmakordselt printimislahuse iseloomustamiseks kasuta-
tud süstitavuse test oli hästi rakendatav. Kasutatava raviainega printimislahuse 
PEO_THEO maksimaalne surumisjõud süstimiseks oli 52,9 ± 2,2 N (III). 

Kandursüsteemi kombinatsioon PCL ja ARA (10%) võimaldas valmistada 
kuumsulatusekstrusioonil edukalt 20%, 30% ja 40% (m/m) IND või THEO 
sisaldusega filamente. IND filamendid olid kergelt kollakad, ühtlase läbimõõdu 
ja kergelt kareda pealispinnaga. THEO filamendid olid naturaalvalged ja ühtlase 
läbimõõduga, raviaine sisalduse kasvamisel muutus pealispind nähtavalt kare-
damaks. Mõlema raviainega filamendid olid 3D-prinditavad. Filamentides sisal-
dus teoreetilisest vähem raviainet ning see oli jaotunud ebaühtlaselt, viidates 
ühekruvilise ekstrusioonisüsteemi miinustele. Filamentide mehaaniline tugevus 
oli mõlema raviaine korral suurem väiksema raviaine sisalduse juures. Filamen-
tide säilitamisel 40°C/75% RH juures kolme kuu jooksul muutus filamentide 
värv pruunikaks ning nende struktuur kadus täielikult (II). 

PEO mikroekstrusioonil 3D prinditavuse hindamine oli mudelvõrestike pilt-
analüüsil edukas. Suurema kontsentratsiooniga PEO printimislahust kasutades 
ladestus printimisplaadile rohkem polümeerset materjali ning kuivamisel saadi 
sama printimisdisaini kasutades suurema kaalutisega objektid. Rohkem mater-
jali deponeeriti ka madalama printimispea liikumise kiiruse korral. Prinditud 
võrestike pindala oli suurem (ehk materjal oli rohkem laiali valgunud) võresti-
kel, mille puhul kasutati kiiremat printimispea liikumise kiirust ja madalamat 
PEO kontsentratsiooni. Printimisplaadi kuumutamine aitas kaasa prinditud 
objekti kuivamisele ning väiksema pindala saavutamisele. 

Analüüside käigus ei tuvastatud tehnoloogiliselt olulisi probleeme kompo-
nentide tahke faasi käitumises.  

PEO-põhiste tablettide ristsidumine õnnestus UV-kiirguse ja lämmastiku 
keskkonnas läbi viidud gamma-kiiritamise abil. Edukas ristsidumine kiirendas 
THEO vabanemist tablettidest. Nii ristseotud kui ristsidumata tablettide puhul 
aeglustus raviaine vabanemine paksemate (rohkemate kihtidega) tablettide 
puhul. 

PCL-põhistest tablettidest ei vabanenud IND peaaegu üldse. 24 tunni jooksul 
vabanes silindrikujulistest täidetud tablettidest vähem kui 5% THEO. Tableti 
geomeetria muutmisel meekärjestruktuuriks suurenes raviaine vabanemiskiirus 
ja 24 tunni jooksul vabanes ligi 12% THEO.  
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Järeldused ja kokkuvõte  

Doktoritöös saadud tulemustest võib järeldada, et  
(1) Polüetüleenoksiid (PEO) on sobilik kandjapolümeer mikroekstrusioonil, ja 

polükaprolaktoon (PCL) sulatatud sadestamisega modelleerimisel (FDM) 
põhinevatel 3D printimismeetoditel. Indometatsiini (IND) saab kasutada 
kombinatsioonis PCL ja kummiaraabikuga (ARA) kuumsulatusekstrusioo-
nil filamentide valmistamiseks. Teofülliin (THEO) on kasutatav raviaine 
nii PCL- kui PEO-põhistes formulatsioonides.  

(2) Printimisprotsessil on olulised materjali ja meetodi omadused nagu näiteks 
printimislahuse viskoossus, tahke faasi muutused, ning ristsidumine. Mikro-
ekstrusioonil 3D printimiseks disainiti erineva kihtide arvuga silindrilised 
mudeltabletid. FDM printimisel kasutati lisaks täidetud silindrilistele tab-
lettidele ka meekärjestruktuuriga mudeltablette. 

(3) Mikroekstrusioonil põhineva 3D printimise täpsus (3D prinditavus) sõltub 
mitme parameetri koosmõjudest. Neist olulisim on printimisplaadi tempe-
ratuuri ja printimispea liikumise kiiruse kombinatsioon. PEO printimiseks 
on optimaalne kasutada printimislahust 1,2 g PEO lahustatuna 10 ml destil-
leeritud vees printimiskiirusel 1,0 mm/s. 

(4) 20%, 30% ja 40% (m/m) kuumsulatusekstrusioonil filamendid valmistati 
nii IND kui THEO sisaldusega. Mõlemat tüüpi filamentide puhul oli mär-
gatav pinnakaredus, ning suurem vastupanu mehaanilistele jõududele ravi-
aine madalama sisalduse korral. Raviaine eksperimentaalne sisaldus filamen-
tides oli teoreetilisest madalam ja jaotus ebaühtlane. Kolme kuu jooksul 
40°C/75% RH tingimustes muutusid filamendid pruuniks ning kaotasid oma 
struktuuri. IND-filamendid olid prinditavad 175°C juures 40°C printimis-
plaadiga; THEO-filamendid vastavalt 190°C ja 40°C. 

(5) Raviaine in vitro vabanemine PCL-põhistest täidetud tablettidest oli margi-
naalne. 24 h jooksul vabanes peaaegu olematu kogus IND ja vähem kui 5% 
THEO kogusest. Raviaine vabanemiskiirus suurenes meekärjestruktuuriga 
tablettide korral – 24 h jooksul vabanes umbes 12% THEO kogusest. PEO-
põhistest tablettidest vabanes THEO aeglasemalt rohkemate kihtidega 
(paksemate) tablettide puhul. UV-ristseotud ja lämmastiku keskkonnas 
gamma-kiiritatud tablettidest vabanes raviaine kiiremini kui ristsidumata 
tablettidest.  
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