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Introduction

1 Introduction

1.1 General

The present thesis deals with the investigation of the behaviour of the thermo-sensitive
drug substances enalapril maleate (EM) and escitalopram oxalate (ESC-OX) during the
two heat-intensive processes of hot-melt extrusion (HME) and subsequent fused deposition
modeling (FDM) three-dimensional (3D) printing. High-performance liquid chromatography
(HPLC) methods for quantifying the active pharmaceutical ingredients (APIs) and potential
degradation products have been developed. Suitable formulations have been evolved and
strategies to avoid drug degradation have been designed. The analytical characterisation of
extrudates and tablets produced by HME and FDM 3D printing are within the focus of the work.

3D printing (3DP) is an additive manufacturing (AM) technology which is defined by the
International Organisation for Standardisation (ISO) as “fabrication of objects through the
deposition of a material using a print head, nozzle, or another printing technology® [1].
Due to the additive deposition of the layers of the 3D printed object, this manufacturing process
must be distinguished from subtractive and formative manufacturing methodologies [1].

The basic components of 3DP consist of the hardware, the software as well as the printing
materials which are required for the 3DP process [2]. Although there are various
3DP technologies available which differ in the used materials and the manufacturing
processes, the working principle of 3DP follows the same procedure from digital design to the
production of the 3D printed object [3].

The basic procedure of 3DP is divided into five steps [4] which are shown in Figure 1.

Step 1:
Design of 3D model

/

Step 2:
Conversion into
Standard Tessalation
Language file and
afterwards
G-file

Step 5:
Post-processing

Step 3:

Step 4:

3D Printing Processing of starting

materials

Figure 1. 3D printing procedure.

The first step is to design the desired object with the help of computer-aided design (CAD)
software [5]. In the second step, the designed 3D model is converted into a Standard
Tessalation Language (STL) file format that can be read by the 3D printer and describes the
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Introduction

surface geometry of a 3D model as a tessellation of triangles [1,5]. The STL file format only
defines the surface grid, but does not contain any specifications for the representation of the
object, such as colour or texture [6]. The surface of the 3D model is sliced into printable layers
using a slicer software and the parameters regarding the designed dosage form (e.g. geometry
and internal structure) as well as the printing process (e.g. nozzle temperature, print bed
temperature and printing speed) can be set [4,7]. Afterwards, the information is saved as a
G-file in the form of a G-code and sent digitally to the 3D printer [3,5]. The third step is the
processing of intermediates from starting materials, i.e. the production of granules, extrudates,
also known as filaments from solid materials, or binder inks for the 3DP process [3,8].
In the fourth step, the manufactured objects are used for 3DP and the designed
3D model is printed layer by layer. After the 3DP process, evaluation of the 3D printed object
according to the product specifications takes place and further post-processing steps in the
fifth step may be required, which may include harvesting, drying, sintering, polishing, or
recycling [3,8,9].

AM technologies can be divided into seven categories according ISO standard 52900:2021
“Additive manufacturing — General principles — Fundamentals and vocabulary” and
ISO standard 17296-2:2015 “Additive manufacturing — General principles — Part 2: Overview
of process categories and feedstock® [1,10,11]. These include vat photopolymerisation,
material jetting, binder jetting (BJ), material extrusion, powder bed fusion, sheet lamination and
directed energy deposition [1,10,11]. While the first five technologies are widely used in
medicine, the two technologies of sheet lamination and directed energy deposition are used
less, but beneficially for more specific applications [11]. ISO standard 17296-2:2015 provides
more detailed information and requirements about the process, the materials used, the binding
mechanism as well as the activation energy and secondary processing [10].

AM technologies are widely used for prototyping, tooling, and production of fully functional end
products in the engineering industry as well as in medicine, education, architecture,
cartography, toys and entertainment and must be distinguished from additive processes as
for example coating, capsule filling and film lamination in the pharmaceutical industry
[1,3,10,12].

Fused deposition modeling, which has been trademarked by Stratasys Inc. (FDM™,
abbreviated as FDM for convenience), is an extrusion-based 3DP technology and one of the
five most important 3DP technologies for pharmaceutical applications, along with
stereolithography (SLA), selective laser sintering (SLS), BJ and pressure-assisted
microsyringes (PAM) [13-15].

In the healthcare industry, 3DP is used for the production of dosage forms and medical
devices, whereas 3D bioprinting offers the opportunity to fabricate artificial tissues and even
organs [8].
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Introduction

1.2 Motivation for 3D printing
1.2.1 General

The main motivations for 3DP in the healthcare industry are shown in Figure 2.

Application of
the concept of
personalised medicine

High
product diversity On-demand
and flexibilty manufacturing

in production

Figure 2. Main motivations for 3D printing in the healthcare industry (modified from [3,9]).

These comprise [3,8,9,15]:

— application of the concept of personalised medicine: Provision of dosage forms
with APls in flexible doses for preclinical and clinical applications adapted to the
patients need.

— high product diversity and flexibility in production: Manufacturing of dosage forms
and combination products with different drug delivery concepts for one or multiple APls,
but also for small batches in early-phase drug development, e.g. first-in-human (FIH)
trials.

— on-demand manufacturing: Decentralised production of dosage forms at point-of-
care even under extraordinary circumstances.

1.2.2 Application of the concept of personalised medicine

One of the main motivations for 3DP is the application of the concept of personalised medicine.
Although the term "personalised medicine" is often used, there is no commonly accepted
definition [16]. The European Union (EU) Health Ministers of the Horizon 2020 Advisory Group
defined the term personalised medicine in the Council conclusions on personalised medicine
for patients in December 2015 as follows: “A medical model using characterisation of
individuals’ phenotypes and genotypes (e.g. molecular profiling, medical imaging, lifestyle
data) for tailoring the right therapeutic strategy for the right person at the right time, and/or to
determine the predisposition to disease and/or to deliver timely and targeted prevention.
Personalised medicine relates to the broader concept of patient-centred care, which takes into
account that, in general, healthcare systems need to better respond to patient needs.” [16]
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Furthermore, according to the European Commission, personalised medicine is seen as an
evolution of medicine whose application into the healthcare systems still faces a number of
challenges [16]. However, new genetic technologies such as pharmacogenomics can drive
progress in personalised medicine [16]. Pharmacogenomics is one of the decisive elements in
the drug discovery and drug development processes, as it is based on the association between
genetic variations and drug response [17,18]. Variability in drug response due to individual
differences in metabolic pathways can lead to different reactions and adverse drug reactions
(ADRs) [19]. Predictions about diagnoses and prognoses can be made by identifying
appropriate biomarkers. Biomarkers are objectively measurable characteristics that can serve
as indicators of biological processes or of pharmacological responses to therapeutic
interventions [20,21]. Pharmacogenetics, on the other hand, investigates the connection
between a deoxyribonucleic acid (DNA) variant and the response to a drug [22].

Personalised medicine can be considered as a further development of intuition medicine and
evidence-based medicine, which finds its application in "omics" technologies [16,23]. The suffix
"omics" such as genomics, transcriptomics, proteomics and metabolomics encompasses
high-throughput experimental technologies that use tools to comprehensively monitor disease
processes at the molecular level and rely on big data [23].

In the context of personalised medicine, other terms are precision medicine, stratified
medicine, individualised medicine and p4 medicine [23-27]. The term "precision medicine",
which is often used synonymously with "personalised medicine", is preferably applied for
targeted treatment through the use of biomarkers [28]. The Precision Medicine Initiative (PMI),
launched in 2015 by former White House President Barack Obama, defines precision medicine
as “an emerging approach for disease prevention and treatment that takes into account
people's individual variations in genes, environment, and lifestyle." [26,27]
"Stratified medicine" refers to the concept of targeted treatment based on the patient's genes
and physical characteristics [23]. The term “stratified medicine® is to be distinguished from the
term "individualised medicine", which involves tailor-made treatments. It describes the medical
treatment with products from the patient's own autologous cells [23]. The term p4 medicine
was first introduced in the concept of integrating biological data for therapeutic interventions
[29]. The concept of p4 medicine, which comprises the features "personalised", “predictive”,
“‘preventive” and “participatory“ shall apply the “multi-omic* approach including genomics,
transcriptomics and proteomics [23]. Nowadays, the feature "population/public perspective"
(5P) has to be incorporated in addition to the other four features [23].

The further development of personalised medicine is being driven by the European Medicines
Agency (EMA), the United States (U.S.) Food and Drug Administration (FDA) and the
Japanese Pharmaceuticals and Medical Devices Agency (PMDA), which have an interest in
investigating the relation between genetic polymorphisms and pharmacodynamic endpoints.
EMA has expressed its interest in pharmacogenomics by publishing scientific guidelines [30].
In the U.S., the PMI focused on the paradigm shift from mass production to personalised
medicine [19]. PMI sets as its goal for “targeting the right treatments to the right patients at the
right time“ [25,26]. This is intended to make the shift from treating the "average patient" with
the traditional "one-size-fits-all" approach to treating the "right patient" with the "right drug" in
the "right dose" at the "right time" [18,26,27,31]. This new approach assumes that treatment
with the right drug will result in the fewest side effects [18]. PMI also supported the FDA in
issuing two draft guidance documents on next-generation sequencing (NGS) tests [25].
The NGS tests are intended to help patients learn about their genetic and genomic constitution
[25,26]. That the FDA recognises great promise in precision medicine, can be demonstrated
in the development of new technologies in the field of pharmacogenomics [26]. The FDA has
allocated a cloud-based portal called "precisionFDA" to enable the research and development
community to engage in exchange to improve bioinformatics related to NGS processing [26].
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Moreover, the FDA is establishing recommendations and databases regarding NGS-based
tests [26]. The PMDA incorporates pharmacogenetic information as part of the development
process [30].

Within the framework of personalised medicine, there is an effort to integrate new technologies
into the healthcare system that enable personalised therapy according to the specific
characteristics of each individual. The 3DP technology, which allows the production of
personalised 3D printed dosage forms, could make such a contribution.
Thus, the FDA tried to promote new innovations such as the 3DP technology and to support
pharmaceutical companies in their development.

In August 2015, the first 3D printed drug product Spritam®, manufactured by the company
Aprecia Pharmaceuticals, was approved by FDA [32]. In 2017, researchers at the University
of Nottingham, together with the company GlaxoSmithKline, conducted a study on
"3DP of tablets using inkjet with UV photoinitiation" [33]. For this purpose, 3D printed tablets
containing the API ropinirole hydrochloride were produced using a combination of inkjet
printing and ultraviolet (UV) curing [33]. In addition, the three products T19, T20 and T21
fabricated with the 3DP technology melt extrusion deposition (MED™) by the company Triastek
are in clinical development, which began for the first drug in 2021 [34].
The two medical devices OsteoFab Patient-Specific Facial Device and OsteoFab Patient-
Specific Cranial Device manufactured by Oxford Performance Materials Inc., the Unite3D™
Bridge Fixation System commercialised by Zimmer Biomet Holdings and 85 other medical
devices have been approved by FDA [8].

Therefore, 3DP has gained interest for its ability to personalise medicines not only in the
pharmaceutical industry but also in the hospital and pharmacy, as an easy-to-implement
technology in the era of the fourth industrial revolution, also referred to as Industry 4.0 [35].
An important element of Industry 4.0 is the intelligent factory (Smart Factory) with a focus on
the production of intelligent products, procedures and processes (Smart Production) [36].
Industry 4.0 is characterised by the individualisation or hybridisation of products as well as the
integration of customers and business partners into business processes through digitalisation
[37]. 3DP represents one of the main manifestations of the fourth industrial revolution and an
important element in telemedicine care [38]. The production of 3D printed dosage forms based
on an electronic prescription can make its contribution in digital pharmacy [38]. The 3DP
technology is one of the innovative methods of manufacturing dosage forms that is reflected
in the drive in the healthcare system to improve drug therapy through systems such as
electronic prescribing as well as automated dispensing and compounding systems [19].
3DP, in combination with digitalisation, can contribute to the rapid development of Industry 4.0
[12].

3D printed medicines can address the problems of patients with pharmacogenetic
polymorphisms and adjust the dose to the patient's clinical response [39]. Personalised dosing
of low-dose, high-potent drug substances and drugs with narrow therapeutic indices is possible
[3,39]. Furthermore, 3DP can address issues such as the processing of poorly soluble drug
substances, peptides and peptidomimetic drugs [40]. The production of 3D printed dosage
forms according to the patient's anatomy for the treatment of chronic diseases can increase
the effectiveness of treatment [3].

3DP is a suitable method for producing medicines in the desired doses and dimensions for all
age groups from paediatric to geriatric patients, because future medicine should consider the
individual patient profile. An ideal personalised dosing method should be simple and
inexpensive, but also accurate and appropriate for a large number of patients [41].
Existing strategies are based on the accumulation of small drug carriers or the partitioning of
a defined volume from multi-dose container [41]. Solid dosage forms such as tablets would
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have to be divided for personalised dosing [42]. For liquid dosage forms, inaccuracies of the
APl in the medicinal product may result from volumetric dosing, which may include e.g.,
counting errors for the dosing of drops or reading errors on the dosing devices for the dosing
of syrups [43-46]. Hence, dosage forms that enable personalised dosing represent the dosage
form of the future [17]. These include multiparticulate dosage forms such as mini-tablets and
pellets, for which, however, a suitable dosing device needs to be developed [41].
Orodispersible dosage forms such as orodispersible tablets (ODTs) and orodispersible films
(ODFs) offer suitable dosage forms. ODFs combined with printing technologies provide the
possibility to produce multilayer coatings, stacked systems and multi-compartment systems
[47,48].

Thus, 3D printed dosage forms show great potential for personalised dosing. 3DP can avoid
the need to alter the dosage forms [4]. Tablets would not require to be splitted by healthcare
professionals or family members to achieve the desired dose, which can lead to under- or
overdose and ADRs due to dose variations in each half [42]. Using 3DP, patient-specific liquid
capsules with individualised drug content and release profiles can be produced through
coordinated 3DP and liquid dispensing [49].

The development of child-appropriate dosage forms is of huge interest and has been steadily
promoted since the implementation of the European Pediatric Regulation in 2007 [50].
The goal was to improve the development and availability of medicines for children in order to
be able to administer ethically acceptable and approved medicines of high quality [50].
Incentives for the approval of medicines for children were created to reduce the use of
unlicensed and off-label medicines. In addition, the introduction of the Paediatric Committee
has forced companies to conduct studies in children as part of the marketing authorisation
process by preparing the paediatric investigation plan. For paediatric patients, 3D printed
medicines offer the possibility to overcome swallow difficulties and to improve the palatibility
due to taske masking of bitter tasting drugs for increased patient safety and acceptance
[51-53]. Chewable dosage forms for paediatrics could be printed through embedded 3DP [54].
In addition, dose adjustment for the paediatric patient can be performed for example with
respect to greater first-pass metabolism due to higher enzyme activity and enzyme immatury
to ensure adequate dosing and dose accuracy, reduce side effects and medication errors [35].
In elderly patients, the choice of drugs and their dosing must consider reduced organ functions
i.e. visual, swallowing and motoric functions, increased morbidity and immobility as well as the
intake of multiple drugs [35]. 3DP, which enables the production of bilayer tablets and polypills,
can reduce the dose frequency as well as the pill burden resulting in reduced mortality [15].

1.2.3 High product diversity and flexibility in production

3DP offers the opportunity to produce dosage forms with new product designs to achieve the
desired release profiles, which allows increased flexibility and throughput [3]. Therefore,
dosage forms with different shapes and geometries can be printed [55]. 3DP of highly porous
structures can enable rapid oral disintegration and fast dissolution [3]. A higher dissolution rate
can be achieved by 3DP of dosage forms with a large surface area to volume ratio [3].
In addition, the production of amorphous solid dispersions (ASDs) should improve the
dissolution rate for poorly soluble drug substances from extrudates by HME [3]. A variety of
different products could be manufactured which include single or bilayer tablets with immediate
or modified release, coated tablets with pulsatile release as well as osmotic pumps [3].
Drug-device and drug-biologic combination products that offer new therapeutic options can be
produced with the help of a 3D printer and the release of the API can be controlled digitally [3].
Moreover, 3D printed micro- and nanocapsules, nanosuspensions as well as implants and
patches can be fabricated [39]. The possibilities in product diversity give the chance to produce
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a dosage form tailored to the patient's needs, which increases the effectiveness of the therapy
and the patient's associated compliance.

The flexibility and adaptability of this technology make it useful in the early stage of product
development in the pharmaceutical industry, when formulations are first developed with
minimal effort and then examined with regard to their product specifications e.g. release
profiles [56]. The production of small batches allows for the FIH studies and pre-clinical studies
the product to be manufactured shortly before use, avoiding transport and storage costs and
an accelerated stability study [15]. This results in lower demand for starting materials and lower
material and production costs [15]. It also makes orphan drugs affordable to produce without
shortages, as they are often expensive drugs and potential instability can be avoided by
manufacturing them just before use [56]. In addition, the dose for the preclinical and FIH studies
can be flexibly adjusted by three different approaches. This includes dose adjustment by
varying the infill, by varying the physical dimensions, and by varying the drug load of the
feedstock material such as the extrudates for FDM 3DP.

1.2.4 On-demand manufacturing

The manufacturing on demand can be enabled through decentralised production of
pharmaceuticals at the point-of-care [15]. This can be beneficial both in the pharmacy and in
the hospital when the 3D printed dosage form shall be printed in time and an immediate
application for example for preclinical studies is required [15]. For this purpose, it is required
that the patient's data can be sent to the healthcare professionals either physically or digitally
and communication between different sectors such as software developers, technical
engineers, healthcare professionals and regulatory agencies for standardisation are set [57].
3DP technology would bring about integration into the healthcare network through
on-demand manufacturing, accelerating progress in digital healthcare [32]. The pharmacist
would be actively involved in the healthcare network by designing the dosage form according
to the patient's needs and tailoring the dose on the 3D printer [32]. The aim is to increase the
patient's compliance and avoid ADRs. It may be necessary to produce dosage forms with new
designs, e.g. for children. The method of production can be advantageous if shortages are
present and there is a need for rapid patient care in resource- or time-constrained settings
[3,15]. On-demand manufacturing can be of interest in wound treatment, if fabricated
tissue-engineered scaffolds or wound-healing gels shall be applied directly onto the patient [3].
It also plays a major role for low-stability drugs that have a short shelf-life and need a rapid
administration [3].

1.3 3D printing in medicine
1.3.1 Medical applications

3DP is frequently used in medicine and encompasses the fields of dentistry, tissue and organs,
tissue models as replacement, medical devices, anatomic models, and drug formulation [58].
The production of tissues and organs using 3DP is also known as 3D bioprinting [58].
The biomaterials used are called bio-ink if cells are incorporated [59]. Bio-inks are designed to
enable 3D bioprinting of cellular products [8]. The bio-ink can consist of hydrogels composed
of natural biopolymers or synthetic polymers, cell suspensions and solutions based on
extracellular matrix and is designed to mimic the natural microenvironment of the cells [8].
3DP has to be distinguished from 4D printing, which includes time as an additional parameter
besides the three dimensions [58]. 4D printing thus refers to 3D printed objects in which the
printing material used mature over time to various stimuli such as heat, pH, light or magnetic
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field, making the objects programmable [60]. 4D bioprinting describes the process of
maturation of engineered living cells after the printing process for biomedical applications such
as tissue engineering and targeted drug delivery [60].

With respect to the fields presented, dentistry represents one of the most progressive fields in
the application of 3DP [58]. It enables the production of restorations such as protheses and
dentures, surgical guides and dental models based on medical images obtained using
magnetic resonance imaging (MRI) or computed tomography (CT) [58].

In regenerative medicine, biocompatible scaffolds with porous microstructures can be
produced which contain growth factors and differentiation factors [9]. They are seeded with
stem cells for organ regeneration to restore diseased tissue or replace it with artificial tissue
[9]. The scaffold used must therefore meet certain requirements. It must be mechanically
strong, porous and have a high pore interconnectivity for the diffusion of cellular and waste
products [58]. Furthermore, it must be biocompatible and bioactive as well as biodegradable
with controlled degradation in order to replace the scaffold with a newly manufactured artificial
tissue [58].

3D printed in vitro disease or tissue models have attracted considerable interest both as a
replacement for in vivo animal models and clinical trials on humans in drug and cosmetic
development as well as toxicology testing [2]. This was triggered in 2013 by the EMA, which
banned the use of animals for testing cosmetic products and accelerated the development of
engineered tissue 3D printed in vitro skin models [58]. Further developments in the field of
microfabrication were 3D models, so-called organ-on-chip (OoC) systems [58,61].
OoC systems purpose to mimic cellular tissue in the microenvironment and to deliver
information about disease progression [61].

The AM of medical devices gives the opportunity to produce surgical instruments, implants,
prostheses, and orthoses as well as hearing aids [58]. Surgical instruments can be fabricated
and used in the clinical setting for a variety of applications, e.g. orthopaedics and surgery [8].
3D printed implants can be produced either customised according to the patient’s anatomy by
using the patient’s medical image or commercially as implant product, whereas 3D printed
prostheses can be patient-specific produced based on medical images including for example
radiographs, MRI and CT [62]. 3DP is also extensively used in the hearing aid industry for the
fabrication of in-the-ear, in-the-canal and completely-in-the-canal hearing aid models and also
hearing shells [58].

Anatomic models are utilised for pre-surgical planning and surgical education and the printing
technique and material are selected according to the requirements of the model which include
properties such as resolution, accuracy, colour and long-term stability [58].

1.3.2 Pharmaceutical applications

The API can be processed with excipients in a formulation to produce a 3D printed drug product
in the form of tablets, films, transdermal drug delivery systems (e.g. patches, microneedles),
nanocapsules or implants. There is huge interest in dosage forms intended for oral
administration due to their ease of application [63]. Thus, tablets are the most common type of
3D printed dosage forms [64]. 3D printed oral dosage forms with immediate or modified release
(extended, delayed, pulsatile), single or bilayer tablets and polypills for personalised therapy
can be produced [3,56]. The needs of children can also be addressed through paediatric
formulations such as 3D printed chewable tablets. In addition, 3DP offers the possibility of
manufacturing abuse-deterrent formulations [4].
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1.4 3D printing technologies

The five most commonly used 3DP technologies for pharmaceutical applications are depicted
in Figure 3 and can be divided according to their principle into laser-based printing
technologies, inkjet-based printing technologies and extrusion-based printing technologies
[56].

3D printing
technologies
Laser-based Inkjet-based Extrusion-based
printing printing printing
technologies technologies technologies

!—‘—\

Continuous Drop-on-demand
inkjet printing printing

—

Fused deposition
modeling
(FDM)

Pressure-assisted
microsyringes
(PAM)

Figure 3. 3D printing technologies for pharmaceutical applications.

Stereolithography (SLA) and selective laser sintering (SLS) belong to the laser-based printing
technologies. SLA, also known as photopolymerisation, photo-induced polymerisation or
laser-based writing systems, was the first AM technology patented by Charles "Chuck" Hull in
1986 and is used in various fields such as microfluidics, biomedical devices, soft robotics,
surgery, tissue engineering, drug delivery and the food industry [65,66]. In medicine, this
technology is used to manufacture surgical instruments, hearing aids, knee joints and dental
devices [65]. SLA is based on the principle of vat photopolymerisation, a chemical reaction in
which UV rays trigger a light-induced polymerisation reaction of a liquid photosensitive
thermoset polymer with the aid of a laser, leading to the curing of the vat or resin [11,58].
The light-induced polymerisation reaction can take place according to the mechanism of a
radical polymerisation or, as in most cases, according to the mechanism of a cationic
polyaddition [5,66]. After the 3DP process, post-processing to fully implement the
polymerisation reaction takes place in a UV chamber [11]. The product can be refined by light
sanding and a UV-resistant seal [11].

SLS, a powder bed fusion technique, was invented by Carl Deckard and Joe Beaman and
patented in 1989 [67-69]. SLS is used in medicine to produce implants, protheses, dental
appliances and surgical tools as well as for tissue engineering [58,68]. It is well suited in the
pharmaceutical development for tailoring medicine utilising pharmaceutical-grade polymers
[69]. Thermoplastic semi-crystalline polymers in the form of powdered materials are used as
feedstock material for the printing process [68]. Powdered material is fused layer by layer into
a 3D printed object onto a powder bed using a laser beam [70]. The laser beam sinters the
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powder and bonds the individual layers [68]. After the printing process the powder bed and the
3D printed object are cooled down before the 3D printed object is removed and can be used
[71].

Binder jetting (BJ) represents an inkjet technology which was first developed and patented by
Sachs et al. at Massachusetts Institute of Technology in 1993 [72,73]. BJ represents a further
development of the 2D inkjet printing technology which can be divided into continuous inkjet
printing and drop-on-demand printing [56]. Drop-on-demand printing can be differentiated into
drop-on-drop (DoD) and drop-on-solid (DoS) deposition based on the physical principle of
droplet generation [74,75]. In DoD deposition, a solid layer based on the binder is formed by
the mutual deposition of the droplets [76]. In DoS deposition, droplets of a low melting point
binder are deposited on a powder bed containing particles with a high melting point [76].
After Sachs et al. patented the BJ technology, medical and pharmaceutical applications for BJ
were licensed through Therics Inc., tradenamed under the TheriForm™ process in 2006 [77].
In medicine, this technology has gained importance in bone tissue engineering and plastic
surgery [72]. Furthermore, it has also been applied in engineering and cosmetic industries [72].
In principle, BJ is based on the inkjet printing technology, in which liquid binder is applied to a
powder bed to bond the particles [72,75]. For the binder deposition two different kinds of print
heads can be used which are piezoelectric and thermal print heads [40].

Extrusion-based printing technologies are pressure-assisted microsyringes (PAM), also
referred to semi-solid extrusion, and fused deposition modeling (FDM). The PAM technique
was first introduced by Landers and Muilhaupt in 2000 [78,79]. The suitability of the PAM
technology for personalised manufacturing was initially demonstrated by Khaled et al. in 2014
and 2015, who produced bilayer tablets with a controlled drug release as well as a polypill
containing five different drugs with specific release profiles [80-82]. In addition, both Khaled et
al. (2018) as well as El Aita et al. (2019) demonstrated the feasibility of PAM printing for the
fabrication of high-dose, immediate release tablets [83,84]. Meanwhile, the PAM process has
pharmaceutical applications in the production of chewable dosage forms for paediatric and
geriatric patients and in the tissue engineering for the manufacturing of tissue engineered
scaffolds [54,85-87]. With the help of PAM technology both single- and bilayer tablets with
different dissolution profiles as well as gastro-retentive drug delivery systems and floating
dosage forms can be produced [87-89]. The production of ODFs, solid self-emulsifying
formulations, rectal suppositories, parenteral formulations including implants, scaffolds and
patches and cutaneous formulations become possible [87,88]. In addition to pharmaceutical
applications, this technology is most commonly used for bioprinting in medicine [90].
Due to the low printing temperature and the semi-solid starting material, cell-loaded hydrogels
can be extruded to produce bones, joints and skeletal muscles as tissue substitutes [87,91].
Medical devices including drug-eluting and bio-absorbable scaffolds, called ‘biopierces’,
as well as drug-medical device combination products can be manufactured [87].
The technology also has applications in dentistry from surgical models to dental prostheses
[92]. In addition, the PAM technology is suitable in the food industry for the production of
candies and for 3DP in electronics and bioelectronics [87,92]. In the PAM process, semi-solid
formulations such as gels or pastes are extruded through a syringe in a layer by layer manner
onto a print bed [87,88]. The extrusion can be carried out by pneumatic, mechanical and
solenoid piston [87,92]. After the 3DP process, post-processing is required for shape fidelity
due to the use of heat or solvents which can include cooling, drying or ionic cross-linking [88].
PAM technology offers a huge opportunity for processing cells through 3D printing at room
temperature [88].

FDM is the most popular 3D printing technology for pharmaceutical applications [93], which
requires extrudates produced by HME as starting material for the FDM 3DP.
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HME has its origins in the 1930s in the plastic, rubber and food industries and was first used
in the pharmaceutical industry in the early 1970s [94]. The technology shall contribute to the
production of APIs as part of formulation and product development, as well as to the
improvement of already approved medicinal products on the market [94]. HME is a widely
used, versatile technology in the pharmaceutical industry and can be used for the continuous
manufacturing production enabling improved product quality and reproducibility compared to
batch manufacturing [95-97]. HME finds it application in the solubility and bioavailability
enhancement of poorly soluble drugs by the production of ASDs, the taste masking of bitter
tasting drugs as well as the manufacture of a variety of different dosage forms including pellets,
granules, films, implants, ophthalmic and topical delivery systems [97-100]. These can be
produced from obtained extrudates in the form of strands, films, sheets and granules through
further processing steps and allows the production of extended release delivery systems,
targeted and shaped drug delivery systems as well as abuse deterrence systems [94,101].
New applications related to HME represent co-extrusion and foam extrusion, nanotechnology,
co-crystallisation and 3DP [95,101,102]. Additionally, there has been growing interest in
processing biological agents such as proteins and peptides alongside small molecule drugs
[95]. The fact that the HME technology is suitable for industrial application is shown by the
existing approvals of drug products [103].

FDM, also known as fused filament fabrication (FFF), is a widely used, versatile 3DP technique
especially in the fields of engineering and medicine, but also in many other fields (Figure 4)

[18,104,105].
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Figure 4. Applications of FDM 3D printing (content from [104]).

In the pharmaceutical industry, FDM is suitable for the fabrication of single-unit dosage forms
and follows 3Ds design, develop and dispense [15]. It was first developed by Scott Crump of
the Stratasys company in 1988 and commercialised in 1992 [57,104]. While the origins of this
technology lay in prototyping in engineering, developments have progressed to consumer
products and industrial processing [104]. In pharmaceutical development, coupling HME with
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FDM shall enable the continuous production of 3D printed dosage forms with low-dose drugs,
but also with enhanced drug load for personalised medicine and telemedicine [97,106].
Another growing research area in the FDM technology is the nanotechnology including
polymer-based biomaterials, nanoparticle drug delivery, polymer blends, nanofibers and
nanocomposites [107].

1.5 Regulatory considerations
1.5.1 Medical devices

3DP can be considered a suitable technology for the production of patient-specific medical
devices which is reflected in more than 85 3D printed medical devices already approved by
the FDA [58]. Medical devices are products with a medical purpose intended by the
manufacturer for human use. The intended main effect of medical devices is determined
physically compared to medicinal products, which have a pharmacological, immunological, and
metabolic effect [108].

The first implementations of 3DP took place by medical device manufacturers in 2010, which
led to an exponential increase in approved 3D printed medical devices [109]. This allowed
experience to be gained which should ensure further progress in the use of 3D printed medical
devices. In 2014, the FDA organised a public workshop that addressed the technical
challenges and development of assessment standards for AM products [110,111].
Five technical topics were discussed, which included materials; validation of design, printing
and post-printing; printing characteristics and parameters; physical and mechanical evaluation
of end products; and biological aspects of end products, including cleaning, sterility, and
biocompatibility [111]. In 2016, the FDA worked on a draft guidance and could issued the
guidance “Technical Considerations for Additive Manufactured Medical Devices” in 2017 to
give considerations regarding the design and manufacturing, device testing as well as labeling
of medical devices [112]. Regarding medical device design and manufacturing, the guidance
provides information on overall device design, patient-matched device design, software
workflow, material controls, post-processing, process validation and acceptance activities, and
quality data [112]. In the context of device testing, information is presented on device
description, mechanical testing, dimensional measurements, material characterisation,
removing manufacturing material residues and sterilisation, and biocompatibility [112].
Device testing must be carried out on the finished product and must demonstrate that the
product can be used by the user for its intended purpose [113]. While the FDA has published
its considerations on the manufacture of medical devices using AM technology in the
aforementioned guidance document, no guidance document has yet been made available to
the public by the EMA [113]. The PMDA has issued a technical guidance document for
3D printed medical devices such as orthopaedic surgical implants, but it does not contain
information about the regulations of these medical devices [113].

In the U.S., medical devices are divided into three classes according to their intended purpose,
based on the risk to health and the degree of control to ensure safety and effectiveness
[114,115]. Class | medical devices are low risk and therefore subject to general controls [115].
Therefore, some medical devices can be exempted from pre-market requirements and only
need to be registered and listed [109,113,115]. Class Il medical devices have moderate risk
and require premarket notification, also known as 510(k) process for the approval of medical
devices [109,116]. 510(k) refers to the Section in the Federal Food, Drug, and Cosmetic Act
(FD&C Act) codified in Chapter 9 of Title 21 of the United States Code [117]. These medical
devices must prove substantial equivalence with a predicate [109,116,117]. Besides the
general controls, special controls are needed [109]. Class Il medical devices demonstrate high
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risk and require premarket approval next to general controls [116]. For the approval of medical
devices on the U.S. market, the manufacturer must fulfil the requirements of the Code of
Federal Regulations [105,109]. Within the framework of an investigational device exemption,
clinical studies must be conducted and data collected [109]. Thus, premarket notifications
(510(k)), premarket approvals and investigational device exemptions represent the majority of
submissions to the Center for Devices and Radiological Health for medical devices [109].
In some cases, it is required to waive medical device approval. This is the case in the presence
of a life-threatening condition or in an emergency in the absence of standard treatment [32].
These medical devices receive an exemption and are approved through emergency use [32].
Most 3D printed products have been able to provide sufficient evidence to be cleared through
the 510(k) process by demonstrating equivalence to a marketed device [111].

1.5.2 Medicinal products

So far, only one drug, named Spritam® by Aprecia Pharmaceuticals, has been approved by
the FDA in 2015 [72,111,118]. Furthermore, the FDA has granted the Chinese company
Triastek permission to conduct clinical trials in 2021 and 2022 for three drugs based on
Investigational New Drug (IND) applications [34]. No 3D printed drug has yet been approved
by the EMA. It is expected that this will be approved as part of a hybrid application [118].
Thereby, a hybrid medicine is defined as a medicine that is similar to an authorised medicine
which contains the same active substance but may have differences in dose strength,
indication or pharmaceutical form [119].

Medicinal products that contain an active substance and have a pharmacological,
immunological, and metabolic effect are subject to higher requirements than medical devices
that do not contain an active substance and exert their effect physically [120]. In principle,
3D printed medicinal products can be authorised similarly to conventional medicinal products.
Medicines can be approved in the U.S. through one of three approval pathways which are
defined in the Sections of the FD&C Act [118,121,122]. New drugs can be approved through
the 505b(1) and 505b(2) approval pathways, while generic drugs are approved through the
505(j) approval pathway [122]. The 505b(1) approval pathway represents the traditional
approval pathway for new drug applications (NDAs) [122]. This pathway is used to approve
products with new APlIs that have not yet been approved [122]. Clinical and non-clinical studies
must be conducted to provide evidence of the safety and efficacy of the new drug molecule for
the therapeutic indication [122]. The 505(b)(2) approval pathway involves the approval of new
drug products with already approved APIs [122]. In this application, the applicant refers to one
or more studies that "were not conducted by or for the applicant and for which the applicant
has not obtained a right or reference or use from the person by or for whom the studies were
conducted." [121] For generic drugs, approval is through the 505(j) approval pathway, and an
abbreviated new drug application (ANDA) for approval may be submitted [122]. The 505(j)
approval pathway does not include clinical or preclinical data to demonstrate safety and
efficacy, but requires comparison to the |listed reference drug through
bioavailability/bioequivalence studies [122]. Products that have been authorised under the
ANDA are judged to be equivalent and can be interchanged under the same conditions of use
[77]. In addition to the three approval pathways mentioned above, biologics are approved
through the biologics license application (BLA) [118].

In order to facilitate and encourage the approval of drug products with new technologies, the
FDA published the “Advancement of Emerging Technology Applications for Pharmaceutical
Innovation and Modernization” guidance in September 2017 [123]. This was intended to
provide the pharmaceutical industry with the opportunity to take part in the Emerging
Technology Program [123]. The program was intended to enable collaboration between the
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“Emerging Technology Team”, a special group of the FDA, and pharmaceutical companies
aiming at the approval of products with new technologies [124,125]. The program can be used
by companies engaged in the regulatory submission of an IND, NDA, ANDA, BLA or the drug
master file (DMF) [124]. These technologies are reviewed by the Center for Drug Evaluation
and Research [124]. In order to enter the program, the applicant must demonstrate that the
proposed technology falls within the scope of the program and can enhance product quality.
[124]. Thus, the benefits of this new technology program offer the possibility to get early in
contact and exchange with the FDA during product development [124]. Questions concerning
the product technology, manufacturing process and control strategy can be clarified [124].

Aprecia Pharmaceuticals took the opportunity prior to Spritam®'s approval to engage with the
FDA during "lunch-and-learns" to showcase 3DP technology and its application in the
pharmaceutical industry [126]. In addition, Aprecia Pharmaceuticals held two formal meetings
with the FDA and organised several visits with the FDA to show the manufacturing facility, the
equipment as well as the manufacturing process [126,127]. Furthermore, Aprecia
Pharmaceuticals was also in exchange with the U.S. Pharmacopoeia to obtain a dosage form
designation that could not be replaced by a generic drug to ensure reimbursement by health
insurance companies and dispensing in pharmacies [126]. Spritam® was approved through the
505(b)(2) approval pathway, which allowed reference to the safety and efficacy studies of the
reference listed drug Keppra® film-coated tablets by UCB, Inc. [126]. Spritam® is a 3D printed
drug product manufactured by powder bed 3D inkjet printing based on ZipDose® technology,
a drug formulation platform, which enables the production of ODTs with a high drug load of
1,000 mg of the API levetiracetam [74,77]. The characteristic features of dosage forms
manufactured using this technology is rapid disintegration, which is due to the highly porous
structure and the use of freely soluble mannitol as main excipient as well as the possibility of
taste masking [128,129]. The approval of Spritam® has shown that the commercial production
of a 3D printed drug product became possible in compliance with current good manufacturing
practices (cGMP) regulations [77].

The company Triastek received FDA approval as an IND via 505(b)(2) application in 2021 for
its proprietary 3D printed drug T19 for the treatment of rheumatoid arthritis (RA), which was
manufactured using MED™ technology [55,129]. MED™ technology was included in the FDA's
Emerging Technology Program in 2020, because this technology enables the continuous
production of 3D printed modified release oral dosage forms with process analytical technology
(PAT) and feedback controls [129,130]. The production of the 3D printed tablets using MED™
technology, also known as direct powder extrusion (DPE), is achieved by directly processing
the powder mixture consisting of APIs and excipients after melting from the extruder nozzle,
from which continuous extrusion takes place in layers [129-131]. Thus, the preceding
production of filaments, which are required for FDM 3DP, can be dispensed with [130].
In order to save time and costs, Triastek has also developed the 3DP Formulation by Design
concept for digital formulation development [129]. Through the arrangement of several
nozzles, complex structures as well as several APIs can be processed in one dosage form
[130]. Tablets can be manufactured in different shapes and geometries to achieve the desired
release profile with the resulting pharmacokinetics [55,129,130]. In 2022, Triastek's second 3D
printed drug T20 for the therapy of cardiovascular disease and clotting disorders was approved
by the FDA as an IND via the 505(b)(2) approval [131]. This was followed by the IND
application for Triastek's third 3D printed medicine, T21, targeting ulcerative colitis by the FDA
[34]. In addition, other pharmaceutical companies are cooperating with polymer manufacturers
to develop 3D printed dosage forms for personalised therapy [129]. Medicinal products
produced with the two processes HME and FDM 3D printing are not yet available on the
market.
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In addition, in the context of personalised medicine, the manufacturing of dosage forms in
facilities such as pharmacies and hospitals is of interest, which are regulated under Section
503A of the FD&C Act or “Section 353a — Pharmacy compounding“ and Section 503B of the
FD&C Act or “Section 353b — Outsourcing facilities* of the United States Code [72]. However,
3DP is not yet mentioned in these Sections [72].

1.6 Regulatory challenges

As previously described, numerous 3D printed medical devices and only one 3D printed drug
have already been approved by the FDA in the context of industrial manufacturing.
Nevertheless, it is obvious that 3DP technology, despite its advantages in personalised
manufacturing, needs further regulation by the authorities, especially in the pharmaceutical
sector [9,132]. Superiority of 3DP technology in terms of costs and benefits for the
pharmaceutical industry compared to conventional manufacturing processes still needs to be
demonstrated [133]. 3DP is a time-consuming process compared to direct compression [133].
Due to the various 3DP technologies and associated processes that can be used to
manufacture medicinal products, it has been difficult to establish uniform requirements for the
manufacturing processes and products [74]. A uniform assessment of the quality of the
3D printed product must be carried out according to predefined specifications [134].
In addition, the critical quality attributes (CQAs) must be examined as with conventional dosage
forms and tests must be carried out in accordance with the pharmacopoeias
[3,9,74,77,97,133]. If necessary, further tests specific to the 3D printed product must be
established [9,19]. Since the properties of the starting materials used and the product depend
strongly on the respective printing process, separate guidelines must be created for each
printing process, which can be made available to the pharmaceutical companies. In particular,
the stability of the starting materials used, including the APl and excipients, under the influence
of critical process parameters, such as temperature, during the 3DP process must be
investigated in order to avoid thermal degradation. One of the biggest challenges is the
processing of thermo-sensitive drug substances during the FDM 3DP process due to the high
temperature required [18,135]. Since the extrudates produced by HME are used as the starting
material for FDM 3DP, the API is exposed to a double temperature load [4,64]. Therefore,
sufficient stability of the API in the drug product despite double heat exposure and control of
impurities must be ensured.

This is of huge interest as 3DP is also expected to enable on-demand production of
personalised dosage forms in hospitals and pharmacies in the future and product quality,
including control of impurities, is required to ensure patient safety [72,136]. For the
establishment of 3DP technology in hospitals and pharmacies, regulations must define both
the prescription of a 3D printed medicinal product by the physician and the production of a
formulation with the 3D printer including release in the hospital or pharmacy as well as
dispensing to the patient. Therefore, regulations for the quality control of the starting materials
as well as the drug product must be defined, which ensures the quality during the entire
process and enables the delivery of the final product to the patient. Thus, the quality control is
one of the main challenges in hospitals and pharmacies [133]. Further regulations are required
that 3D printed medicinal products with prescription drug substances may only be dispensed
on the basis of a physician's prescription. Due to the objective of immediate production and
administration of 3D printed medicinal products, the collection of long-term stability data might
not be mandatory [118]. Rather, the storage stability of starting materials such as extrudates
for FDM 3DP must be specified. It must be demonstrated that the storage stability of the
extrudates neither influences the API content in the printed dosage form nor the quality and
does not lead to quality impairments, e.g. due to deformation or shrinkage of the printed
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dosage form [135]. Furthermore, the recycling of intermediate products such as extrudates as
well as surplus product must be clarified in terms of patient safety [3]. Furthermore, the liability
for the 3D printed product must be regulated [32]. The manufacturer of the 3D printer, the
manufacturer of intermediate products, such as the filament manufacturer in FDM printing, as
well as the pharmacist can be considered as liable persons.

In the context of Industry 4.0, big data and advancing digitalisation, regulations must ensure
the protection of patient-related data and the encrypted transmission of stored medical patient
information [17,48]. Validated 3D software design and simulation tools must be developed [75].
In addition, the reimbursement of the 3D printed medicine must be clarified with the health
insurance companies in the case of a medical prescription. Thus, it is evident that the
production of 3D printed individual dosage forms in the context of personalised medicine will
require integration into the healthcare system and further regulation by the authorities [32].
The introduction of 3DP in hospitals and pharmacies will also lead to changes in the supply
chain [17].

1.7 Thermo-sensitive drug substances
1.7.1 General

The production of personalised dosage forms with biologically active molecules has gained
increased interest, but processing via FDM 3D printing can be challenging due to the
thermolability of the thermo-sensitive drug substances [64].

Although there is no uniform definition for thermo-sensitive drugs, the World Health
Organisation (WHO) defines a time- and temperature-sensitive pharmaceutical product as
"Any pharmaceutical good or product which, when not stored or transported within predefined
environmental conditions and/or within predefined time limits, is degraded to the extent that it
no longer performs as originally intended", but usually refers to drugs that must be stored in a
refrigerator in this definition [137]. Nevertheless, according to Pazo-Oubifia et al. (2021) this
definition can also be applied to drugs that degrade during 3DP due to high temperatures or
UV light or beams [138].

Due to the challenge of heat exposure twice during HME and FDM, the behaviour of two
thermo-sensitive drug substances should be investigated during both processes. Therefore,
drug substances that undergo degradation reactions under thermal stress should be
considered. For this reason, the two APIs EM and ESC-OX were chosen. Factors affecting the
stability of drug substances may generally include chemical, physical, and, in rarer cases,
microbiological changes, as the latter generally affect the drug product. When considering the
stability of EM and ESC-OX during HME and FDM 3DP, the focus should be placed on the
chemical and physical changes in the drug molecules. Chemical changes may include
hydrolysis, oxidation, reduction, steric rearrangement, decarboxylation, and polymerisation,
whereas physical changes refer to changes in solid state. An important parameter that can
affect chemical and physical stability is the solubility of the drug substance, which in turn can
influence the absorption of the drug. Therefore, drug substances are classified into one of the
four categories based on their solubility and permeability according to the biopharmaceutics
classification system (BCS), which is illustrated in Figure 5 and shows the assignment of the
two APIs EM and ESC-OX to their BCS class.
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Figure 5. Biopharmaceutics classification system and the assignment for the APIs used in the thesis,
enalapril maleate and escitalopram oxalate.

According to the International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) M9 guideline, a drug substance is classified as highly
soluble if the highest single therapeutic dose is completely soluble in 250 ml or less of an
aqueous medium over a pH range of 1.2 — 6.8 at 37 = 1 °C [139]. The lowest measured
solubility in the pH range of 1.2 — 6.8 is used for the classification of the drug substance [139].
A drug substance is classified as having good permeability if the absolute bioavailability is
2 85 %. For the assessment of permeability, data on the extent of absorption from
pharmacokinetic studies in humans (e.g. absolute bioavailability or mass balance) should
preferably be used [139]. In addition, an assessment of permeability based on validated and
standardised in vitro methods using Caco-2 cells is possible [139]. In vivo human data from

published literature may also be acceptable under certain circumstances [139].
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1.7.2 Enalapril maleate

Enalapril maleate (EM) was selected as a model drug substance because it is known for its
pronounced thermolability due to its peptidomimetic structure. The API is an angiotensin-
converting enzyme inhibitor and has a similar structure to the tripeptide phenylalanine-alanine-
proline (Phe-Ala-Pro) (Figure 6) [140].

* HOOC COOH

COOH

Figure 6. Structural formula of enalapril maleate.

EM is one of the APIs on the WHO list of essential medicines [141]. It is of great interest for
the production of oral dosage forms in personalised therapy, especially in paediatrics. This has
already been demonstrated with the alternative concept of dose individualisation in the form of
low-dose EM orodispersible mini-tablets (ODMTs) which were developed as part of the LENA
(labelling enalapril from neonates to adolescents) project [142]. EM is used in particular for
heart failure and hypertension [143]. It is administered orally in the form of tablets and the
dosage range for adults is between 2.5 mg and 40 mg [143]. With high blood pressure and
heart failure therapy, a slow titration of the dose is necessary [143]. For children, the dose
should be based on the body weight [143]. Enalapril (ENP) is a prodrug of the active metabolite
enalaprilat, which is formed in the liver by cleavage of the ester bond with the help of the
hepatic hydrolase carboxylesterase, CES1 [144,145]. The drug belongs to the BCS class llI
drug substances and therefore has a good solubility but poor permeability (Figure 5) [146].
Both ENP and enalaprilat have a dipeptide (Ala-Pro) structure and bind to intestinal carrier-
mediated transporters, but only ENP is selectively transported across the intestinal membrane
[147]. This can be explained by the fact that the proline carboxylate moiety is responsible for
the recognition of intestinal peptide transporters and the angiotensin-converting enzyme, while
the presence of a second carboxylate moiety in enalaprilat has an inhibitory effect on the
intestinal transport [147]. Therefore, the presence of the ester group in ENP may increase the
affinity for the intestinal peptide transporter and thus increase intestinal absorption [147].

As far as the chemical properties are concerned, ENP is a weak acid with acid constants
(pKa values) of 2.97 for the carboxyl group of the substituted proline as well as 5.35 for the
protonated secondary aliphatic amine and has a decadic logarithm of the octanol-water
coefficient (logP) value of 2.45 [144,148].

With regard to the stability in solution, two main degradation products of ENP are formed
depending on pH values. While the cyclisation product enalapril diketopiperazine (DKP),
described in the European Pharmacopoeia (Ph. Eur.) as Impurity D (Imp-D), is formed at
pH < 2, the hydrolysis product enalaprilat described in the Ph. Eur. as Impurity C (Imp-C),
is found at pH > 5 [143,144,146,149]. Regarding the thermal stability, the melting point of EM
is given in the literature according to Lin et al. (2002) as an endothermic peak with a maximum
at 151 °C [150]. The endothermic event already starts at 147 °C at a heating rate of 3 °C/min
and indicates the melting of pure EM [150]. Another partially overlapping endothermic peak is
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observed at 163 °C which is related to the thermal decomposition [150]. According to
Gémez Pineda et al. (2005), at a heating rate of 10 °C/min and a sample mass of 6.1 mg, an
intense and sharp peak was observed at 150 °C and a larger and weaker peak at 170 °C [151].
In agreement with Lin et al. (2002), the first peak is associated with the melting and the second
peak with the degradation [150].

1.7.3 Escitalopram oxalate

Escitalopram oxalate (ESC-OX) was selected as the second model drug substance. It is the
S-enantiomer of racemic (R,S) citalopram and belongs as an antidepressant to the class of
selective serotonin (5-HT) reuptake inhibitor (SSRI) (Figure 7) [152-154]. The thermal stability
of this enantiomer is of particular interest, because only the S-enantiomer is therapeutically
effective [154]. In addition, the S-enantiomer shows higher efficacy with the same tolerability
compared to the racemate [154-157].

HOOC—-COOH

NC

Figure 7. Structural formula of escitalopram oxalate.

It is used for the first-line treatment of major depressive disorder and several anxiety disorders
due to its good tolerability resulting in high selectivity and lower interaction potential compared
to other antidepressants [158-160]. It also plays a major role in personalised medicine,
especially for the geriatric population. It is listed in the WHO Model List of Essential Medicines
and commercially available products are Cipralex® and Lexapro® from Lundbeck [141,161].
In the U.S., ESC-OX is one of the most frequently prescribed drug substances [162]. It is
available in the form of film-coated tablets and oral solutions and is administered orally [162].
The dosage range is between 5 mg and 20 mg with the dose of ESC-OX in the dosage forms
corresponding to the free base [161,162]. A slow titration of the dose is necessary [162].
The antidepressant effect occurs after two to four weeks, while the maximum effect depending
on the indication, is reached after several months [162]. Furthermore, a sudden discontinuation
of the therapy should be avoided [162].

ESC-OXis a BCS class Il drug substance with poor solubility and good permeability compared
to EM (Figure 5) [161].

Escitalopram (ESC) is a weak base with a pKa value of 9.54 for the tertiary amine and a
logP value of 3.63 [162]. A pronounced instability in basic solution has been described for
ESC-OX [163,164]. The melting point of ESC-OX has been reported by Pinto et al. (2018) to
have an endothermic peak at 153 °C, whereas racemic citalopram oxalate has a melting point
of about 165 °C according to De Diego et al. (2011) [154,1685].
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1.8 Process and quality considerations for fused deposition
modeling 3D printing

1.8.1 General

In order to investigate the influence of process parameters, especially temperature, on the
degradation of thermo-sensitive drug substances and thus the quality of the finished 3D printed
dosage form, a deeper understanding of the two heat-intensive processes HME and FDM is
required. Strategies to prevent degradation of the APIs should be devised as part of the
process and formulation development.

FDM is a 3D printing technology that is based on extrusion and requires melting, in contrast to
the PAM technology (Figure 8) [166].

Drug substance
and excipients

Dry mixing S —— Wet mixing
Heating ———  PAM 3D printi
via HME ! AT

Extrudates
(intermediate)
Heating
via FDM 3D printing I Drying
Finished 3D
printed dosage form

Figure 8. Overview of the extrusion-based printing technologies (modified from [135]).

In PAM technology, the drug substance and excipients are mixed wet and processed into a
semi-solid formulation that can be used to produce a 3D printed dosage form. However, this
must be dried afterwards to obtain the finished 3D printed dosage form.

For FDM 3DP, the powder mixture is first mixed dry and processed into extrudates or filaments.
Extrudates, which are initially produced by HME, serve as starting material for FDM 3DP to
receive the finished 3D printed dosage form.

1.8.2 Hot-melt extrusion process

In general, extrusion is a process in which the starting material is forced through a die resulting
in a product with a uniform shape and density [98,167]. The process offers the possibility to
prepare molten systems through the influence of heat as well as semi-solid viscous systems
[98]. In hot-melt extrusion (HME), the application of heat reduces the viscosity of the system
and conveys the melt through the die [98]. The equipment for the HME process consists of the
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hot-melt extruder, downstream processing equipment and equipment for in-process controls
[98]. The hot-melt extruder consists of a feeding system, a barrel, screws, a screw-driving unit
and a die [98]. A characteristic criterion of an extruder is the length-to-diameter (L/D) ratio of
the screw, which is in the range of 20 to 40:1 or higher [94,168]. Depending on the number of
screws used, pharmaceutical extruders can be divided into single-screw, twin-screw and
multi-screw extruders [94]. The screws of the twin-screw extruders (TSE) can be co-rotating
or counter-rotating and can be further divided in fully intermeshing or non-intermeshing
[94,168]. Fully intermeshing twin-screw extruders are proving more popular as they are
self-cleaning [94]. This results in better mixing as well as avoidance of local overheating of the
starting materials used [94]. Accordingly, the non-intermeshing TSE have a lower mixing
performance due to weaker interaction of the screws and are less self-cleaning [94].

Single-screw extruder (SSE) are widely used due to their mechanical simplicity and are
composed of one single continuously rotating screw in the barrel, resulting in good product
quality and consistent throughput [94,168-170]. Although SSE require little maintenance and
are inexpensive, they also have disadvantages [169]. Due to the mode of operation of SSEs,
an increase in screw speed leads to increased friction and associated temperature rise, which
can cause degradation of thermo-sensitive drug substances [94]. In addition, despite the good
product quality, SSE provide high pressures which can cause agglomeration and insufficient
mixing [94].

TSE have superior features to SSE in industrial applications, which are shown in Figure 9
[94,98].

Features

Versatility in process Superior

i i - i Mini I . - -
Short residence time Self-cleaning screws Inimum supply parameter settings mixing capability

Figure 9. Features of the twin-screw extruder (content from [94,98]).

These properties are coupled with a number of advantages that allow continuous material
feeding, higher mixing capacity through dispersive and distributive mixing, lower overheating
tendency, higher productivity through shorter residence times as well as higher flexibility and
better process controllability [94,98]. In the TSE, heating is controlled externally and
independent of the screw speed as the intermeshing screws advance the material from one
screw to the other [94]. For the processing of thermo-sensitive drugs substances, it is
advantageous that both the screw configuration and the screw speed can be varied.
In addition, the use of intermeshing co-rotating screws enables a more homogeneous melt
containing the APIs due to the higher mixing capacity and thus a more uniform product
temperature, which reduces the risk of local overheating [94]. Furthermore, the screws are
most frequently constructed of surface-coated stainless steel to avoid friction and the
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occurrence of chemical reactions, which is beneficially for oxidation- and hydrolysis-sensitive
drug substances [94].

The HME process for the TSE consists of the following unit operations which are shown in
Figure 10 [171].

> Feeding >>Conveying>> Mixing >> Venting >> Extrusion>

Figure 10. Unit operations of the twin-screw extrusion process (content from [171]).

In the feeding section, the powder mixture is fed with the help of a volumetric or gravimetric
feeder [171]. The powder mixture is fed into the barrel at a certain feed rate and conveyed
towards the die by the co-rotating screws [171]. In the conveying section, the powder mixture
is further conveyed by the use of conveying screw elements and melted due to the energy
input and the applied shear forces [171]. In the mixing zone, the powder mixture is mixed
depending on the selected design and arrangement of the mixing elements at specific offset
angles to produce a well-dispersed and homogeneously distributed dispersion [171].
The stability of the prepared dispersion depends on the physical form in which the drug is
embedded in the polymer. The venting zone serves to remove the air present in the powder
and venting can generally be accomplished by venting inserts or by applying a vacuum [171].
In the extrusion section, pressure is built up in front of the die to achieve a high degree of filling,
which is required for the constant melt flow through the die and shaping of the product [171].

For drug product development the powder mixture for HME can consist of the API, polymers
and other excipients. Other excipients may include plasticisers, lubricants, disintegrants, and
glidants [94]. During the HME process, the API should exhibit stability in the formulation, in
order to have sufficient bioavailability and can unfold its effect [94,95]. In order to be able to
assess this, the physical and also the thermal stability of the APl must be considered [94,172].
The physical state of the API can influence the stability and dissolution rate of the formulation.
Most APIs are initially present as starting materials in a crystalline state which is the preferred
form in terms of chemical and physical stability [94]. Nevertheless, it may be advantageous to
embed the drug amorphously in a polymer and thus produce ASDs to improve solubility and
bioavailability of the drug and to enhance dissolution [173]. This concerns poorly soluble drugs
according to BCS classes Il and IV [174]. However, since ASDs can also be thermodynamically
unstable and tend to recrystallise, strategies must be devised to stabilise the ASDs and thus
the shelf-life of a product [97,173,175]. The melting point of the API specifies the processable
temperature range in which the drug can be processed [95]. The thermal stability results from
the degradation temperature of the API [97]. The degradation of the API can also take place
below the degradation temperature, as the set process parameters can also have an influence
on the degradation [176]. Besides the API, the polymers are also selected according to their
physicochemical properties. The chemical structure and the molecular weight of the polymers
can influence the thermal properties as well as the melt behaviour [172,177]. For the
processability of the polymers their glass transition temperature or melting temperature should
be taken into account [176]. The polymers should be processed at a temperature of 20 °C to
40 °C above their glass transition temperature [97,176]. Furthermore, the melt viscosity of the
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polymers has an influence on the torque of the extruder and depends on both the temperature
and the shear applied through the design of the screws and the screw speed [176].
For an optimal extrusion process the complex viscosity should be in the range from 800 to
10,000 Pa*s [177,178]. Additionally, an interaction between the polymer and the API can also
lead to degradation products and should be excluded [95]. Other additives mentioned besides
the polymer matrix are equally selected with regard to their physical and thermal stability as
well as compatibility. Plasticisers, which lower the glass transition temperature of the
formulation, can be added to reduce the processing temperature and melt viscosity [172,179].
Disintegrants serve to accelerate the disintegration, while glidants improve the feedability of
the formulation [172].

Parameters, which can impact the quality and stability of the product manufactured via HME
can be categorised as depicted in Figure 11 [171,177].

L

I Parameters

[ Material-related parameters
[ Machine-related parameters
[ Product-related parameters

Material Machine Machine Material Machine Product
Molecular Weight Feed rate Screw design Product temperature Specific energy input Appearance (Colour)
Melting point (Throughput) Barrel design Viscosity Residence time Physical parameters
Glass transition Screw speed Die design Mixing quality distribution Phase morphology
Specific heat capacity| | Barrel temperature Shear-stress time (Crystalline,
Miscibility distribution amorphous phase)
Particle size Torque Assay, Purity
Density Pressure (Low impurities)
Flow properties Melt temperature Moisture

Velocity (Low moisture)

Figure 11. Influence of parameters on the drug product during HME (content and modified from [171,177]).

The parameters can be divided into independent and dependent parameters [171].
Independent parameters are established by the operator, while dependent parameters are
parameters that result from the settings [171]. Independent parameters can be further
differentiated into continuous parameters and step-change parameters [171].
Continuous parameters are parameters that can be changed and controlled during extrusion
[171]. Step-change parameters require an interruption of the extrusion process [171].

Independent, continuous parameters related to the material are the thermal and physical
properties of the powder mixture. Thermal properties are the melting point of the APl and the
melting point or glass transition temperature of the polymers as well as the specific heat
capacity [177]. Physical properties include the molecular weight of the polymers as well as the
particle size and the density of the powder mixture which influence the overall miscibility and
flow properties of the powder blend [177]. In relation to the machine, independent, continuous
parameters are the feed rate, the screw speed and the barrel temperature (Figure 11)
[171,179]. The feed rate determines the throughput of the entire system [171]. A higher feed
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rate leads to a higher throughput and lower melt temperature [171]. The screw speed impacts
the conveying and mixing as well as the energy input into the system and can therefore have
a major influence on the quality of the product [169,171]. As the screw speed increases, the
energy input and also the melt temperature increases. The barrel temperature influences the
viscosity and stability of the melt and affects the melt pressure [169]. A lower barrel
temperature leads to increased viscosity and shear forces, which leads to a higher product
temperature [169,177]. An increased product temperature can in turn lead to an increase in
impurities due to degradation of the API in the product, which must be considered when
processing thermo-sensitive drug substances [169,177]. This can create a vicious circle for
thermo-sensitive drug substances, which is shown in Figure 12 [177].

Decrease
in barrel
temperature

Increase Increase
in impurities in viscosity

Increase Increase
in product in shear
temperature forces

Figure 12. Vicious circle in the processing of thermo-sensitive drug substances (modified from [177]).

Therefore, strategies to avoid thermal degradation of the API include adjusting the feed rate,
selecting a suitable screw configuration and screw speed and reducing the process
temperature by adding plasticisers. When setting the parameters, the maximum torque of the
extruder must also be taken into consideration. Step-change parameters are the screw design,
the barrel design and the die design [171].

Dependent and thus influenceable parameters are further subdivided into process parameters
and quality control parameters [171]. Material-related process parameters are the product
temperature, viscosity and mixing quality, whereas most important machine-related process
parameters are the melt temperature, the residence time, respectively residence time
distribution and the specific energy input [171,177]. The residence time is influenced by the
parameters feed rate and the screw speed [169]. A higher feed rate and a higher screw speed
lead to a lower residence time, whereby the feed rate has a greater impact [171]. In conjunction
with the feed rate, the residence time also depends on the filling level of the barrel [171].
The higher the filling level, the higher the mixing and the residence time [171]. The residence
time is an important parameter that significantly influences the product quality and stability
[94,102,169]. Too short a residence time can result in an inhomogeneous product, while too
long a residence time can lead to the degradation of the thermo-sensitive API and the
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polymers. Besides the residence time, the specific mechanical energy consumption is an
important influencing parameter that describes the extrusion process and must also be
considered when scaling up the extrusion process, as it should be kept constant [171].

Quality control parameters, on the other hand, are the appearance and physical parameters
(e.g. colour, dispersion), as well as moisture [171]. In order to be able to control the process
parameters during HME, various approaches are possible. Real-time measurements using
PATs can be carried out for continuous monitoring of the extrusion process [171,173].
Optical spectroscopy measurements like ultraviolet-visible spectroscopy (UV-VIS), short-near-
infrared spectroscopy (sNIR), near-infrared spectroscopy (NIR), and mid-infrared
spectroscopy (MIR) are preferably used for content determination because they are
non-destructive and help to increase the process understanding [171]. They can ensure a
continuous process resulting in a consistent quality of the product as well as product safety
[173].

Thus, HME represents a precise and reproducible, easily scalable process that, once the
equipment has been purchased and implemented, is time-saving and economical due to the
reduced number of production steps [95,97,99]. Due to the absence of organic solvents as well
as water, hydrolysis-sensitive drug substances can be processed [169]. During the processing
of thermo-sensitive drug substances, including peptidomimetic drugs and proteins, the heat
exposure must be reduced through process and formulation development, as these can
otherwise degrade under the influence of heat, shear as well as high energy input [97].
Furthermore, HME offers the possibility of developing new polymers with improved properties
during formulation development as performed in the PolyPrint consortium, which may be of
interest for the manufacture of products in the context of clinical applications. Therefore, the
combination of HME with other technologies such as FDM 3DP opens up new possibilities in
the production of dosage forms for personalised therapy [106].

1.8.3 Fused deposition modeling process

The FDM technique is based on fusion of a thermoplastic polymer, which is printed layer by
layer through a hot nozzle on a print bed to build a 3D printed object [7,70].
After applying a polymer layer, it hardens due to heat conduction into the previously applied
layer and forms another solid layer [7]. The print bed is lowered by the amount of one print
layer before the next layer is applied [7]. This is repeated until a complete 3D printed object
has been obtained. The FDM 3D printer consists of a hotend, a heatable nozzle and a print
bed [35].

Materials used for the FDM 3DP are thermoplastic extrudates which can be extruded through
a heatable nozzle [58]. Commercially available filaments are e.g. made of polylactic acid (PLA),
acrylonitrile butadiene styrene, polypropylene, poly(vinyl alcohol) and polycarbonate and are
available in different filament diameters and different colours [180,181]. Depending on the
material used these filaments have different mechanical strength and durability due to different
physical properties. Since no drug-loaded extrudates based on pharmaceutical-grade
polymers are commercially available, these must first be produced via HME for FDM 3DP.
Therefore, the APIs and polymers which are used for HME and subsequent FDM 3DP have to
meet certain requirements. The drug substances must have sufficient thermal stability to avoid
degradation, as a 40 °C to 50 °C higher temperature is required in FDM compared to HME
[182]. The polymers should show thermoplastic behaviour and a glass transition temperature
which allows the polymers to soften during FDM 3DP and be deposited on the print bed in the
form of polymer strands [169,183]. In addition, the polymers must also have sufficient thermal
stability as well as a low melt viscosity [169]. In order to sufficiently embed the drug in the
polymer matrix, the polymer must have sufficient solubilisation capacity [169]. For sufficient
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storage stability it is important that the polymer has a low hygroscopicity [169]. As part of
product development, the polymer should be approved for human use [169]. Polymers can be
selected based on their water solubility and pH dependent release behaviour [135,183,184].
Water-soluble polymers represent hydroxypropylcellulose (Ph. Eur., HPC), hypromellose
(Ph. Eur., HPMC, AFFINISOL™ HPMC HME), poly-e-caprolactone (PCL), macrogols (Ph. Eur.;
polyethylene glycols, PEGs), poly(vinyl alcohol) (Ph. Eur., PVA), povidone [Ph. Eur,;
polyvinylpyrrolidone, PVP such as Kollidon® 12 PF (K 12 PF)], copovidone (Ph. Eur.; Kollidon®
VA 64, K VA 64) and polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer (Soluplus®, SOL) [135]. Water-insoluble polymers are ethylcellulose (Ph. Eur., EC),
PLA, polyethylene oxide (PEO, POLYOX®) and polymethacrylates as basic butylated
methacrylate copolymer (Ph. Eur., bPMMA, Eudragit® E) or ammonio methacrylate copolymer
type A (Ph. Eur., aPMMA) [135]. As pH neutral immediate release polymers, PEG, PVA and
PVP can be used, while bPMMA shows due to its pH-dependent solubility an immediate
release at pH < 5 [135]. HPC, HPMC, PCL, SOL, EC, PLA, PEO and aPMMA serve as pH
neutral extended-release polymers [97,135].

As with HME the parameters during FDM 3DP have an influence on the quality and stability of
the printed drug product and were also classified into independent and dependent parameters
(Figure 13) [185].
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Filament Moisture

Figure 13. Influence of parameters on the drug product during FDM 3D printing (content and modified from [185]).

The independent parameters can be further divided into continuous and step-change
parameters and the continuous parameters can be influenced through the material and the
machine [171,185].

Regarding the material the mechanical, rheological and thermal properties of the extrudate
used are decisive for the product quality (Figure 13) [4,166,183,185]. The mechanical
properties such as stiffness and elasticity can be described by tensile strength and Young's
modulus (elastic modulus), whereas the rheological properties can be described by the
filament flow index [7,97]. For an extrudate to be printed, it should exhibit a high breaking

35



Introduction

stress, high stiffness and a long distance to break [4]. If the extrudate is too brittle, it can break
under the force of the drive gears, whereas a soft extrudate can deform between the drive
gears and cannot act as a piston [4,7]. The thermal properties can be described by the melting
point of the drug and the melting point or the glass transition temperature of the polymers, the
degradation temperatures as well as the heat distribution [183]. These properties influence the
melting and physical state as well as the thermal stability of the formulation. Thus, drug and
polymer should have sufficient miscibility to result in a filament with homogeneous drug
distribution and consistent density [186]. For FDM 3DP amorphous polymers are preferred
because they have a lower coefficient of thermal expansion and therefore lead to less
shrinkage, warpage and distortion [7]. Thermal and rheological properties influence the feeding
of the formulation, whereas the rheological properties are mostly described through the
viscosity [183]. A high-viscosity formulation may result in tougher extrudates that need to be
forced through the die, while a low-viscosity formulation may cause the piston mechanism to
fail due to the build-up of molten formulation [183]. Therefore, polymers with a broad
processing window should be chosen in order to achieve an optimal feeding [183]. This is
mainly because the melt viscosity and thus the printability of the formulation strongly depends
on the thermal gradient, as the heat exposure during FDM 3D printing is comparatively short
[183]. With regard to the FDM 3D printer used the nozzle and print bed temperature as well as
the printing speed can be further adjusted during 3DP and can have a major influence on the
product specifications [4]. Thermo-sensitive drug substances can degrade at higher
temperatures during FDM 3DP because a printing temperature above the melting point is
required, which may be associated with degradation of the drug substance [7]. Therefore,
printing at lower temperatures and control of impurities in the finished product are essential.
The printing speed affects the printing time and too high a printing speed can negatively affect
the quality of the printed object [4,35]. The step-change parameters, which can be adjusted by
cancelling the current printing process or after completing the printing process are the nozzle
diameter, the layer thickness, the number of layer and contours, the infill density and infill
pattern, the extrusion width and the filament diameter and material [4]. The layer thickness will
determine the resolution and the accuracy of the printed dosage form [4]. The infill density has
an impact on the porosity [4]. 3D printed dosage forms with lower infill results in a higher
porosity and surface area, but lower hardness [4]. The infill pattern can also affect the hardness
and thus influence the drug release [4].

The most important process parameters as dependent parameters are the product
temperature and viscosity in relation to the material and the melt temperature and printing
speed as well as the residence time in relation to the machine [185]. Quality control parameters
of the product are the appearance, e.g. colour, and the physical parameters including weight
and dimensions of the finished product which can be tested during or immediately after
production [18,187]. The physical state as well as the moisture provide information about the
physical stability, while studies on assay and purity reflect the chemical stability of the drug
substance in the dosage form [18,187].

Thus, FDM 3DP is a simple, versatile technology for producing customised dosage forms with
uniform drug content and less waste [3,9,188]. Due to its low cost and solvent-free process,
it is a sustainable process [64,70,133,189]. However, filaments are required as the starting
material for FDM 3DP. The combination of HME and FDM enables the continuous production
of personalised dosage forms with no further processing steps due to the absence of organic
solvents [106,133]. Furthermore, no preservation of the dosage form is required. It also offers
the opportunity of solubilisation and amorphisation of poorly soluble drugs leading to an
improved printability of the drug substance as well as improved dissolution rate from the
3D printed dosage form, but may also be associated with stability problems such as
recrystallisation [183]. Due to the high temperature and the melting twice during HME and FDM
3DP, the processing of thermo-sensitive drug substances can be challenging compared to the
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other 3D printing technologies, which will be shown in Table 1 [10]. The selection of
temperature-resistant APIs and polymers during formulation development can help to reduce
or even avoid degradation during these two processes [104]. Compared to FDM 3D printing,
the heat influence in SLA is minimal and thermal degradation can be avoided [18,65]. SLS can
also cause degradation of the API due to the laser beam and heat, however the influence can
be reduced by printing at lower temperatures, with lower laser energy, i.e. higher wavelength
and lower laser power with multiple scanning, as well as faster scanning speed [68]. In BJ, the
influence of heat can be excluded by printing with a piezoelectric print head at room
temperature, while degradation can occur by using a thermal print head [40]. The PAM
technology also enables 3DP at room temperature due to the underlying principle [88].

Table 1. Overview of pharmaceutical 3D printing technologies and their stability considerations for processing of
challenging APIs (content from [10]).

3D printing
technology

Stereolitho-
graphy (SLA)

Selective
laser
sintering
(SLS)

Binder jetting
(BJ)

Pressure-
assisted
micro-
syringes
(PAM)
Fused
deposition
modeling
(FDM)

Binding
mechanisms

Chemical
reaction

Physical reaction

Physical reaction

Physical reaction

Thermal reaction

Activation

uv
radiation

(Photopolymerisation) = from a laser

Thermal
energy
from a laser

Physical
reaction
between the
components

Physical
reaction
between the
components

Heat from a
hot nozzle

Conclusions regarding
stability considerations of APls

Advantages

Processing of
thermo-
sensitive and
hydrolysis-
sensitive APls
is feasible.

Processing of
hydrolysis-
sensitive APls
is feasible.

Processing of
thermo-
sensitive APls
by printing at
room
temperature is
feasible.
Processing of
thermo-
sensitive APls
is feasible.

Processing of
hydrolysis-
sensitive APls
is feasible.

Disadvantages
and challenges
Unwanted
polymerisation
reaction between
APIs and
excipients can
occur due to
laser beam.
Degradation
reaction of APIs
can occur due to
laser beam and
heat.
Degradation of
thermo-sensitive
APIs can occur
by using a
thermal print
head or during
drying.
Degradation of
hydrolysis-
sensitive APls
can occur due to
drying.
Degradation
reaction of APIs
can occur due to
double heat
exposure during
HME and FDM.
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1.8.4 Quality considerations

The quality of a medicinal product as an important core issue in the context of the authorisation
of a medicinal product must be demonstrated by conformity with previously defined
specifications [40]. Therefore, the ICH, which is a joint initiative of competent authorities and
the pharmaceutical industry, strives to promote a worldwide harmonisation of the scientific and
technical bases within the framework of the development of a medicinal product up to its
authorisation [190]. Thus, the ICH has published guidelines that can be assigned to the topics
of quality, safety, efficacy and multidisciplinary [191]. These ICH guidelines, especially quality
guidelines, should be applied in the development of a 3D printed dosage form and are
designed to enable manufacturing using scientific and risk-based approaches to ensure
consistent product quality [3,122]. At the European level, scientific guidelines on quality are
provided by the EMA to assist applicants in the submission of medicinal products.
These concern guidelines on the topics of active substance; manufacturing; impurities;
specifications, analytical procedures and analytical validation; excipients; packaging; stability;
pharmaceutical development; quality by design; specific product types and life cycle
management [192]. In the context of the development of paediatric formulations the EMA
guideline "Guideline on pharmaceutical development of medicines for pediatric use" can assist,
although it does not imply 3DP [193]. In addition to the aforementioned guidelines, the specific
quality attributes of the 3D printed dosage forms must be considered.

Quality requirements for the development of a FDM 3D printed dosage form especially for
paediatrics were developed within the framework of the PolyPrint consortium and beyond as
part of this work. The development of a 3D printed dosage form for paediatrics begins with the
selection of suitable starting materials [77]. The selected starting materials should each be
sourced from the same starting material manufacturer in order to exclude batch variability
[122]. APIs and polymers should show sufficient stability. Polymers used should exhibit
thermoplastic properties that are required for HME and FDM 3DP [180]. Furthermore, they
should be of pharmaceutical grade as well as safe and acceptable for children when
developing a child-appropriate dosage form. When selecting excipients, the requirements of
EMA, which are specified in the guideline "Excipients in the dossier for application for
marketing authorisation of a medicinal product", should be considered [194]. Appropriate
starting material specifications should be established and validated analytical test methods
should be used [122]. Methods should be verified if necessary. Since FDM 3DP uses the
extrudates from HME as an intermediate product, specifications for the intermediate product
must also be available. In order to ensure sufficient quality including product homogeneity,
physical parameters (mass, dimensions) and content uniformity (CU) can be determined [3].
The quality of the intermediate should be linked to the CQAs of the product [118,122]. For the
control of starting materials and intermediates, PAT tools can be used to determine an
appropriate control strategy based on the understanding of the 3D printed product and the 3DP
process [122]. PAT tools in the context of HME may include filament diameter determination
and sphericity using a multiaxial laser system [see Chapter Il]. Other non-destructive
determinations include in-line spectroscopic methods such as UV-VIS, NIR or Raman
measurements, in-line rheometric measurements, and optical coherence tomography [195].
Verification of the quality of the 3D printed product should be done by comparison with
previously defined specifications. For 3D printed dosage forms, as for conventional dosage
forms, specifications must be set up according to the compendial pharmacopoeias, which
include the CQAs of the dosage form [195]. Release testing for 3D printed tablets may include
the uniformity of mass of single-dose preparations as well as destructive tests such as assay,
purity, CU, dissolution, disintegration, and microbial contamination [3,9,118]. In addition,
further physical tests may be required due to the physical properties of the 3D printed tablets
compared to conventionally compressed tablets [122]. Once a formulation has been shown to
be suitable, scale-up trials must be carried out which demonstrate large-scale manufacture
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and define the critical process parameters [122]. A suitable packaging material must be
selected that does not compromise the stability of the printed drug product. In addition to the
requirements for the starting materials as well as the finished product, there are also
requirements for the equipment, especially the FDM 3D printer [195]. Within the framework of
an Impact Assessment for the qualification of the FDM 3D printer, it must be checked, whether
the FDM 3D printer to be used must be qualified according to the good manufacturing practice
(GMP) requirements or can be operated at the status of a good engineering practice [196].
GMP regulations must always be complied with for production in the pharmaceutical industry.
Besides the qualification of the equipment, the 3DP process and the software used must be
validated as well as the cleaning process [196]. Deviations from the process should be
documented and corrective and preventive actions should be implemented.

When processing thermo-sensitive drug substances during HME and FDM, which is the focus
of the work, attention must be paid to the stability of the drugs including chemical and physical
stability. An influence on the stability of the active substance can negatively affect the product
quality. Therefore, with regard to chemical stability control of impurities is essential and an
effective quality assurance tool to ensure patient safety. Impurities must be identified and
quantified [197]. In order to be able to control impurities in the drug product, suitable analytical
methods must be established. Suitable methods for the identification and quantification of
impurities represent chromatographic methods, such as HPLC and spectroscopic methods,
such as mass spectrometry or nuclear magnetic resonance spectroscopy. In addition, the use
of several methods or the coupling of two methods e.g. HPLC with mass spectrometry or
nuclear magnetic resonance spectroscopy may be required to elucidate unknown impurities
[198]. The stability of the 3D printed product must be demonstrated until the end of its
shelf-life. Therefore, stability studies should be performed and stability-indicating methods
should be developed to quantify the impurities [198]. In addition to chemical stability, solid state
studies are required as part of the investigation of the physical stability of the APIs in the
3D printed tablets. The solid state can therefore be investigated using the well-established
complementary methods differential scanning calorimetry and X-ray powder diffraction.
ASDs produced using 3DP technology offer advantages of increased solubility and improved
dissolution rate but are prone to recrystallisation due to kinetic stabilisation. Instabilities
resulting from changes in the solid phase state can significantly affect the quality of the product
and its stability and dissolution rate.

1.9 Aims of the thesis

Due to the increasing importance of 3DP of medicines in the context of personalised medicine,
there is a great interest in processing of thermo-sensitive drug substances with different
polymers into 3D printed oral dosage forms. Therefore, the aim of the thesis
“3D printing of thermo-sensitive drug substances via Fused Deposition Modeling (FDM™)* was
to investigate and quantify the degradation of the two thermo-sensitive drug substances EM
and ESC-OX during the two heat-intensive processes HME and FDM 3DP.

More specific aims of the presented investigations were:

— To generate a current overview of the required quality aspects of FDM 3D printed
medicines for paediatrics regarding formulation development, filament extrusion,
printing process and printer design (Chapter ).

— To investigate and quantify the chemical degradation of the drug EM and degradation
products during HME (Chapter Ill).

— To elucidate the reasons for the polymer dependent degradation (Chapter lIl).
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— To optimise the HME process and to develop formulations that enable HME of EM at
lower temperatures with reduced or no degradation (Chapter IlI).

— To investigate and quantify the chemical degradation of the peptidomimetic drug
substance EM and degradation products during FDM 3DP (Chapter IV).

— To optimise the FDM 3DP process and develop strategies to reduce thermal
degradation of EM during FDM 3DP (Chapter V).

— To characterise the solid state of produced extrudates and 3D printed tablets as well
as the release profile from 3D printed tablets with EM (Chapter 1V).

— To produce oral solid dosage forms with EM (Chapter IV).

— To investigate and quantify the chemical degradation of ESC-OX and degradation
products during HME and FDM 3DP (Chapter V).

— To investigate a potential conversion of ESC-OX into the R-enantiomer during HME
and FDM 3DP (Chapter V).

— To develop strategies to reduce the thermal stress of ESC-OX during HME and FDM
3DP (Chapter V).

— To characterise the solid state and release profile of produced extrudates and
3D printed tablets with ESC-OX (Chapter V).

— To produce oral solid dosage forms with ESC-OX (Chapter V).

The procedure and methodology of the research concept of the doctoral thesis are presented
graphically in Figure 14.
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Figure 14. Research concept of the doctoral thesis.
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1.10 Outline of the thesis

A current overview over the quality considerations of FDM 3D printed medicines for paediatrics
is presented in the second chapter of this thesis in the form of a review article. The view on the
quality aspects regarding the formulation development, the printing process and the 3D printed
dosage forms are described by the PolyPrint consortium. The requirements for the
pharmaceutical excipients used are outlined and the relevant parameters of the polymers for
HME and FDM 3DP are presented. The different analytical tools for the in-line and off-line
characterisation of the extrudates as well as for the characterisation of the 3D printed dosage
forms are depicted. The stricter requirements for a GMP compliant 3D printer regarding dosing
precision and quality control are pointed out. Furthermore, 3D printed dosage forms, which are
accepted in children due to their appearance and taste, are highlighted.

The third chapter focuses on HME of the thermo-sensitive peptidomimetic drug substance EM
and the production of extrudates for the treatment of hypertension and heart failure.
The chemical degradation of the drug substance EM and its degradation products during HME
was examined and quantified. For this purpose, a fast HPLC method has been developed.
In order to investigate the extent of degradation of EM, screening experiments with six different
formulations were conducted. From these screening experiments suitable process conditions
for the HME process and two formulations were found which enabled the extrusion at reduced
temperatures. In order to investigate possible interactions between EM and the polymers,
FT-IR spectroscopy measurements were performed. Lastly, dissolution studies for the
optimised formulations were carried out to study the release profile of EM from the extrudates.
Thus, the aim of this research article was to minimise or avoid the degradation of EM during
HME.

Chapter IV deals with the production of 3D printed tablets with EM via FDM 3DP. Therefore,
extrudates from the optimised formulations served as feedstock material for the consecutive
FDM 3DP process. Solid state analysis of the 3D printed tablets was performed in comparison
to the extrudates, in order to explore possible differences. Again, the thermal degradation of
EM and its degradation product was studied during the second melting process and
determined by HPLC. Furthermore, the aim of this research article was to examine the nozzle
diameter, the printing temperature and the printing speed as factors to reduce thermal stress
as much as possible during FDM 3DP. Finally, the influence of a reduced infill on the content
of EM should also be investigated. The dissolution behaviour from the optimised formulation
was also assessed.

Chapter V depicts the thermal degradation of ESC-OX and its degradation products during
HME and FDM 3DP and the formulation development to reduce thermal degradation.
The influence of different polymer matrices on the degradation of the API was investigated and
compared to the instability of ESC-OX in solution. In addition, a potential conversion of the
S-enantiomer to the R-enantiomer on a chiral column was also examined during the two
heat-intensive processes as well as in solution. Furthermore, the solid state of ESC-OX in the
extrudates and the 3D printed tablets was analysed and the release behaviour was studied.
Comparative studies were conducted with the Cipralex® film coated tablets available on the
market.

Chapter VI contains the discussion of the thesis.

Finally, in Chapter VII, the thesis is concluded and future perspectives are discussed.
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Pretext

It has been shown in literature that 3D printed dosage forms can be produced in the context of
personalised therapy using the fused deposition modeling (FDM) 3D printing process and that
the dose can be adjusted to the individual needs of the patient. FDM 3D printing thus enables
the production of 3D printed dosage forms for paediatric patients, but still leaves open
considerations regarding the assessment of the quality of the 3D printed dosage forms.
Due to the lack of understanding of critical quality attributes and process parameters in the
production of 3D printed medicines for paediatrics, the review will provide an overview of the
quality aspects and measures related to the manufactured extrudates as well as the 3D printed
dosage forms from the perspective of the PolyPrint consortium. In addition, approaches for
quality assurance during the printing process and for the printed dosage form will be presented
and requirements for a GMP-compliant printer will be outlined.
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Abstract

3d printing is capable of providing dose individualization for pediatric medicines and translating
the precision medicine approach into practical application. In pediatrics, dose individualization
and preparation of small dosage forms is a requirement for successful therapy, which is
frequently not possible due to the lack of suitable dosage forms. For precision medicine,
individual characteristics of patients are considered for the selection of the best possible API
in the most suitable dose with the most effective release profile to improve therapeutic
outcome. 3d printing is inherently suitable for manufacturing of individualized medicines with
varying dosages, sizes, release profiles and drug combinations in small batch sizes, which
cannot be manufactured with traditional technologies. However, understanding of critical
quality attributes and process parameters still needs to be significantly improved for this new
technology. To ensure health and safety of patients, cleaning and process validation needs to
be established. Additionally, adequate analytical methods for the in-process control of
intermediates, regarding their printability as well as control of the final 3d printed tablets
considering any risk of this new technology will be required. The PolyPrint consortium is
actively working on developing novel polymers for fused deposition modeling (FDM) 3d
printing, filament formulation and manufacturing development as well as optimization of the
printing process, and the design of a GMP-capable FDM 3d printer. In this manuscript, the
consortium shares its views on quality aspects and measures for 3d printing from drug-loaded
filaments, including formulation development, the printing process, and the printed dosage
forms. Additionally, engineering approaches for quality assurance during the printing process
and for the final dosage form will be presented together with considerations for a GMP-capable
printer design.

© Springer. All rights reserved.
Article available online at:
https://doi.org/10.1007/s43441-021-00354-0
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Introduction

The general principle of pharmaceutical 3d printing, or additive manufacturing, renders this
approach a promising candidate for the automated manufacturing of solid pediatric medicines
[1]. Solid medicines have significant benefits over the use of liquids for the treatment of
children. They provide a high microbial stability, good chemical and physical stability, enable
controlled release properties and demonstrate high dosing accuracy [2]. With common
manufacturing approaches, dosages can be varied only incrementally in certain ranges.
3d printing enables manufacturing of medicines with precise and fully variable dosing.
Dosage forms are printed layer-by-layer in a shape predefined in a computer aided design
(CAD) software. In theory, every imaginable size and shape can be printed. A direct
consequence of this approach is the ability to modify the dosage simply and conveniently,
a lack of which is widely recognized as a major hurdle in pediatric therapy [3]. Besides the
inherently possible size adaption, which is key to improve acceptability [4], 3d printing
techniques also allow the manufacturing of small batches down to a single individual dosage
form for a given patient.

While several 3d printing techniques exist and are investigated for pharmaceutical use [5],
fused deposition modeling (FDM) emerges as one of the most interesting technologies for the
manufacturing of pediatric medicines. In FDM, filaments, drug loaded polymer wires, are fed
into the printhead of the 3d printer. In the printhead, the filament is heated and extruded
through a nozzle on a temperature-controlled print bed. A kinematic system allows movement
of the printhead in x-, y-, and z-direction respective to the printhead, enabling the layer-wise
deposition of the polymer-drug matrix until the dosage form is printed. Filaments are
manufactured in a hot-melt extrusion (HME) step, which has to be performed industrially due
to the required equipment, environment, and process understanding. This results in two main
advantages. Firstly, a properly developed formulation and hot-melt extrusion process result in
a high-quality intermediate that undergoes proper quality testing. Secondly, the active
pharmaceutical ingredient (API) is bound in a polymer matrix within the filament, significantly
reducing the risk of drug exposure for the professional operating the printer. The combination
of these advantages makes FDM the most promising candidate for manufacturing of (pediatric)
medicines also in decentralized settings, e.g., hospitals, compounding centers and community
pharmacies. Other technologies require either the manufacturing of aqueous intermediates
that cannot be prepared easily industrially due to the risk of contamination during storage [6]
or the handling of powders in the final printing step, e.g., binder jetting and selective laser
sintering [5], which bears a high risk of operator exposure. If a semi-solid formulation is
prepared in decentralize settings, proper quality control of the API distribution within the
semi-solid and printed dosage forms requires a significant analytical effort that cannot be
performed for individual batches.

While many publications cover proof-of-concept studies of novel dosage form designs and
approaches to formulation and process development [7,8] quality consideration of excipients,
formulations, processes, filaments and medicines are frequently mentioned but rarely
formalized. This lack was recognized by the United States Pharmacopeia (USP) and the
International Association for Pharmaceutical Technology (APV) who co-organized a 4-day
workshop on quality and standards considerations of 3d printed medicines (Homepage
workshop). Even though quality aspects are mentioned for dosage forms for adult drug
therapy, no publications about the quality of pediatric 3d printing are available until now.

This publication aims to remedy this issue. The authors are members of the PolyPrint project
[9] a project funded by the German Federal Ministry of Education and Research (BMBF).
The project consortium exists of the companies Merck KGaA and Gen-Plus, the Laboratory for
Manufacturing Systems of the University of Applied Sciences Cologne and the Institute of
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Pharmaceutics and Biopharmaceutics at Heinrich Heine University Disseldorf. In the project,
novel polymers for pharmaceutical FDM 3d printing are developed and thoroughly tested and
benchmarked. Additionally, a novel type of FDM printer is developed to enable high-quality
and cGMP compliant 3d printing of medicines. Here, we reflect on the status of the complete
manufacturing process of 3d printed pediatric medicines beginning with the raw materials and
ending with the final dosage form. We highlight existing shortcomings and provide guidance
based on the experience gathered in the PolyPrint project.

Key Attributes of Raw Materials
Quality Aspects of Pharmaceutical Excipients

Pediatric formulation developments are obliged to follow the guidance of the EMA ensuring the
overarching goal: “The development of pediatric formulations and presentations is necessary
to ensure that children of all ages and their caregivers have access to safe and accurate
dosage forms of medicines.”[10]

More detailed information is provided in the “Guideline on pharmaceutical development of
medicines for pediatric use” [11]. In general, solid oral dosage forms such as tablets and
capsules can offer advantages of greater stability, accuracy of dosing and improved portability
over liquid formulations. To assure suitable swallowability the size of tablets and capsules
should be kept as small as possible [2].

The choice of excipients plays an important role in pediatric formulation development, both for
safety and acceptability of the resulting dosage forms. The physiology of neonates and infants
differs considerably from that of adults. They exhibit significantly different clearance and
volume of distribution as well as differences in the metabolic profile [12]. Prominent excipient
examples for the resulting challenges and issues are propylene glycol or sorbitol in infants.
Also, polyethylene glycol (PEG) - a useful additive for filament plasticity and solubility
enhancement — needs careful consideration regarding maximum intake. While studies confirm
safe use of, e.g., PEG 3350-4000 as laxative, undesired laxative effects and potential
gastroinstestinal disorders limit the use of PEG to 10 mg/kg/d [13].

Looking at FDM based 3d printed formulations, usually the polymer makes up more than 50%
of the formulation. Given the comparatively high intake of these excipients, the safety of
polymers and additives (glidants, plasticizers) in pediatric formulations is a very important
factor, especially if (partial) degradation of the polymer in the GIT is to be expected. Therefore,
not only polymer but also degradants and synthesis constituents of the polymer need to be
carefully integrated into the safety assessment for pediatric medications. To date, several
pharmaceutical polymers, such as methacrylates and ethylcellulose, are commercialized in
pediatric products. Unfortunately, most polymers are used in comparatively low amounts as
coating agents for taste masking and release modification [14]. Little information is available
for polymers used as matrix agent and related high daily intake. Although observed adverse
reactions from coated formulations might be used to prevent further incompatibilities,
the maximum acceptable intake for children is critical and not easily derived from toxicological
studies performed in adults. An important tool for assessing the safety of relevant excipients is
the STEP database (Safety and Toxicity of Excipients for Pediatrics) [15].

In addition to safety, the taste sensation of excipients needs to be carefully considered.
Polymers and additives should be taste- and odorless and ideally offer opportunities for
obscuration of taste (see subsection on taste masking). The important decision factors
affecting the use of excipients are summarized by Yochana et al.: “Excipients for pediatric
formulations should be carefully selected with reference to the age of the pediatric population,

61



Publication 1: Quality of FDM 3D Printed Medicines for Pediatrics

ADME developmental changes, and duration of treatment to ensure safety and efficacy of such
formulations in pediatric population.” [16]

Polymer Requirements — Limitations in FDM

In recent years, the application of thermoplastic polymers in pharmaceutical development of
3d printed products via FDM has gained increasing interest. A multitude of different material
requirements need to be fulfiled by the polymer for these applications, as illustrated in
Fig. 1 (further details on these parameters can be found in the supplementary information in
Table S1). Here, we summarized relevant properties and parameters which influence the
suitability of given polymers or APIs, respectively. For an overview of different polymer families
and a selection of marketed products in the field of hot-melt extrusion, the reader is referred to
Simoes et al. [17,18]. 3d printing using the FDM technique requires further polymer
prerequisites [19] in addition to the parameters important in HME development, which typically
depend on the product properties and the utilized API. During an FDM 3d printing process,
the polymeric filament is subject to significant mechanical forces. A specific mechanical profile
is required due to “pinching” of these filaments between two feeding gears in the printhead.
Filaments carrying a high Young’s modulus (> 300 N/mm?, depending on printhead) can be
conveyed without breakage or deformation [20,21]. At the same time, the tensile strength and
the brittleness of the extrudates are crucial parameters for successful printing [19,21-28].
The latter of which may be assessed using the three-point bending test (breaking distance
> 1 mm — 1.5 mm [21,22] and breaking stress > 2941 — 3126 g/mm? [22]). Nasereddin et al.
evaluated a selection of the most commonly used polymers in FDM and developed a screening
method to assess their brittleness including these parameters and thus evaluate printability
[24].
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Figure 1 Selection of Parameters That are Relevant for Pharmaceutical Application of Polymers, Particularly in
HME and FDM.

Taste Masking

Taste is an important sensation to be considered in pharmaceutical development.
Taste aversiveness might impact patients’ compliance and medication adherence.
Sensory components of both the olfactory and the gustatory sensations have to be
distinguished. Whereas substances which should develop the smell as an olfactory signal need
to be volatile under the conditions of drug administration, the gustatory system is directly based
on the tongue comprising different types of taste buds and papillae where the sensory
receptors and ion channels for salty, sour, sweet, bitter, and umami taste are located.
Depending on the properties of the poorly tasting components, various taste-masking
techniques are available [14]. In pharmaceutical printing technologies, most of the proposed
taste-masking approaches can be applied although scientific papers or patents are scarce:

(a) One obvious approach is to mask the unpleasant taste of a printed object by the
addition of differently tasting excipients, e.g., sweet carbohydrates (sucrose, fructose,
glucose), sugar alcohols (mannitol, xylitol, sorbitol) or artificial sweeteners (saccharine,
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aspartame, cyclamate or acesulfame). An olfactory signal can be added to the printing
formulation using volatile substances such as menthol or more complex organic or
synthetic flavors [29]. However, it should be noted that one or more components of
these mixtures will partly evaporate during the manufacturing and over storage time
changing taste sensation as a key property to be controlled in stability studies.

(b) Unpleasant tasting ingredients can be physically bound within inclusion complexes,
e.g., by use of cyclodextrins, or to polyelectrolytes (anionic or cationic polymers) which
can also be part of the solid matrix. Entrapping by the printed polymers may be
sufficient for taste masking of bitter compounds [30,31].

(c) High viscosity hydrophilic polymers may prevent fast hydration and dissolution of the
dosage form, thereby reducing the migration to the taste receptors on the tongue and
the resulting taste sensation.

(d) Barriers inside or outside the printed dosage form may shield against quick dissolution
and saliva contact.

The taste-masking effect of the applied pharmaceutical measures are usually demonstrated
by using advanced dissolution setups [30] or electronic tongues in vitro [32], and human taste
panels [31] or animal experiments like the BATA (brief-access taste aversion) model in vivo
[33].

Hot-Melt Extrusion of Intermediates for Pediatric 3d Printing
Filament Extrusion — a Question of Homogeneity

The filament required for FDM 3d printing is generated as endless strand via twin-screw
hot-melt extrusion. Filament extrusion comprises multiple individual unit operations and
processes that must be considered to obtain an overview of relevant quality attributes. To meet
quality attributes of products and establish robust processes, the Food and Drug
Administration (FDA) recommends quality-by-design (QbD) approaches for formulation and
process development [34]. This led to different implementations of QbD in pharmaceutical
melt-extrusion processes [34—36]. As mentioned in the section on polymer requirements,
the mechanical properties of filaments must allow proper feeding and extrusion from the
printhead. Additionally, diameter homogeneity and API distribution are much more important
compared to regular hot-melt extrusion processes. Usually, the obtained extrudate is milled or
pelletized and a subsequent homogenization of the individual particles is performed.
In FDM, the filament is commonly kept intact and printed as it exited the extrusion die.
This means that diameter and API distribution inhomogeneities directly reflect in the printed
amount of filament and API. This can be an issue for regularly sized dosage forms [37] and
even more so for pediatric medicines of lower dose and mass. In this case, even small
variations of diameter and API distribution can lead to non-compliance with monographs on
the uniformity of dosage units and must be avoided. The API distribution is influenced primarily
by the powder feeding process and hot-melt extrusion, the diameter homogeneity by the
hot-melt extrusion process.

Powder Feeding

In twin-screw filament extrusion processes feeding of polymers, solid additives and APls is a
critical aspect. Unlike single-screw extruders, twin-screw extruders are run partially filled.
Thus, the material flow inside the extruder depends on the flow rate of the feeder used.
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Process parameters like the specific feed load (SFL) and residence time distribution (RTD) are
directly influenced by the feeding [38]. In Fig. 2 left, a typical residence time distribution curve
of a filament extrusion process is shown. On the right, feeding fluctuations are shown in black
and the resulting output fluctuations after extrusion are shown in red. The reduction in
fluctuations demonstrates the mixing and homogenizing abilities of extruders. As the reduction
is not absolute, feeding should be as homogeneous as possible, to reduce output variations.

C(t) /g/h
=

time /s time /s

Figure 2 Exemplary Drawing of: (left) a Typical Residence Time Distribution Function of a Hot-Melt Extrusion
Process; (right) Fluctuations of the Feed Rate (Black) and Output Fluctuations After Extruder (Red).

Several types of dispensing devices are available for feeding bulk solids. Vibrating trays or
screws are a widespread method of conveying the material [39]. Simple devices feed in
volumetric mode at a constant actuating variable. In contrast, loss-in-weight or gravimetric
feeders are equipped with an integrated load cell that detects fluctuations in the feed rate.
The actuating variable is adjusted via a control mechanism, leading to a compensation of
fluctuations [40]. Material properties as well as the target feed rate must be considered in
selection of the most suitable dosing device [41]. Low dosing rates and poor flow properties
result in particularly high demands on equipment attributes [42]. Matarazzo et al. has provided
a checklist to assist in the selection of proper feeder equipment [43].

Bulk solid feed is evaluated in several studies usually by using an external scale where the fed
material is collected. Data analysis of the dosing curve or its integral can be conducted using
statistic parameters like measure of dispersion or target-actual-ratio of moving measures of
central tendency [44,45]. Another way is using discrete Fourier transform of dosing
fluctuations, which provides information about the materials dosed [46].

Extruding Filaments as Intermediates

The efficiency of the melting process of polymers in HME depends on the properties of the
excipients and the extruder design. In general, polymers with low melt viscosities and high
thermal conductivities exhibit a more efficient melting process. Changes in the screw design
are often necessary to improve the melting process of the powders and to improve mass flow
of the melt through the extruder. Otherwise, solid material may block the screws transiently,
which can result in increased torque if the melting process is incomplete.
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Ponsar et al. highlighted the effect of the extruder barrel fill level on filament homogeneity.
The higher the fill level, the lower are the fluctuation of the mean diameter (Fig. 3 left) [37].

Frequently, as diameter fluctuations are not necessarily normal distributed, the inter quartile
range of the diameter is used to describe fluctuations. Besides having a measure for
fluctuations, it is as important to set limitations for said variations. Usually, deviations of
1+ 0.02 mm or 0.05 mm from the set value are considered tolerable. By varying the temperature,
the polymers, the process setting and the screw configuration in an extruder, the limits are met
with varying degrees of success. In Fig. 3 right, the same formulation was extruded at different
temperatures and with different screw designs (no kneading zones or two kneading zones).
The best batch was extruded at a high temperature of 225°C with no kneading zone and the
worst at the same temperature with two kneading zones. These data show the decrease of
filament diameter within the £ 0.02 mm or 0.05 mm specification when adding two kneading
zones.
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Figure 3 (Left) Interquartile Ranges of Diameter Measurements During Extrusion Correlated with SFL of the
Extrusion Process [37], (Right) Amount of Filament Within £ 0.02 and 0.05 mm Specification With or Without Two
Kneading Zones (KZ 1: 4x90°,4x60°, 2x30°, KZ 2: 8x60°, Unpublished data).

This observation indicates the importance of a continuous melt flow in the extruder, which is
better provided by a screw configuration of only conveying elements. When adding kneading
elements, the melt is retained before the kneading zones until enough pressure is build up by
the following melt. To increase the homogeneity of the filament diameter further, a melt pump
can be attached between the end of the extruder barrel and the die. The purpose of this
attachment is to stabilize inevitable melt fluctuations that occur within the hot-melt extrusion
process. The pump aligns those fluctuations by metering the melt flow to a very constant rate
and therefore a very constant pressure level [47]. This leads to an increase of filament
homogeneity since the fluctuations mentioned before are reduced drastically. This was shown
by in-process monitoring of filament diameters [48].

After extrusion, it must be considered how to properly cool down the obtained filament.
Commercial FDM filaments such as acrylonitrile butadiene styrene copolymer (ABS) or
polyether ether ketone (PEEK) are not water soluble and can therefore be cooled down in a
water bath. Polymers for pharmaceutical FDM applications are frequently at least partially
water soluble and they contain one or more APIs. Consequently, cooling in a water bath cannot
be performed, even though it is a highly effective and efficient cooling process.
For pharmaceutical applications, proper cooling can only be achieved by either passive cooling
on a conveyor belt at atmospheric conditions or by using an air ring or air tunnel [49].
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While polymer melt is being pushed out of the nozzle, a phenomenon can occur known in HME
as “die swell’. Die swell is the expansion of molten polymer to a larger diameter than
determined by the die itself, resulting in a filament thicker than desired. This effect is mainly
related to the energy preserved by compression and force alignment of polymer chains being
forced through the die, followed by the relaxation of those chains when exiting the die again
[50]. The viscoelastic behavior of the melt as well as process parameters are major factors
when die swell shall be reduced [37,51]. A reduction of die swell can be achieved by increasing
the temperature at the die. Even with thorough optimization, a larger mean diameter than
desired will frequently result. To further adjust the mean diameter after extrusion, a pulling unit,
e.g., a conveyor belt or the haul- off unit of a winder [37] can be implemented. The speed of
haul-off units is variable and defines the final mean diameter of the filament, which can be
wound or used as individual strands. Commercial filament diameters are typically 1.75 or
2.85 mm. For pharmaceutical purposes, a lower diameter is beneficial, as potential
inhomogeneities of diameter and content will have less of an impact relatively.

In Fig. 4, two prototype extrusion lines are shown. They consist of gravimetric powder feeders,
twin-screw hot-melt extruders, cooling units (conveyor belt or cooling line with ring air-knives),
laser-based diameter measurement system and optionally a filament winder.

Figure 4 Two Filament Production Lines. (1) Gravimetric Feeders, (2) Twin-Screw Extruders, (3) Cooling Via
Conveyor Belt (Top) and Ring Air-Knives (Bottom), (4) Three-Axes Laser Micrometers, (5) Winding Unit.

Characterization of Filaments

To evaluate, optimize and monitor the process of filament production, different analytical tools
can be used off-line and in-line.
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Off-line Characterization

A simple and useful approach is the visual assessment of API-loaded filaments. This way it is
frequently possible to initially assess potential degradation via color changes and possible
recrystallization of the active ingredient(s) especially for higher drug loadings and APIs that
exhibit thermal sensitivity. As already discussed in the section on polymer requirements, the
mechanical properties of filaments are an important factor for the feedability of the formulation
that must be analyzed. The mechanical properties of filaments may change over time due to
enthalpy relaxation [21] or because the included excipients are hygroscopic. Water absorbed
during processing or storage is a powerful plasticizer that lowers the glass transition
temperature. Is does not only affect the mechanical properties and appearance, but also drug
stability, may induce degradation, and needs to be quantified for this reason [52,53].
In vitro dissolution as per compendial monographs is used to determine the amount of drug
dissolved over time and thereby to assess the performance of the formulation (flament/tablet)
in regard to release behavior [54]. For the content determination and examination of
homogeneous drug distribution as well as characterization of related substances within
filaments and tablets, most frequently HPLC analysis is used [55].

In-line Characterization of Filaments via PAT

The physicochemical properties of filaments produced by HME are crucial for the 3d printing
process. Quality and performance of the 3d printed tablet and can be examined with PAT tools
like spectroscopy, rheometry and optical coherence tomography (OCT) [56]. These tools
enable capturing real-time information of process and filament properties during HME
non-destructively. Some of the data can be easy to interpret, e.g., diameter and sphericity of
filaments determined via multi-axes laser scanning modules (see Fig. 4). Some can be difficult
to interpret and may require the preparation of multivariate, quantitative models, for example
spectral information. Independent of the data complexity, it can be utilized to monitor the
process and initiate corrective actions to reach a desired state and potentially to allow real time
release [57]. In the following, relevant technologies are listed.

In-line Spectroscopy

UV-vis spectroscopy has been used and established as PAT tool in HME. Spoerk et al. used
in-line UV-vis spectroscopy as an analytical tool for characterizing of active ingredients
(Estradiol, Estriol, Ibuprofen) and polymer matrices (ethylene vinyl acetate, Eudragit RL-PO).
The studies focused on the quantification of the drug for cleaning-in-place strategies [58].
Wesholowski et al. have investigated in-line UV-vis spectroscopy as a PAT tool for preparing
solid dispersions of two APIs (carbamazepine and theophylline) with one polymer (copovidone)
[59]. The obtained results revealed the suitability of the implemented PAT tool to quantify the
drug load in a typical range for pharmaceutical applications. The range of linearity differed with
different formulation and was 5-30% for carbamazepine, whereas that for the theophylline
formulations was 2.5-10%. They reported that the efforts to evaluate data was minimal due to
univariate data analysis in combination with a measurement frequency of 1 Hz, the system is
sufficient for the real-time data acquisition. In-line near infrared (NIR) spectroscopy has also
been used to investigate drug—polymer interactions and to validate a method for continuous
API quantification during HME processing [60]. Vo et al. demonstrated the use of Fourier
transform NIR spectroscopy in conjunction with multivariate analysis (MVA) for in-line API
concentration monitoring during a HME process [61]. In this study, they used ketoprofen as
model drug, Eudragit L100-55 as matrix polymer and stearic acid as processing aid.
A principal component analysis (PCA) model was used to monitor the process state shift in
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response to disturbances, such as temperature and material feed rate. Thus, an NIR based
quality monitoring methodology can be easily transferred from process development to
manufacturing. Saerens et al. evaluated the suitability of Raman spectroscopy as PAT tool for
the in-line determination of APl concentration and the polymer-drug solid state during HME
process [60]. They used different concentration of metoprolol tartrate (10%, 20%, 30%, and
40%) with Eudragit RL PO mixtures, which were extruded and monitored in-line in the die using
Raman spectroscopy. A PLS model was developed and validated, which allowed the real-time
API concentration determination. They also investigated application of Raman spectroscopy
in solid state characterization and found that the mixtures containing solid solution showed
broadened Raman peak compared with the solid dispersion.

In-line Rheometry

In-line measurements of the rheological characteristics play an important role in real-time
monitoring of torque, influence of drug load, and effect of formulation ingredients on the
process. The real time evaluation of rheology data in the extrusion process can be determined
by pressure drop inside an extruder die connected to suitable instruments. In-line rheological
characterization can enhance process control and understanding [62].

Optical Coherence Tomography (OCT)

OCT, a non-invasive method, is used as an off-line tool for semi-transparent and turbid media.
It can be applied to measure parameters such as surface properties of filaments and layer
thicknesses, e.g., of coating layers or filaments produced in hot-melt co-extrusion, and
uniformity [63]. Koutsamanis and Eggenreich et al. reported the application of OCT to evaluate
the integrity of the core/membrane interface and membrane thickness of vacuum compression
molding formulations containing progesterone with ethylene vinyl acetate polymer [64].

Characterization of the Solid State

Even though some of the above-mentioned analytical tools can determine certain aspects of
solid-state properties, other approaches are commonly used that provide a better
understanding of materials. The solid state of an API incorporated in a polymer matrix can
have a large impact on the performance of the final dosage form in terms of dissolution rate
and bioavailability [65]. Poorly soluble APls, which make up a large proportion of potential drug
candidates [66], can be formulated as amorphous solid dispersions (ASD) where the crystalline
structure of the API is broken up and the resulting molecular dispersions are stabilized by a
polymer matrix. In contrast, an API can be incorporated into filaments maintaining a crystalline
structure [67,68]. The presence or absence of crystalline structures strongly influences
printability, such as mechanical [69] and rheological properties of filaments [70].
Consequently, the assessment of crystallinity in filaments is important in process development,
quality control and stability studies. Even though this assessment can be supported by in-line
measurements, traditional techniques are more widespread.

The formation and stability of the ASD is influenced by solubility and miscibility of the APl and
the polymer matrix [71]. Thermal and mechanical energy uptake during manufacturing
facilitates the dispersion and reduces the number and size of crystal nuclei, which may lead to
premature precipitation of API in vivo or reduce physical stability during storage. To maintain
the solid state during shipment and storage is important for the ASD itself, but for FDM the
second heating cycle during printing needs to be considered, additionally. The thermal impact
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may not only impair the chemical stability of the formulation but can also lead to
recrystallisation of API [28].

Several techniques can be applied to determine the solid state. Differential scanning
calorimetry (DSC) as well as well as X-ray powder diffraction (XRPD) are well-established
analytical methods to investigate the solid state of API dispersed in polymer matrices [72].
One caveat is the limit of detection of crystalline fractions in mostly amorphous systems [73].
The detection of small traces of crystalline fraction is possible by the use of polarized light
microscopy [74]. However, this method lacks quantitative determination and selectivity.

In regard to the assessment of crystallinity in intermediate and final product the manufacturing
process should be considered end to end for FDM printed solid dosage forms.

FDM Printing at Site of Care — Stricter Requirements for Dose Precision and
Quality Control

3d printing based on FDM has been state of the art for years and is used primarily in the
consumer sector but also in industrial environments. Particularly in industry, a quality demand
is placed on the products to be printed from the ground up. Unlike in pharmaceutical industry,
however, the focus is primarily on geometric aspects.

Different consumer 3d printers are already being used in pharmaceutical research. One of
several issues with off-the-shelf printers is that the amount of active ingredient processed
cannot be verified. Thus, the quality of the pharmaceutical products is not verifiable. In contrast
to classical manufacturing methods, 3d manufacturing is slow and only few dosage forms are
printed [5]. Therefore, destructive quality control approaches are not profitable and in-line
testing is unavoidable. Furthermore, there is hardly any system on the market that meets the
cleaning requirements of pharmaceutical equipment [75].

In addition to the common requirements of mechanical engineering for the development and
market placement of production machines, special requirements are part of the GMP
guidelines [76]. For these reasons, it is imperative to rethink 3d printer design and adapt it to
the needs of pharmaceutical manufacturing. The following sections highlight some of the most
critical components.

Motion System and Overall Printer Design

The most common design in FDM 3d printing is the Cartesian printer, but other forms like the
delta printer and the polar printer exist [77]. Cartesian printers operate by linear movement of
the printhead in x-, y-, and z-direction respective to the print bed. In most cases, the axes,
motors, and drives are designed for general industrial and mechanical engineering purposes
and the requirements of the pharmaceutical industry are not considered. For example, many
of the moving parts, which are usually lubricated, are not encapsulated and are, therefore,
exposed to potential contaminants from filament and product. Since it is required for
pharmaceutical production, that all surfaces in contact with the product are cleanable, these
elements do not meet the GMP standard [78].

During the development of new machines all requirements for the system are defined
beforehand. In addition to the basic functions for a 3d printer almost all machines are designed
to be as compact and as inexpensive as possible. To achieve this, many functions are
implemented in a small space. When looking at existing printing systems under the
prerequisites of the GMP guideline, several problems become apparent. In regular 3d printing
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systems, all subsystems such as material handling, material processing, build plate, and
motions system are implemented openly in a very confined space. For a GMP-compliant
implementation, however, it is recommended to separate all elements and to design individual
and well controlled areas (Fig. 5).

For industrial and non-pharmaceutical applications, the print chamber usually does not have
to be kept particle-free or sanitized. Axis systems for moving print head or print bed can be
placed directly in the printing space. Since outgassing, particle detachment and other sources
for (cross-) contamination must be contained or avoided during the print job, this arrangement
is not applicable for GMP printers. The printing chamber should be as isolated as possible from
all moving elements. In addition, surfaces should not have complex geometries or sharp angles
to ensure cleanability.

In addition to the risk of contamination of the printer parts, attention must also be paid to the
safety of the operator. During the processing of API’s, the user may be exposed to harmful
chemicals. For example, in the case of outgassing, it must be ensured that substances cannot
endanger the user. For this purpose, the printer should be equipped with appropriate protective
devices such as air filters. In the pharmaceutical sector, little research has been done on the
possible safety aspects of using 3d printing for the manufacture of pharmaceutical products
[78].

Here, it is advisable to use approaches from industrial 3D printing as a starting point.
Powder-based printing technologies in particular place great emphasis on user safety.
The GMP guidelines stipulate that all surfaces in contact with the product must be made of
approved and cleaning-resistant materials, and that these must not have any edges, joints,
undercuts or similar [79]. For this reason, all elements should be milled or machined from a
single piece of material, if possible.

e —
motion : i material
section : + handling

Figure 5 Schematic of an Off-the-Shelf 3D printer (Left) and a 3D printer With Separate Build, Motion, and Material
Handling Section (Right).
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Feeding Mechanism, Filament, and Filament Storage

In commercially available printers, filament is conveyed in the extruder by two counter-rotating
rollers. To increase the conveying force, at least one of the rollers is a gear wheel.
This approach to filament transport is not suitable for pharmaceutical materials. The force
exerted on the filament might become too high, resulting in slippage. Slippage, in turn, leads
to small, usually statically charged filament grains that accumulate in the cavities of the feed
roller and on other elements in the printhead. At high conveying resistances, i.e., high melt
viscosities, this effect can even lead to breakage and creation of dislodged filament pieces.
The consequence of this behavior is that the extruder must be cleaned extensively to avoid
cross-contamination. In particular, the complex geometry of the gear wheel(s) with its many
cavities prevents efficient cleaning. In addition, damage to the material leads to an undefined
geometry of the filament and, thus, to an uncontrolled quantity of deposited material.
Breakage of the filament will lead to printing process failure and manual intervention will be
required to restart the process.

Traditional FDM 3D printing is based on a spool-based filament supply system.
Technical polymers for classical FDM printing are designed and manufactured to display
sufficient flexibility to be wound on a spool, but also enough stiffness to be processed by a
standard feeding mechanism. As described in the section on key attributes of excipients,
pharmaceutical polymers often do not allow reliable feeding and printing easily due to their
brittleness or undesirable deformation behavior. A filament provision and supply system must
be developed that can handle a greater diversity of mechanical properties. To achieve this,
both the bearing and the extruder technology must be completely revised.

Up to 450 m of filament can be wound onto a spool. When printing multiple large components,
this is an advantage. For the production of small dosage forms in lower quantities this is not
necessary. If a lower amount of material is required, a smaller filament supply that is used up
quicker reduces potential issues with the storage stability. Particularly in view of the API cost,
smaller units of filaments are to be preferred. In addition, cross-contamination of filament must
be avoided during handling so that encapsulation of the filament is necessary. For this reason,
the currently selected filament geometry (“endless”) and the bearing units (coils) must be
questioned.

The material storage, commonly designed as filament reel, should also be redesigned as part
of a separate area. This is realized by some commercial printers that have cartridge systems,
but large amounts of material are still wound on spools. We recommended to reduce the
amount of material stored in or on the material accumulator. With reduced material amounts,
coiled-up, long filaments strands that require feeding rollers or gears are not necessary, solving
multiple issues with the current printer design. Omitting spools enables a new design of the
storage system which can offer hermetic encapsulation of the filament. This would allow
filament storage and transport under controlled conditions, similar to a tablet in a blister.
Initial approaches can already be found in printers from the company Stratasys [80]. Yet, these
are not suitable for pharmaceutical manufacturing machines without significant modifications.

If flaments are not a continuous long strand anymore and new bearing units are designed,
the conveying mechanism needs to be revised, too. Roller or gear-based feeding mechanisms
should not be used for this purpose as they facilitate cross-contamination. Piston based
mechanisms similar to those already used in certain bioprinters [81,82] would be a superior
approach, as slippage and breakage could be prevented.
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Hotend and Coldend

One of the most central parts in a 3d printer is the hotend. With the help of electrical heating,
the polymer is melted and extruded through a nozzle. Conventional hotends are optimized for
high throughput and printing speeds. Technical polymers allow processing at temperatures
well above the melting or glass transition temperature to reduce duration of melt formation.
The result is a high temperature gradient from the core to the edge of the filament [83].
The use of additive manufacturing in the pharmaceutical environment, on the other hand,
requires processing that is particularly gentle on the material, as many APIs are thermo-labile.
Nevertheless, high printing speeds must still be achieved for a productive process. It is
necessary to optimize the hotend in terms of uniform heat input to reduce the heat strain put
on pharmaceutical filaments.

The other components of a common printhead are also not suitable for use in the
pharmaceutical manufacturing. To compensate for the high temperatures, the upper parts of
the printing core, the coldend, are cooled to prevent or reduce softening of the filament before
the actual hotend. Commonly, active air cooling with cooling fins is used. Due to their complex
and fine geometry these parts are particularly difficult to clean and increase the risk of
cross-contamination. As the hotend is located directly above the product, evaporation of
residual solvents, plasticisers and other volatile components is to be expected. They will be
distributed in the printing chamber via the cooling air, further increasing the risk of cross-
contamination and reducing cleanability. Pharmaceutical print heads must be completely
cleanable. Purging with cleaning filaments, what is the common procedure in research, will not
suffice to prevent cross-contamination. Since the material is fed through coldend and hotend,
all elements that come into contact with the product must be cleaned without residues after
each use and before each material change. To avoid changing the complete print head, a
system design similar to the design of hot-melt extruders is recommended. Similar to the
barrels, the printhead should be demountable and the material touching parts easily accessible
[58]. The coldend of the printhead is placed in the print chamber as well and its cooling fins
cannot be cleaned properly. Switching to water cooling would solve this issue and provide a
more accurate control of the temperature. This has been realized in some non-pharmaceutical
systems such as the x500pro from German RepRap [84].

Sensors and Quality Control

A few years ago, 3d printing gained a detrimental reputation of being usable only for
prototyping, due to frequent print failures, limited resolution, anisotropic mechanical properties,
low production speeds and rough surface finish [85]. The reason for this is a lack of process
and quality control. Even though the implementation of in-line quality is beginning in some
3d printing technologies, in FDM such methods are still at the experimental or research stage.
The focus is mostly on thermal monitoring (melt pool analysis in selective laser sintering /
melting) and layer monitoring [86]. Even though some of these approaches can also be used
in a pharmaceutical context, they focus mostly on quality attributes for other manufacturing
industries. Relevant pharmaceutical quality attributes cannot be captured with such systems.
The use of the sensors applied for control issues only allows accurate control and regulation
of the process. However, a quality statement regarding the solid state, APl content or printed
quantity is not possible. For 3D printers to be used for pharmaceutical manufacturing in the
future, additional measures must be undertaken in addition to adapting the mechanical
components. A major point is the quality control of the printed product.
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Various types of defects in 3d printed parts are described in the literature [86,87].
While structural integrity is key for technical applications of FDM, the doses of incorporated
APl in the final dosage form is the crucial parameter for medication manufactured by FDM.
Especially medications to be used by children need to be manufactured in an accurate way,
because the doses for children are typically lower and small deviations in the content of a
dosage form result in higher relative over or underdosing potentially harming the patient.

To improve the quality of dosage forms, process control has to be improved as well. In general,
three groups of parameters can be identified for in process control.

1. Machine parameters derived from the control electronics. For example, motor and
heater current, temperature of nozzle and cooling zone, vibrations etc.

2 Monitoring of the extruded volume or mass of the filament, either derived from
measurements described in 1. or measured by dedicated sensors attached to the
printer.

3. Non-destructive chemical analysis of the raw material and / or intermediate and final

printed product.

The monitoring of machine parameters can be implemented in industrial control systems and
do not necessarily rely on additional sensors which might lead to higher machine costs in the
end. It has been described in literature to use the current of the feeding motor to detect a
blocked nozzle [87,88]. Chemical degradation and under-extrusion related to blocked nozzles
is a major concern for the quality and accurate dosing of pharmaceutical dosage forms.
In another example, Becker [87,89] used accelerometers to monitor the state of the printer and
detect fluctuations in the flow of extruded raw material during the printing process.
These substitute parameters can only be used if comparative data are available of the printing
process for a specific raw material on a specific printer limiting the application to well
understood processes. To circumvent these issues, dedicated sensors can be introduced into
the printing system to directly measure the extruded volume or mass. Calculation of the printed
dosage may act as a valuable in-process control, assuming that the active ingredient is
homogenously distributed in the raw material.

Optical systems were described to measure the distance between printed object and nozzle
detecting under-extrusion [90,91] providing error detection during a print process. It is also
possible to monitor the movement and quality of flament by a camera [92]. Dosage forms with
defects can then be discarded after the printing process and documented in a batch report for
documentation. Of course, specialized sensors as well as integrated balances measuring the
actual printed mass of filament could be an option to further improve the accuracy of 3d printed
oral dosage forms, assuring the quality. For printing at the site of care, implementation of
feedback loops based of the obtained data to automatically adjust the printing process of each
individual dosage form will enable to meet the claimed dose and lead to an efficient
manufacturing process with reduced waste and higher yields resulting in fast supply of
high-quality medication to the patients.

Focusing more on the final product than the process itself, chemical analysis of the API
incorporated in the printed dosage form could enable real-time release in a clinical printing
setup. Different spectroscopic methods were described in the literature to analyze
pharmaceutical dosage forms without destroying the samples. It was shown that NIR-chemical
imaging of 3d printed objects can be used to measure the amount of printed API [93].
Transmission Raman measurements were reported in literature to investigate the amorphous
and crystalline fraction of fenofibrate in solid oral dosage forms [94]. Such methods could be
used in future pharmaceutical 3D printers to assure the quality of amorphous solid dispersions.
Chemical analysis of printed objects can lead to full batch real-time release of medications

74



Publication 1: Quality of FDM 3D Printed Medicines for Pediatrics

printed at site of care ensuring that the quality of the final product was not negatively influenced
by the printing process. Downsides of non-destructive chemical imaging are high costs and
large equipment, which might not be easily integrated in the printing platform.

Still, FDM as a digitally controlled manufacturing process opens the opportunity to integrate
multiple sensors to not only monitor the quality of the printing process and product but
furthermore adjusting critical process parameter on the fly to resemble a true rapid
manufacturing process.

3d printed Dosage Forms for Pediatric Use
General Consideration

Only few solid dosage forms have been investigated for their acceptability in children [95].
Of those, even less can be manufactured by 3d printing: minitablets, orodispersible films,
(orodispersible) tablets, and capsules. A definite advantage of 3d printing is a freedom of
design previously not possible. This is demonstrated by many novel dosage form designs
[7,96]. It is likely that such novel designs will also demonstrate high acceptability in children,
e.g., because of more appealing coloring and dimensions. However, this has not been
demonstrated in clinical trials and this section will focus mostly on the above-mentioned
dosage forms. As the resolution of FDM printing is limited, small capsules suitable for pediatric
treatment are not sensible to manufacturing via this route. Similarly, printing of orodispersible
tablets and minitablets has not been established, yet.

Minitablets and Small Oblong Tablets

Tablets of < 4 mm diameter are usually considered to be minitablets [97]. As they have
demonstrated acceptability in neonates, infants and children [2,98] minitablets of 2 mm
diameter are considered more frequently than larger ones. Accurate printing of small objects
is challenging in general. A typical nozzle diameter is 0.4 mm and tablets with a diameter of
2 mm are only five times larger than the nozzle diameter. These small geometries are on the
lower limit of what is possible with the FDM process [99] and dimensional accuracy is difficult
to achieve. Due to the small surface area of a single layer the cool down period of the material
before the nozzle passes an area a second time is short, which may lead to insufficient
mechanical stability of already printed layer. Several strategies are suitable to circumvent such
issues. Reduction of print speed is generally associated with higher dimensionally accuracy
and improved surface quality. However, throughput and productivity will decrease with lower
print speed. The manufacturing order of objects on one build plate can also be changed from
sequential printing (complete all layers of one object, then moving on to the next object) to
layer-wise printing where the printing layer is changed after the specific layer of all objects is
completed. While cooling time per object layer is associated with beneficial effects on
dimensional accuracy, frequent changes between objects may introduce additional classes of
printing errors like stringing and blobs [100]. Every additional travel movement comes with the
risk of oozing filament and therefore inaccuracy of dose. The dosing of smaller tablets is even
more challenging than with larger objects because the relative change of incorporated API due
to printing defects is more significant. Krause et al. printed objects with a diameter of 4 mm,
3 mm, 2mm and 1.5 mm with decreasing tablet mass and calculated the acceptance value
according to Ph. Eur. 2.9.40. While the standard deviation of tablet mass was higher for the
largest objects, their acceptance value was lower compared to smaller tablets. These results
show that dosing accuracy is especially important for mini tablets and low dose drug forms
[99].
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Ayyoubi et al. printed spherical tablets with a diameter of 6 mm with channels to improve
dissolution rate [101]. Small oblong tablets (9 mm x 5 mm x 4 mm (width x length x height))
were manufactured for children > 6 years old by Fanous et al [102].

Another aspect besides the dimensionally accuracy is the geometric flexibility. Geometrical
flexibility offers the opportunity to increase the compliance in pediatric patient as well as to
reduce the resistance of taking medication in children. The reason lies in the possibility of
3d printing for personalized medicine to choose the color, shape and design of the tablet
according to the child's wishes [103]. Scoutaris et al. imitated chewable STARMIX® sweets by
printing objects in the shape of a heart, ring, bottle, bear and lion which contained the model
substance indomethacin, hypromellose acetate succinate (HPMCAS) and polyethylene glycol
(PEG) as polymers. The aim for the development of this pediatric dosage forms with the
STARMIX® design via hot-melt extrusion (HME) and FDM 3d printing was also to enhance the
palatability [104].

Besides the flexibility in geometry FDM can also be used to manufacture layer-wise polypills
[105]. Multiple APIs were printed into one solid oral dosage form. In case of the layer-based
FDM process, chemical compatibility of these APls is not as limiting as in traditional
manufacturing processes since the compounds are separately printed into different
compartments of the dosage form. The flexibility of a computer-controlled manufacturing
process opens the possibilities to match the exact needs for pediatric patients, but deep
understanding of the underlaying processes and optimized print settings are necessary to
ensure high quality of the final product.

Orodispersible Films

Orodispersible films are accepted by infants and children [95,106,107] and are dosage forms
of choice for patient centric applications. The European Pharmacopoeia defines orodispersible
films as solid oromucosal preparations intended for the administration in the mouth, where they
disperse rapidly to deliver active substances (Ph. Eur. Monograph “Oromucosal preparations”).
Dose adaption is possible by (1) modifying the API concentration in the formulation, (2)
adapting the film thickness, and (3) by cutting films to the desired size, as both thickness and
size defines the amount of incorporated APIl. However, the cutting approach can be
accompanied by material waste and is prone to human errors.

Manufacturing routes of orodispersible films include solvent casting [108—110] and 2d and 3d
printing technologies. In 2D printing [111,112], the printing fluid consists of the drug dissolved
in a suitable solvent or dispersed in a dispersant, which is printed onto a substrate which
contains polymer(s) and additives (e.g., plasticizers, flavors) and is made in a separate
manufacturing step. As for the solvent casting technique, the process parameters (drying
temperature, humidity) need to be precisely controlled, as they significantly influence the final
film properties [113,114].

3d printing offers a waste-less route of precise manufacturing medicines for children.
Jamréz and colleagues accurately printed orodispersible films containing aripripazole [115],
whereas Ethezazi et al. printed multi-layered films containing individual layers with
paracetamol, ibuprofen and a taste masking agent [29]. Cho et al. applied a variation of FDM
printing to prepare an orodispersible film containing the poorly water-soluble drug olanzapine
[116]. They heated a polymer-API mixture until it melted and used pneumatic extrusion to drive
the printing process, an approach similar to the one published by Musazzi et al. [108].
In another study, a bi-layer film was FDM printed with a mucoadhesive chitosan and drug
containing layer and an ethyl cellulose backing layer that formed a permeation barrier, thus
creating a unidirectional drug release [117].
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Even though none of these studies directly investigated the suitability of FDM 3d printing to
individualize the dose, they demonstrated sufficient mechanical properties to enable robust
handling and acceptable accuracy that strongly hints at technological proficiency to produce
pediatric orodispersible films. However, acceptability of orodispersible films was assessed with
solvent-casted films and the different appearance of FDM printed films will have to be
investigated separately in future studies.

Dosage Form Characterization

To ensure that printed dosage forms meet the requirements, physical properties need to be
characterized, and the homogeneous distribution of the APl can be controlled to guarantee
that patients receive the necessary therapeutical amount of API. For physical characterization,
various tests are listed in the pharmacopoeia: test for friability (Ph. Eur. 2.9.7), crushing
strength (Ph. Eur. 2.9.8) and disintegration (Ph. Eur. 2.9.1). To check the homogeneity of the
drug distribution, the content of the API in the tablets is determined via the uniformity of the
mass or content (Ph. Eur. 2.9.5/ 2.9.6). In addition, it is tested how the drug is released from
the tablet over time (Ph. Eur. 2.9.3).

However, FDM printed tablets have different physical properties than compressed tablets, so
further methods have been developed for physical characterization. Often, the printed tablets
are less porous than the pressed ones, due to the individual layers fused together [118,119].
Depending on the polymers used, the tablets cannot be crushed, do not disintegrate, or
disintegrate very slowly, and do not exhibit abrasion [101,120]. The porosity of the tablets can
be easily controlled by the pattern and percentage of the infill of the design [120,121]. To check
the accuracy of the printing, as well as to determine the porosity of the printed tablets,
MCT measurements are often used [102, 122]. The visualization of the internal structure of
dosage forms reveals the structural quality, how well the layers adhere to each other, and how
well the geometry matches the desired design without destruction of the tablet [123,124].
In a study by Alhijjaj et al., it was shown that the printing speed, printing temperature, build
plate leveling and polymer viscosity (melt flow index) have a high influence on the precision of
the print, weight of the object and print reproducibility [125]. The effects of these parameters
can be registered in the yCT and contribute to the improvement of the process.

As 3d printing is suitable for small, personalized batches, and produces a smaller throughput
than industrial tablet machines, non-destructive methods are advantageous for this process.
In addition, for the determination of the mass or CU, the tablets must be dissolved, or the API
must be extracted from the matrix. Therefore, there is also a growing interest in non-destructive
content analysis, which is possible using NIR and Raman technology [102,104].
This technique enables in-line and off-line implementation [126]. To verify the release of the
API from the dosage form, in vitro studies must be performed. Here, the ingestion of the tablet,
the residence time in the stomach and GIT are simulated. For children the dissolution studies
were often adapted. For example, Starmix® candy-like dosage forms were dissolved in 2 ml
saliva for 2 min, because children often are expected to chew the tablets [104,127]. In addition,
volumes and dwell times can also be adjusted for the specific patient group. Accurate dosing
is especially important for children, which can be easily realized with FDM printing.
The individually produced batch can be adapted to the needs of the children. Not only the
dose, but also the release behavior can be varied. This is possible with the choice of polymer,
as well as with the SA/V ratio, which can be implemented with the choice of geometry [99, 128,
129]. Various approaches are also currently being pursued to predict release curves using
ANNs so that non-destructive methods can be established here as well
[130-132]. These predictions are based, among other things, on the infill pattern of the tablets

77



Publication 1: Quality of FDM 3D Printed Medicines for Pediatrics

and their influences on the release pattern. In the study of Obeid et al. the influence of the
SA/V ratio was used to predict the resulting release profile of the printed tablet [131].

Outlook

This manuscript aims to provide an overview of pharmaceutical as well as engineering
considerations for FDM printed medication for children. We reflected on current liabilities and
intended to depict ways for further innovation in the engineering of unit operations to enhance
suitability of equipment and dosage forms. As for 3d printing of solid dosage forms in general,
formulation and print technology need to be considered in a holistic manner taking into account
all aspects from raw materials to final dosage forms. We conclude that there is strong need to
advance FDM printing technologies and excipients to accommodate for pharmaceutical needs
— with even more elevated quality requirements for pediatric patients especially in the fields of
excipient safety and acceptability and printing control and accuracy. Good news is that remedy
is underway with commercial start-ups (e.g. Triastek) as well es public-private consortia such
as PolyPrint actively working on the necessary technical innovation to meet pharma
requirements. Also, the pediatric patient population will benefit from future capabilities of
individualized therapy with precise dose adjustment and possibilities to enhance compliance
via tablet morphology and size. First small clinical trials on medications for children applying
other additive manufacturing techniques clearly demonstrated the future potential of the tech
field [133] and we speculate that FDM — due to its technical maturity and accessibility - will be
one of the key enabling technologies to advance and establish pharmaceutical 3d printing for
individualized and decentralized production of dosage forms - for adults as well as children.
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Supplementary Information

Table S1: Overview of polymer requirements for the pharmaceutical application of polymers processed by HME
and FDM. The authors make no claim on completeness.

Parameter / Technique Range / Value Relevance
Polymer / HME /
FDM / Application

Amorphous or semi-crystalline Amorph: High solidification time with less shrinking Polymer!

API / polymer miscibility

Brittleness
(three point bending test)

Degradation temperature Tgeg

Feedability of powder

Filament Diameter

Glass transition temperature Ty

HME Temperature
HME Temperature range

Low hygroscopicity

Melt flow rate

Melt viscosity Nmeit

Melting temperature Ty,

Molecular weight
No toxicity

Particle Size
Printability

ratio of the elastic modulus to

the viscosity of the polymer melt
SOE

Nmelt

Shear thinning / thixotropy

Theoretical parameters
Flory Huggins

Hansen

PC-SAFT

COsSMO

Toughness
Polymer Solubility

Youngs Modulus (Tensile Test)

amorphous state of API

breaking distance > 1 mm - 1.5 mm 34
breaking stress > 2941 — 3126 g/mm 235

Taeg Of polymer matrix has to fit thermal properties of API

Powder in HME
Filament in FDM and for Application

Extrudate uniformity
1.75 mm

™ < 1.3 preferred®
g
Tg - Tstorage 2 50 oC 12
50-180 °C for commonly used polymer/API combinations?
Extrusion 20-30 °C below degradation temperature Tgeg*

100 - 170 °C, depending on API stability

Prevents crystallization

10 g per 10 min through heated capillary=> 1SO 11332

1000 < Nmeit< 10000 Pas 215
viscous melt formation preextrusion™
solidification postextrusion'

™ < 1.3 preferred®
g
Depends on API/polymer combination

e.g. Tm (Polylactic acid) = 170 — 180 °C;'”
Tm (Polycaprolactone) = 57 °C."7

Application of large amounts

Material to be functional in FDM process with no buckling,
when ratio above
£ >[3-105s't05- 10551 1

Nmelt

favored

Interaction parameter (Flory-Huggins Theory):

X <0 for strong miscibility concerning Polymer melt / API?!
Hansen solubility parameter &:

52 < 7 MPa”: indicates miscibility API/polymer?122

82 > 10 MPa* indicates immiscibility?'-22

> 80 g/mm?
Solvents required for processing

Youngs Modulus > 300 N/mm 2 45
distance at break > 1.125 mm ®
Thermoplastic behavior?

Polymer? / HME® / FDM2 /
Application?

FDM346

Polymer2478 | HME248 /
FDM"8 / Application’

HME’ / FDM®10/
Application®10

HME" / FDM!

Polymer2478 | HME24#8 /
FDM7:8 / Application’
HME" / FDM

Polymer / HME3

HME? / FDM? / Application?

HME?®/ FDM™

Polymer / HME""16 /
FDM'"16 / Application!

Polymer247817 | HME248.17 /
FDM7:8 / Application’

Polymer? / HMEZ2 / FDM? /
Application

Application?

HME?

FDM®10.18 / Application® 1018
Polymer / HME"920 /
FDM19,20

HME?®/ FDM

Polymer?"22 | HME2"22
FDM21,22

FDM*
Polymer??

FDM4,5,24,25
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Pretext

Following the presentation of quality requirements for extrudates and 3D printed dosage forms
for children in Chapter 2, the thermo-sensitive drug enalapril maleate (EM), which is relevant
for paediatrics, was processed into extrudates using hot-melt extrusion (HME) and its stability
during HME was investigated. First, six different formulations consisting of EM with a drug load
of 10 % and various polymers were extruded at temperatures of 100 °C to 150 °C as part of a
polymer screening and the content of enalapril (ENP) and its degradation products in the
extrudates was determined. The polymers used were Kollidon® 12 PF, Kollidon® VA 64,
hydroxypropylmethylcellulose, Eudragit® E PO (bPMMA) and Soluplus® (SOL), while the
plasticisers were polyethylene glycol 6,000 and polyethylene oxide with a molecular weight of
100,000. After successful process optimisation, two optimised formulations containing the
polymers Soluplus and bPMMA were found, which were fed at a higher feed rate of 100 g/h
and extruded at lower temperatures. The optimised formulations allowed extrusion at 100 °C,
whereas the formulation with bPMMA could be extruded at 70 °C. Polymer-related differences
with regard to the physical and chemical properties of the extrudates were elaborated. A fast
HPLC method was developed to determine the content of ENP and possible degradation
products.
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Abstract

The aim of this research was the production of extrudates for the treatment of hypertension
and heart failure and the investigation of the degradation of the peptidomimetic drug enalapril
maleate (EM) during hot-melt extrusion (HME). A fast HPLC method was developed to quantify
enalapril maleate and possible degradation products. Screening experiments revealed that the
diketopiperazine derivative (Impurity D) was the main degradation product. Hot-melt extrusion
of enalapril maleate with the polymer Soluplus® enabled extrusion at 100 °C, whereas a
formulation with the polymer Eudragit® E PO could be extruded at only 70 °C. Extrusion at
70 °C prevented thermal degradation. A stabilizing molecular interaction between enalapril
maleate and Eudragit® E PO was identified via FT-IR spectroscopy. Dissolution studies were
carried out to study the influence of the formulation on the dissolution behavior of enalapril
maleate. These promising results can be transferred to other thermo-sensitive and
peptidomimetic drugs to produce extrudates which can be used, for instance, as feedstock
material for the production of patient-specific dosage forms via Fused Deposition Modeling
(FDM) 3D printing.

Keywords: hot-melt extrusion; peptidomimetic drug; thermal degradation; analytics of
extrudates; HPLC method development; content uniformity; personalized medicine; treatment
of hypertension and heart failure
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1. Introduction

The peptidomimetic drug enalapril maleate is an angiotensin-converting enzyme inhibitor
(ACEI), which is one of the active ingredients on the World Health Organization (WHO) model
list of essential medicines and is used, in particular, for heart failure and hypertension in both
adults and children [1,2]. Enalapril maleate is the prodrug of the active metabolite enalaprilat
and has a similar structure to the tripeptide phenylalanine (Phe)-alanine (Ala)-proline (Pro) [3].
The active pharmaceutical ingredient belongs to the biopharmaceutics classification system
(BCS) class Il with high solubility and low permeability [4]. In an aqueous solution, two main
degradation products, enalaprilat and a diketopiperazine derivative (DKP), have been
identified which are described in the European Pharmacopoeia as Impurities C (Imp-C) and D
(Imp-D) of the starting material besides the other Pharmacopoeial Impurities. The rate and
pathways of the degradation are pH-dependent. Below pH 2, the main degradation product is
DKP and above pH 5, the main degradation product is enalaprilat (Figure 1) [5]. Whereas the
formation of DKP is an intramolecular cyclization typically observed for peptides, the formation
of enalaprilat is a hydrolysis reaction [4,6].

_,..-@H\\H(: - HOOC ~ COOH
(G0 1 Q =

0 (CooH)

enalapril maleate

pH”/ \DM @

B H HaC H
'Hooc}‘N ~ M

H g CooH 0
Impurity C (enalaprilat) Impurity D (diketopiperazine derivative)

Figure 1. lllustration of the main degradation products of enalapril maleate [5].

Due to the instability of peptidomimetic drugs in an aqueous solution, hot-melt extrusion (HME)
can be a preferred method for the preparation of solid dispersions because of the lack of
solvents [7-10].

HME is frequently used for the production of formulations with desired release characteristics,
for the taste masking of bitter-tasting drugs and especially for solubility enhancement of poorly
soluble drugs [8-15]. Furthermore, HME is a continuous process, which can be easily scaled
up [16]. Nevertheless, HME also shows some drawbacks. Thermally unstable drugs may
degrade at elevated temperatures and under shear forces present during hot-melt extrusion
[17,18]. Therefore, attempts were made to overcome this problem, which also refer to the
improvement of solubility or bioavailability of the model drug. Liu et al. (2013) prepared solid
dispersions with the thermally unstable drug carbamazepine and used polymer combinations
of Kollidon® VA 64 (Ludwigshafen, Germany), Soluplus® (Ludwigshafen, Germany) and
Eudragit E® PO (Essen, Germany) as carriers to improve the drug-polymer miscibility and
decrease the process temperature [8]. Huang et al. (2017) prepared amorphous solid
dispersions of the thermally labile drug gliclazide with the polymer hydroxypropyl methyl
cellulose (HPMC) and investigated the degradation kinetics depending on the different
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polymorphs of gliclazide. From the study, the authors concluded that the degradation of the
drug could be influenced by the applied temperature, the unstable nature of the amorphous
form of the drug and the mechanical energy input. Optimization of these parameters led to an
improved recovery rate of the drug [19]. DiNunzio et al. (2010) produced solid dispersions
containing the heat-sensitive active ingredient hydrocortison by hot-melt extrusion and
Kinetisol® dispersing. The authors demonstrated that the choice of a suitable carrier for
processing at lower temperatures and a reduced residence time could improve product
potency [18]. Huang et al. (2019) worked with the heat-sensitive and high-melting drug tadalafil
and tried to inhibit the recrystallization of produced amorphous solid dispersions to improve
bioavailability [20]; whereas, Kulkarni et al. (2018) applied hot-melt extrusion for the
improvement of the bioavailability of the thermolabile drug artemisinin. The degradation could
be reduced by producing a solid dispersion with the polymer Soluplus® and the addition of 5%
citric acid [21].

The focus of this work was to investigate and quantify the chemical degradation of the model
peptidomimetic drug enalapril maleate during hot-melt extrusion in the absence of water.
Further, formulations should be developed that enable extrusion with reduced or no
degradation. Different polymers were screened for their suitability and the most promising
formulations were further optimized. Not only the content of enalapril in the extrudates, but also
the dissolution behavior for the optimized formulations was investigated.

2. Materials and Methods
2.1. Materials

Enalapril maleate was purchased from Azelis (Sankt Augustin, Germany) ex Zhejiang Huahai
Pharmaceutical Industry Co. (Zhejiang, China). Hypromellose (HPMC, AFFINISOL™ HPMC
HME 15 LV) and POLYOX™ WSR N10 (PEO, Mw 100,000) were kindly provided by DuPont
Nutrition & Biosciences (Neu-Isenburg, Germany). Kollidon® 12 PF (K 12 PF), Kollidon® VA 64
fine (K VA 64 fine) and Soluplus® (SOL) were kindly provided by BASF (Ludwigshafen,
Germany). Basic butylated methacrylate copolymer (0PMMA, Eudragit® E PO) and fumed
silica (SiO2, Aerosil 200 V/V Pharma) were kindly provided by Evonik (Essen, Germany).
Polyethylene glycol (PEG) 6.000 (Polyglykol® 6000 P) was kindly provided by Clariant
(Frankfurt, Germany). Enalapril maleate chemical reference standard (CRS), enalapril for
system suitability CRS (containing EM and Impurity A), enalaprilat dihydrate CRS, enalapril
impurity G CRS and enalapril impurity mixture A CRS (containing Impurity C and Impurity H)
(all European Pharmacopoeia Reference Standards) were purchased at the European
Directorate for the Quality of Medicine & Healthcare (Strasbourg, France). Enalapril maleate
United States Pharmacopoeia (USP) Reference Standard wase purchased by Eurofins
PHAST GmbH (Homburg, Germany). Impurity B and enalapril diketopiperazine were
purchased from LGC Standards GmbH (Wesel, Germany). Other chemicals such as solvents
and buffering materials were of reagent grade.
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2.2. Screening Experiments for HME

For the polymer screening, six different formulations with a drug load of 10% enalapril maleate
were investigated (Table 1).

Table 1. Composition of HME formulations for screening experiments (w/w).

Formulation Matrix (%) Plasticizer (%) Glidant (%)
F1 K12PF 745 PEG 6.000 15 SiO2 0.5
F2 HPMC 745 bPMMA 10 PEG 6.000 5 SiO; 0.5
F3 K12 PF 30 KVA64 30 PEG6.000 295 SiO; 0.5
F4 HPMC 84.5 PEG 6.000 5 SiO2 0.5
F5 bPMMA 44 PEO 44 SiO- 2.0
F6 SOL 44.75 PEO 4475 SiO; 0.5

To destroy and remove agglomerates, enalapril maleate and the polymers were separately
sieved and mixed for 15 min in a turbula mixer (T2F, Willy A. Bachofen, Switzerland).

The powder blends of each formulation were fed with a flat-bottom powder feeder (ZD 5 FB,
Three-Tec, Seon, Switzerland) and dosed at a feed rate of 50 g/h or 100 g/h into a co-rotating
twin screw extruder Leistritz ZSE12 HP-PH extruder (Leistritz, NUrnberg, Germany) with a
screw diameter of 12 mm and a screw length to diameter ratio of 40:1. Screws with two
kneading zones and a die with a diameter of 2 mm were used. Different temperatures and
process parameters as detailed in Table 2 were applied for the formulations.

Table 2. Process parameters for HME for the different formulations.

Formulation Powder Feed Rate (g/h) Screw Speed (1/min) Temperature (°C)

F1 50 50 130
F2 50 25 130
F3 50 25 140
F4 50 35 140
F5 100 35 150
F6 100 25 100
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2.3. Formulations for HME at Reduced Temperatures

HME was carried out again with formulations F5 and F6 for the production of extrudates at
reduced temperatures.

Both formulations were fed either with a flat-bottom powder feeder (ZD 5 FB, Three-Tec, Seon,
Switzerland) or a volumetric feeder (Brabender MT-S-HYD, Brabender, Duisburg, Germany)
at a feed rate of 100 g/h into a co-rotating twin screw extruder (ZSE12 HP-PH, Leistritz,
Germany) with a screw diameter of 12 mm and a screw length to diameter ratio of 40:1.
Screws with two kneading zones and a die with a diameter of 2 mm were used.
The temperature profiles at a constant screw speed of 25 rpm are shown in Table 3.

Table 3. Temperature profiles across the different zones of the extruder barrel (°C).

Formulation Zone 1 2 3 4 5 6 7 8 Die
F5 20 20 100 100 100 100 100 100 100
F5 20 20 70 70 70 70 70 70 70
F6 20 20 100 100 100 100 100 100 100

Following extrusion, the extruded strand was cooled and transported with a conveyor belt
(model 846102.001, Brabender, Germany). The desired diameter of the extrudates of 1.75 mm
was achieved using a belt haul-off unit of a winder (Brabender, Duisburg, Germany).
Extrudates were collected over the whole extrusion process and used for the content
determination.

2.4. Particle Size Distribution

The particle size distributions were determined via laser diffraction (Mastersizer 3000, Malvern
Instruments, UK) with dry dispersion using Fraunhofer approximation for data evaluation
(n = 3). The dispersion pressure was adjusted to 0.8 bar.

2.5. Scanning Electron Microscopy (SEM) Imaging

Morphology of both powder mixtures and extrudates were examined using Zeiss scanning
electron microscope Leo 1430 VP (Zeiss, Germany). Samples were sputter coated with a thin
gold layer. The working voltage ranged from 5 to 10 kV.

2.6. Thermal Analysis

Thermo analysis of enalapril maleate starting material and the reference standards of the
degradation products were performed using dynamic scanning calorimetry (DSC, DSC 1,
Mettler-Toledo, Giessen, Germany). Samples were heated at 10 °C/min from 20 °C to 200 °C.
For thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG),
enalapril maleate was measured using a NETZSCH TG 209F1 Libra (NETZSCH, Selb,
Germany). The sample was placed in an 85 pL aluminium pan and was then heated from
35 °C to 500 °C using 10 °C/min as a heating rate. The thermal decomposition was analyzed
using NETZSCH Proteus Software. The experiments were carried out under a nitrogen gas
flow of 20 mL/min.
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2.7. Drug Content of Extrudates
2.7.1. Screening Experiments

Sections of drug-loaded extrudates (approximately 0.1 g), with the exception of formulation F6,
were placed in a 100 mL volumetric flask and dissolved in 100 mL 0.1 N hydrochloric acid.
Samples of the solutions were then filtered through a 0.20 um polypropylene filter. The content
of enalapril (ENP) and degradation products in the extrudates was determined by
high-performance liquid chromatography (HPLC) analysis. An Elite LaChrom system
consisting of an L-2200 automatic sampler, L-2130 high pressure pump, L-2300 column oven
and L-2400 UV detector was used (all Hitachi-VWR). A Eurospher Il 100-5 C18A column
(125 mm x 4.6 mm, 5 ym) with integrated precolumn (Knauer, Germany) served as the
stationary phase. The mobile phase was composed of acetonitrile and 1 mM potassium
dihydrogen phosphate buffer (pH 3.0, adjusted with orthophosphoric acid 85%). The flow rate
was 1 mL/min and the column temperature was 50 °C. Detection was performed at a
wavelength of 215 nm. After injection of 10 yL of the sample solution samples were separated
under gradient conditions (Table 4).

Table 4. Gradient conditions for the separation of enalapril and its related substances.

Time [min] Acetonitrile (% v/v) Buffer (% v/v)
0-5.0 5 95
5.0-8.0 5—-25 95 —» 75
8.0-16.0 25 75
16.0-24.0 25 - 55 75 — 45
24.0-26.0 55 45
26.0-26.1 55 — 95 45 -5
26.1-28.0 95 5
28.0-28.1 95 -5 5—-95
28.1-30.0 5 95

For formulation F6, a section of a drug-loaded extrudate (approximately 0.1 g) was placed in
a 100 mL volumetric flask and was dissolved in 100 mL of a mixture of acetonitrile and
1 mM potassium dihydrogen phosphate buffer pH 3.0 (50/50, v/v). Samples of the solutions
were then filtered through a 0.45 pym nylon filter. The content of enalapril and degradation
products in the extrudates were determined by HPLC analysis with an optimized gradient
(Table 5).
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Table 5. Optimized gradient for the separation of enalapril and its related substances.

Time [min] Acetonitrile (% v/v) Buffer (% v/v)
0-1.0 2 98
1.0-1.2 2525 98 — 75
1.2-5.0 25 75
5.0-7.5 25— 40 75 — 60
7.5-9.0 40 —> 75 60 — 25
9.0-11.0 75— 95 25-5
11.0-12.5 95 5
12.5-12.6 95 — 2 5— 98
12.6-15.0 2 98

2.7.2. Samples from Extrusion at Reduced Temperatures

The HPLC method with the gradient shown in Table 5 was further used for the quantification
of the drug content of formulations F5 extruded at optimized conditions and F6.

Extrudate samples were collected and analyzed at the beginning, the middle and end of
extrusion (n = 10, mean = SD). Therefore, sections of a drug-loaded extrudate (approximately
0.1 g) were placed in a 100 mL volumetric flask and dissolved in 100 mL of a mixture of
acetonitrile and 1 mM potassium dihydrogen phosphate buffer pH 3.0 (50/50, v/v). Samples of
the solutions were then filtered through a 0.45 um nylon filter. An Elite LaChrom system (VWR,
Darmstadt, Germany) consisting of an L-2200 automatic sampler, L-2130 high pressure pump,
L-2300 column oven and L-2400 UV detector was used.

Compared to the originally developed method and, also, already published methods,
the separation of enalapril and possible degradation products with the optimized gradient was
carried out on an XBridge C18 column (3.0 x 150 mm, 3.5 ym) at a temperature of 65 °C and
an injection volume of 30 yL [22,23]. The temperature increase leads to an improved peak
shape of enalapril [24] and a higher separation efficacy between enalapril and pharmacopoeial
Impurity A. Furthermore, the method allows on the one hand the complete separation of maleic
acid and enalaprilate (Imp-C), which makes the quantification of this possible main degradation
product more reliable (Figure 2a). On the other hand, the separation of enalapril and the known
pharmacopoeial impurities A, B, C, D, G and H is possible in a single run time of 15 min
(Figure 2b—d).
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Figure 2. HPLC chromatograms of EM and the main degradation products Imp-C and Imp-D (a), of EM and Imp-
A, Imp-B, Imp-C and Imp-D (b), of Imp-C and Imp-H (c¢) and of Imp-G (d).

The identification of the related substances was done with solutions of each standard. For the
selectivity of the developed HPLC method, the enalapril maleate CRS solution was spiked with
the other related substances. The determination of the limit of detection (LOD) and the limit of
quantification (LOQ) for enalapril resulted in concentrations of 19.4 ng/mL and 58.7 ng/mL.
Linearity was given for the content uniformity of enalapril in the extrudates in the concentration
range of 60 to 140 ug/mL and for the dissolution in a concentration range of 0.2 to 12 pg/mL
with a correlation coefficient of R? > 0.999. The accuracy of the content in the samples was
ensured by using the enalapril maleate USP reference standard and enalapril diketopiperazine
standard with a known content. The calibration for enalapril diketopiperazine was always
performed with the external standard. Precision was determined in terms of repeatability for
enalapril, where the coefficient of variation (CV) was 0.74%.

2.8 FT-IR Spectra Measurements

FT-IR spectra measurements were made to investigate possible interactions between enalapril
maleate and the polymers. Therefore, infrared spectra were recorded with a Shimadzu IR
Affinity-1 with ATR sampling technique (Shimadzu, Duisburg, Germany).
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2.9. Dissolution

In vitro drug release studies were carried out using dissolution tester AT7 Smart (Sotax, Aesch,
Switzerland) with USP type | apparatus (basket apparatus) at 37 °C £ 0.5 °C with a rotating
speed of 50 rpm in 900 mL phosphate buffer at pH 6.8 or in 0.1 N hydrochloric acid.
Extrudates were taken from the lowest possible extrusion temperature. The amount of EM was
quantified by HPLC.

3. Results and Discussion
3.1. Raw Material Properties
3.1.1. Particle Size Distribution

The determination of the median particle size x50 of the raw materials showed large
differences between the polymers bPMMA and SOL (Table 6). The median particle size of
bPMMA was 9.7 um + 0.1 ym and 308 um £ 6.1 um for SOL. PEO had a median particle size
of 111 £ 8.6. In contrast, the median particle size of the active ingredient enalapril maleate was
47.2 £ 1.3 ym.

Table 6. Particle size of raw materials (n = 3, mean + SD).

Substance X410 (MmM) Xso0 (M) Xoo (M)
Enalapril maleate 6.2+0.1 472 +1.3 181 +6.9
bPMMA 3.8+0.1 9.7+0.1 37.3+26.9
SOL 191+4.6 308 + 6.1 483 +£5.6
PEO 14+ 0.6 111+ 8.6 320+ 15.6

3.1.2. Scanning Electron Microscopy (SEM) Imaging

SEM images showed that enalapril maleate was present in crystalline form as platelets in both
physical mixtures. In formulation F5, the small particles of bPMMA adhered to the larger
particles of enalapril maleate, resembling a dry coating. Formulation F6 does not display any
kind of interaction between SOL and enalapril maleate. In the SEM images of both extrudates,
crystalline parts of the semi-crystalline PEO could be observed on the surface, as previously
described by Tidau et al. (2019) for PEO-based extrudates [25] (Figure 3).
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Figure 3. SEM images of the physical mixtures and extrudates of formulation 5 and 6 (Scale: 100 pm).

3.1.3. Thermal Analysis

DSC analysis of enalapril maleate starting material showed two superimposed peaks in the
range from 150 °C to 200 °C, as previously described by Lin et al. (2002) [26,27]. The intense
and sharp peak at approximately 153 °C was caused by melting and the broad thermal event
at 163 °C was caused by thermal decomposition (Figure 4). The degradation product
enalaprilat showed an endothermic peak at 151 °C and a second peak at 173 °C, whereby the
second thermal event started at 165 °C (Figure 5a). The thermogram of the degradation
product DKP showed a minimal first endothermic event at 78 °C and a second endothermic
peak at 95 °C, which was associated with the melting of the substance (Figure 5b).
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Figure 4. DSC thermogram of enalapril maleate starting material.
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Figure 5. DSC thermograms of the main degradation products enalaprilat as dihydrate (a) and enalapril

diketopiperazine derivative (b).

Thermogravimetric analysis (TGA) confirmed the decomposition of enalapril maleate as
observed in the DSC data. TGA showed an onset at a temperature of approximately 154 °C
and a mass loss of approximately 27% up to a temperature of 220 °C (Figure 6a) [27,28].
The derivative thermogravimetric curve showed the maximum of the initial decomposition at a

temperature of approximately 168 °C (Figure 6b).
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Figure 6. TG (a) and DTG curves (b) of enalapril maleate.
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Consequently, extrusion must take place below the melting temperature of enalapril maleate,

since melting was accompanied by decomposition.
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3.2. Polymer Selection for HME
3.2.1 Screening Experiments

Obtained extrudates from screening experiments differed in their properties. Formulation F1
with the polymer K 12 PF could be extruded between 120 °C and 130 °C. While extrudates at
120 °C exhibited a rough surface, likely due to the glass transition temperature (Tg) of K 12
PF at 90 °C being close to the extrusion temperature [29,30], extrudates processed at a
temperature of 130 °C showed a smooth surface and were collected for further analysis.

Formulation F2 with the polymers HPMC and bPMMA were extruded at 130 °C because the
polymer HPMC has a higher Tg of 115 °C compared to the polymer bPMMA with a lower Tg
of 57 °C [31-33]. Extrudates from formulation F2 appeared orange and had a smooth surface.

Formulation F3 with the polymers K 12 PF and K VA 64 could be extruded at a temperature of
140 °C as the lowest extrusion temperature. The reason for this is the higher glass transition
temperature of the polymer K VA 64 with a Tg of 101 °C [29,30]. Extrusion of both formulations
was not possible at lower temperatures, although Kempin et al., (2018) and Kollamaram et al.,
(2018) could extrude these polymers below 100 °C with a self-constructed extruder [34] and
with a single screw extruder [35].

Extrudates from formulations F1 and F3, which contained either K 12 PF alone or a
combination of K 12 PF and K VA 64 appeared milky-white and sticky. The extrudates of both
formulations were smooth, but brittle despite a high plasticizer content.

Formulation F4 with the polymer HPMC could be extruded at a temperature of 140 °C, which
is considered a suitable process temperature for HPMC in literature and can be explained by
the higher proportion of this polymer in the formulation [25,32,36—39]. The extrudates from
formulation F4 appeared orange similar to formulation F2. This could be explained by the
formation of the diketopiperazine derivative. The extrudates with HPMC had a rough surface
in comparison to the smooth surface of the extrudates of formulation F2.

Formulation F5 and F6, unlike the previous formulations, were extruded at a feed rate of
100 g/h.

Compared to 50 g/h, 100 g/h was used to investigate the influence of the feed rate on the
degradation of enalapril maleate. Formulation F5 was extruded at a temperature above the
melting point of enalapril maleate at 150 °C [40], whereas formulation F6 was extruded at a
temperature of 100 °C. The extrudates of F5 appeared yellowish and the extrudates of F6
slightly yellowish. Both filaments had a smooth surface.

3.2.2 Optimized Process Conditions

Due to their low glass transition temperatures, bPMMA (Tg = 57 °C) and SOL (Tg = 70 °C)
in formulations F5 and F6 were identified as suitable formulations for extrusion at lower
temperatures [33,41]. The extrusion of F5 with the polymers bPMMA and PEO was performed
under optimized conditions at temperatures of 70 °C and 100 °C [7], whereas the extrusion of
F6 with the two polymers SOL and PEO was repeated at a temperature of 100 °C, identified
as lowest possible process temperature. Lightly yellowish-colored extrudates obtained from
the extrusion process had a smooth surface and were flexible.
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3.3. Drug Content of Extrudates
3.3.1 Content Uniformity of the Extrudates of the Screening Experiments

The results of the content uniformity showed that in all formulations, besides the active
ingredient enalapril maleate, the diketopiperazine derivative (DKP, Imp-D) occurred as the
main thermal degradation product in the extrudates (Figure 7). Formulation F1 with K 12 PF
showed the highest content of enalapril. In the extrudates, 72.88 + 6.42% enalapril was found,
whereas 29.50 £ 6.97% Imp-D were determined. Formulation F2 with the polymers HPMC and
bPMMA also extruded at a temperature of 130 °C showed a higher degradation. 38.05 £ 1.00%
enalapril and 59.84 £ 1.98% Imp-D were recovered. Formulation F3 with the polymers K 12
PF and K VA 64 was extruded at 140 °C and showed a further decrease in the content of
enalapril. 34.01 £ 3.09% enalapril and 76.05 £ 6.74% Imp-D were determined. Formulation F4
with the polymer HPMC showed an almost complete degradation of enalapril and only
0.74 + 0.10% was found. 74.18+ 3.05% Imp-D and further unidentified impurities could be
detected.
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Figure 7. Content uniformity of the extrudates of the screening experiments (n = 6, mean + SD).

From the extrusion of these four formulations, which were all fed at a feed rate of 50 g/h,
it could be observed that not only the temperature but also the used polymers have an
influence on enalapril maleate degradation. The formulations F2 and F4, which both contained
the polymer HPMC showed, due to a higher melt viscosity, a higher pressure at the die during
extrusion [37,42]. This could explain the higher amount of degradation of enalapril in
formulation F2 and especially in formulation F4 (Figure 7), which was also observed during
hot-melt extrusion of gliclazide with HPMC in a previous publication by Huang et al. (2017)
[19]. Formulation F5 was fed with the higher feed rate of 100 g/h into the extruder and the
extrusion was performed at a temperature of 150 °C. In the extrudates, 47.33 £ 0.50% enalapril
and 56.44 + 0.34% Imp-D were determined. The results showed that also the feed rate had an
impact on the degradation. Despite the higher extrusion temperature of 150 °C, more enalapril
was found compared to formulations F2, F3 and F4. For formulation F6 with the polymer SOL
and PEO, which was also fed with a feed rate of 100 g/h and extruded at a temperature of
100 °C, the highest amount of enalapril could be found. 96.78 £ 0.54% enalapril was recovered
and 11.43 £ 0.05% Imp-D.

The process temperature and also the applied shear forces had a great impact on enalapril
maleate degradation. A higher feed rate could shorten the residence time, and thus, reduce
the amount of degradation. Process conditions and formulations were optimized since
degradation of enalapril maleate already takes place below the melting temperature contrary
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to DSC and TG measurements. The optimized formulations F5 and F6 containing the polymers
bPMMA and SOL were extruded again at reduced temperatures and with a higher feed rate of
100 g/h into the extruder.

3.3.2. Content Uniformity for the Formulations under Optimized Conditions

For formulation F5 with bPMMA extruded at 100 °C, it was observed that the content of
enalapril remained constant over the extrusion and was 98.44 1+ 0.30% versus
2.83 + 0.09% Imp-D in the middle of the run (Figure 8a). For formulation F6 with the polymer
SOL also extruded at 100 °C it was observed that the content of enalapril decreased to a
greater degree during extrusion. In the middle, the content of enalapril was 94.83 + 1.72% and
7.54 + 0.24% Imp-D (Figure 8b). The larger decrease in the content of enalapril could be due
to an inhomogeneous powder mixture which could be explained by a larger particle size of
SOL (308 £ 6.1 um) compared to bPMMA (9.7 £ 0.1 um). The x50 of enalapril maleate is
47.2 £ 1.3 ym. By comparing the two formulations, a lower content was found for formulation
F6 under the same process conditions.
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Figure 8. Enalapril and diketopiperazine derivative contents over the extrusion processes at 100 °C of
formulation 5 (a) and formulation 6 (b) (n = 10, mean £ SD).

The lowest possible extrusion temperature for F6 was 100°C, whereas F5 could be extruded
at 70 °C. The content of enalapril was 101.72 + 1.65% and no degradation products were found
(Figure 9). The different recovered enalapril concentrations after extrusion at 100 °C imply a
potentially stabilizing interaction between enalapril maleate and bPMMA.
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Figure 9. Content uniformity over the entire extrusion for formulation 5 at 70 °C (n = 10, mean + SD).

3.4. FT-IR Spectra Measurements

FT-IR spectroscopy was used to investigate interactions between enalapril maleate and the
polymers. The structures of the basic polymer bPMMA and the neutral polymer SOL are shown
in Figure 10.

The FT-IR spectrum of enalapril maleate showed characteristic bands at 1749 cm™ (C=0 of
the carboxylic group), 1645 cm™" (C=0 of the tertiary amide), 1578 cm™" (C=0 of the carboxylic
acid of monohydrogen maleate) and 1225 cm™ (C-C-O of acetate and ester) [43,44].
Characteristic bands for the dimethylamino groups of bPMMA could be found at 2822 cm™
and 2770 cm™. FT-IR spectrum of bPMMA showed further characteristic peaks for the ester
groups at 1144 cm™, 1238 cm™ and 1267 cm™ and the C = O ester vibration at 1724 cm™
[43,45]. FT-IR spectrum of SOL showed characteristic bands at 2922 cm™" (C-H), 2857 cm™
(C-H), 1740 cm™ (C=0 of the carboxylic group) and 1633 cm™ (C=0 of the amide group)
[46,47]. FT-IR spectrum of PEO showed characteristic bands at 2888 cm™ (C-H), 1240 cm™

(O-H), 1093 cm™" (C-O) and 1059 cm™" (C-O) [48].
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Figure 10. Structural formulas of bPMMA (a) and SOL (b) [41,45].

For the filament of F6 containing the polymer SOL no interaction could be observed as peak
shifts or loss of disappearance of peaks. (Figure 11b), whereas for the filament of formulation
F5 containing the polymer bPMMA differences in the spectra could be detected (Figure 11a).
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Figure 11. FT-IR spectra for formulations 5 (a) and 6 (b).

For formulation F5, the absence of characteristic bands for the spectrum of enalapril maleate
at 1740 cm™" and 1578 cm™', and also, for dimethylamino groups of the bPMMA at 2822 cm™
and 2770 cm™ indicates a cation-anion interaction between the carboxylic groups of enalapril
maleate and the dimethylamino groups of bPMMA (Figure 11a) [7,49]. Wang et al. (2004)
investigated this phenomenon in casted films with enalapril maleate and bPMMA and
postulated that one carboxylic group of maleic acid could interact with the amino group of
enalapril and the other carboxylic group of maleic acid and/or the carboxylic group of enalapril
could interact with the dimethylamino groups of bPMMA [50,51]. This effect could explain the
stabilizing effect when enalapril maleate is hot-melt extruded with bPMMA as a polymer [52].
No changes were observed in the spectra due to the use of PEO.

3.5. Dissolution

The release profile of enalapril from the extrudates containing SOL and bPMMA was also
investigated.
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The US Pharmacopeia (USP) monograph for enalapril maleate tablets specifies that at least
80% enalapril has to be released after 30 min in the paddle apparatus (USP Il method) in
phosphate buffer pH 6.8 at a rotational speed of 50 rpm [53]. However, during previous
dissolution studies, it was observed that extrudates wrapped around the paddle and this
phenomenon influenced the dissolution behavior. Therefore, investigations were made with
the basket apparatus (USP | method).

In the basket apparatus formulation F6 with SOL released 25.81 + 0.53% enalapril after
30 min and 91.74 + 4.72% after 150 min (Figure 12a). After 180 min 96.44 + 2.16% enalapril
was released. Alongside the dissolution of extrudates with SOL in phosphate buffer pH 6.8,
the dissolution behavior of enalapril in 0.1 N hydrochloric acid in the basket apparatus was
investigated. Of enalapril, 29.52 + 0.57% was released after 30 min and 88.53 + 1.60%
enalapril was released after 120 min and after 180 min 96.55 + 1.73% enalapril was released.
In comparison to the dissolution in phosphate buffer pH 6.8 the criterion of Q = 80% is reached
earlier but, nevertheless, after 180 min approximately the same amount of enalapril is released
(96.44 £ 2.16% vs. 96.55 + 1.73%) (Figure 12a). These results indicate the
pH-independent dissolution of enalapril from the extrudates with SOL.
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Figure 12. Dissolution behaviour of extrudates with SOL (a) and bPMMA (b) in basket apparatus in phosphate
buffer pH 6.8 and 0.1 N hydrochloric acid (n = 3).

Formulation F5 with bPMMA extruded at 70 °C released 17.39 + 0.57% after 30 min and 100%
after 180 min in phosphate buffer pH 6.8 (100.19 + 2.47%). However, when released in 0.1 N
hydrochloric acid, 99.87 + 1.56% enalapril was released after 30 min (Figure 12b).

As expected, the formulation composition has a decisive influence on the release of the active
ingredient. Since bPMMA is a pH-dependent polymer that dissolves at a pH below 5.5,
the release of enalapril from the bPMMA extrudates is prolonged at higher pH compared to the
extrudates with the polymer SOL. However, a fast drug release from the extrudates with
bPMMA in 0.1 N hydrochloric acid could be observed. Thus, the criterion of Q = 80% after
30 min could be fulfilled. Depending on the intended target profile, a suitable formulation has
to be identified.
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4. Conclusions

The obtained results showed that the peptidomimetic drug enalapril maleate could degrade
during the hot-melt extrusion process at temperatures above 120 °C, more than 30 °C below
the degradation temperature identified via thermo analysis. The main thermal degradation
product formed during this process was the cyclization product enalapril diketopiperazine
(Imp-D). Extrusion with bPMMA and SOL at 100 °C revealed a higher drug content in the
formulation containing bPMMA. FT-IR data hints towards a cation-anion interaction with the
basic bPMMA and enalapril maleate, which might have a stabilizing effect. Further formulation
development and optimization of the process conditions during hot-melt extrusion could
completely avoid the degradation of the drug enalapril maleate.

Our study demonstrates that by selecting suitable polymers and extrusion conditions,
thermo-sensitive drugs can be hot-melt extruded and the formation of degradation products
can be avoided. The question to what extent other even more thermo-sensitive compounds,
such as proteins and peptides, can also be stabilized by melt extrusion remains to be clarified
in the future. Furthermore, it should be noted that the formulation, in particular the polymers
used, can have a decisive influence on the properties of the extrudate, such as the physical
properties, the content as well as the release of the active ingredient. This work highlights the
importance for formulation scientists to first know the properties of the active ingredient in order
to select suitable polymers for melt extrusion.
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Abbreviations

ACEI angiotensin-converting enzyme inhibitor

Ala alanine

BCS Biopharmaceutics Classification System

bPMMA basic butylated methacrylate copolymer

CRS chemical reference standard

cv coefficient of variation

DKP diketopiperazine derivative

DSC Dynamic Scanning Calorimetry

DTG Derivative Thermogravimetric Analysis

EM enalapril maleate

ENP enalapril

FDM Fused Deposition Modeling

FT-IR Fourier transform-infrared spectroscopy

HME hot melt extrusion

HPLC High Performance Liquid Chromatography

HPMC hydroxypropyl methyl cellulose, hypromellose

Imp impurity

K Kollidon

LOD limit of detection

LOQ limit of quantification

PF Pyrogen-free

Phe phenylalanine

Pro proline

SD standard deviation

SEM Scanning Electron Microscopy

SiO2 fumed silica

SOL Soluplus

Tg glass transition temperature

TGA thermogravimetric analysis

VA poly(vinylpyrrolidone-vinyl acetate)-copolymer

WHO World Health Organization
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Pretext

The extrudates of the two optimised formulations prepared in Chapter 3 were then processed
into 3D printed tablets using a FDM 3D printer with a target dose of 10 mg EM at a nozzle
temperature of 180 °C and a print bed temperature of 35 °C at a printing speed of 30 mm/s.
The content of ENP and potential degradation products in the 3D printed tablets with SOL and
bPMMA from the extrusion at 100 °C was also determined and polymer-related differences
were analysed. In addition, the extrudates of the optimised formulation with bPMMA from
extrusion at 70 °C were used to investigate the nozzle diameter, printing temperature and
printing speed as critical process parameters in a printing study. 3D printed bPMMA tablets
were produced using a 0.4 mm and a 0.6 mm diameter nozzle with a nozzle temperature of
180 °C and 190 °C and a print bed temperature of 35 °C, as well as a printing speed of
30 mm/s, 60 mm/s and 90 mm/s. The aim was to investigate the influence of the critical process
parameters on the stability of ENP during FDM 3D printing and to determine the effect on the
content of ENP and degradation products.
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Abstract

Fused deposition modeling (FDM) 3D printing was used to produce 3D printed tablets with the
thermo-sensitive model peptidomimetic drug enalaprii maleate (EM). Two different
formulations were prepared to investigate the degradation of enalapril maleate during the FDM
3D printing process. Soluplus® and Eudragit® E PO were chosen as polymers. After hot-melt
extrusion (HME) and FDM 3D printing, both formulations were characterised regarding their
solid-state properties using DSC and XRD. The degradation of the drug was analysed by
determination of the content in the extrudates and 3D printed tablets, and dissolution was
assessed. Various approaches have been attempted to prevent degradation of enalapril
maleate, including utilization of a larger nozzle diameter and higher printing speeds to reduce
heat exposition. None of these approaches were successful in preventing drug degradation.
However, significant differences in the amount of degradation between the two formulations
with different polymers could be observed. Thus, the FDM 3D printing process was not feasible
without any degradation for the thermo-sensitive drug enalapril maleate. A maximum of
85.55 + 1.48% enalapril was recovered in Eudragit® E PO tablets printed with a 0.4 mm nozzle
at a temperature of 180 °C and with a speed of 30 mm/s.

Keywords: hot-melt extrusion; FDM 3D printing; thermo-sensitive drug; decomposition;
analytics of extrudates and 3D printed tablets; oral dosage form; personalized medicine
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1. Introduction

Nowadays, personalized medicine is gaining increasing interest in the health care sector.
The conventional drug treatment approach is based on a "one size fits all" principle where most
patients receive the same drug at the same dosages and administration frequencies [1].
This can lead to varying responses and can also be associated with adverse drug reactions
[1]. In personalized medicine medical treatments are tailored to patients based on genetic
profile, concurrent medicines, and disease state [2,3]. The most promising technology that can
drive the paradigm shift to personalized medicine is 3D printing [4]. 3D printing provides the
possibility of producing 3D objects layer by layer with the aid of appropriate computer software
[4]. 3D printing technologies offer a broad range of applications in the pharmaceutical field.
Binder Jetting (BJ), Stereolithography (SLA), Selective Laser Sintering (SLS), Semi-solid
extrusion (SSE) and Fused Deposition Modeling (FDM) are researched for pharmaceutical
applications [5,6]. The production of 3D printed dosage forms offers several advantages
compared to the conventional manufacturing process which includes, for example, the
following aspects: customization, polypharmacy, flexible design, point of care production and
waste minimization [7]. 3D printing affords us the possibility to precisely producing customised
dosage forms for different patient groups, including pediatric and geriatric patients and also
patients with pharmacogenetic polymorphism. Furthermore, it can address the needs of these
patient groups in terms of swallowability and taste. Besides other benefits, 3D printing can also
be considered environmentally friendly due to low amounts of waste [7].

Among the above-mentioned 3D printing techniques, FDM 3D printing is the most widely
explored technology for the production of patient-specific dosage forms due to the relatively
straightforward, solvent free procedure, its versatility and speed, and also the inexpensive
equipment [7-9]. Prefabricated extrudates processed by hot-melt extrusion serve as feedstock
material for the 3D printing process (Figure 1) [5,10].

dosing powder blend
in-line diameter ) [
measurement module .
3D printer
die : C c
twin-screw ‘ }] (:0 D D
conveyer belt winder &
filament 3D printed tablet

Figure 1. lllustration of the two heat-intensive processes for the manufacturing of 3D printed tablets by HME and
FDM (modified from [9]).

Previous publications have demonstrated that thermally stable drugs could be extruded into
extrudates with different polymers and processed into 3D printed dosage forms using FDM 3D
printers. Due to the increased interest in 3D printed dosage forms, the behavior of thermo-
sensitive drugs, including biological agents, during the 3D printing process warrants attention
[7]. The world health organization (WHOQO) defines a time- and temperature-sensitive
pharmaceutical product (TTSPP) as “Any pharmaceutical good or product which, when not
stored or transported within predefined environmental conditions and/or within predefined time
limits, is degraded to the extent that it no longer performs as originally intended.” [11]. Although
this definition usually refers to the storage in a refrigerator, do Pazo-Oubifia et al. (2021) stated
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that this definition can also be applied to drugs which degrade during the 3D printing process
due to the high printing temperature or UV light/beams [12].

Reduction in hot-melt extrusion and 3D printing temperatures is the most promising approach
to reduce drug degradation. So far, the following efforts have been made on the fabrication of
3D printed tablets at lower temperatures. Okwuosa et al. (2016) produced patient-specific
immediate release tablets with either the active ingredient theophylline or dipyridamole.
Besides the active ingredients, the polymer polyvinylpyrrolidone (PVP), the plasticizer triethyl
citrate and the filler talc were used to achieve a lower FDM 3D printing at a temperature of
110 °C [13]. Kempin et al. (2018) also printed immediate release tablets with the model drug
pantoprazole sodium at temperatures below 100 °C. Five different pharmaceutical grade
polymers, poly vinylpyrrolidone (PVP K12), polyethylene glycol 6000 (PEG 6000), Kollidon®
VA 64, polyethylene glycol 20,000 (PEG 20,000) and poloxamer 407, were hot-melt extruded
and then printed to tablets at lower temperatures [14]. Kollamaram et al. (2018) investigated
the two immediate release polymers, Kollidon® VA 64 and Kollidon® 12 PF, for the FDM 3D
printing of ramipril at lower temperatures. It could be extruded at 70 °C and printed into tablets
at a temperature of 90 °C. Kollidon® VA 64 and Kollidon® 12 PF were also demonstrated to be
suitable for printing the drug 4-aminosalicylic acid (4-ASA), which shows degradation in FDM
3D printing in previous studies [15]. Manini et al. (2022) created long-acting implantable
dosage forms with the heat-sensitive drug paliperidone palmitate. Different formulations
consisting of polylactic acid (PLA) and poloxamer 188, PLA and PEG 2.000 or PLA and
ethylene-vinyl acetate (EVA) were extruded at 180 °C and printed at 150 °C [6]. Sadia et al.
(2018) produced 3D printed bilayer antihypertensive tablets with the active ingredient
hydrochlorothiazide and enalapril maleate and combined both in a single bilayer tablet by using
a dual FDM 3D printer [16].

For the present study, we selected enalapril maleate, an angiotensin-converting enzyme
inhibitor (ACEI), as model drug for the investigations of thermal stress during the 3D printing
process. Enalapril maleate has a peptidomimetic structure and is therefore highly thermo-
sensitive. Additionally, antihypertensive substances like enalapril maleate are of particular
importance for the use in personalized medicine because a slow titration of the dosage is
frequently necessary [17]. Antihypertensives are among the most commonly used drugs in
3D printing formulations, along with anti-inflammatory and analgesic drugs [18]. Regarding the
therapeutic regimen for the active ingredient enalapril maleate, the dosage range for the
treatment of hypertension in adults is between 2.5 mg and 40 mg. For children, the dose should
be adjusted to the body weight [17].

In a previous publication, suitable process conditions and formulations with the polymers
Soluplus® and Eudragit® E PO were investigated for hot-melt extrusion of enalapril maleate.
At certain suitable process conditions, it showed minimal to no degradation of the active
ingredient compared to other polymers. An interaction between drug and Eudragit® E PO let
to stabilization of the drug [19].

Therefore, the aim of this work is to investigate the consecutive drug printing of the HME
filaments via FDM. The nozzle diameter, the printing temperature, and the printing speed were
examined as factors to keep thermal degradation of the peptidomimetic drug enalapril maleate
as minimal as possible.
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2. Materials and Methods
2.1. Materials

Enalapril maleate was purchased from Azelis (Sankt Augustin, Germany) and manufactured
by Zhejiang Huahai Pharmaceutical Industry (Zhejiang, China). Polyethylene oxide (PEO)
Mw 100,000 (POLYOX™ WSR N10) was kindly provided by DuPont Nutrition & Biosciences
(Neu-Isenburg, Germany). Soluplus® (SOL) was kindly provided by BASF (Ludwigshafen,
Germany). Basic butylated methacrylate copolymer (bPMMA, Eudragit® E PO) and fumed
silica (SiO2, Aerosil® 200 V/V Pharma) were kindly provided by Evonik (Essen, Germany).
Enalapril maleate United States Pharmacopoeia (USP) Reference Standard were purchased
by Eurofins PHAST GmbH (Homburg, Germany). Enalapril diketopiperazine (DKP) was
purchased from LGC Standards GmbH (Wesel, Germany). Other chemicals were of reagent
grade.

2.2. Preparation of Drug Loaded Extrudates

Hot-melt extrusion was carried out in our previous paper for the production of extrudates with
the preferred formulations with a drug load of 10 % enalapril maleate at reduced temperature
of 100 °C and additionally for formulation F2 at 70 °C (Table 1) [19]. HME was repeated for
formulation F2 at 70 °C as the lowest possible extrusion temperature for the production of a
sufficient number of 3D printed tablets for the printing study.

Table 1. Formulation composition for the production of HME extrudates.

Formulations API (%) Matrix (%) Plasticizer (%) Glidant (%)
F1 EM 10 SOL 4475 PEO 44.75 SiO; 0.5
F2 EM 10 bPMMA 44 PEO 44 SiO2 2.0

Briefly, a Leistritz ZSE 12 extruder was used with either a ZD 5 FB gravimetric feeder
(Three-Tec, Seon, Switzerland) or a volumetric feeder (Brabender MT-S-HYD, Brabender,
Duisburg, Germany). Both formulations were dosed with a feed rate of 100 g/h.

2.3. 3D Printing of Enalapril Maleate Tablets

The drug-loaded extrudates used as a substrate for FDM printing were printed into tablets
using an i3 Mk3 printer (Prusa Research; Czech Republic). The tablet geometry was designed
using Autodesk Fusion 360 (Mill Valley, CA, USA) and then sliced using the PrusaSlicer
(PRUSA Research; Hradec Kralové; Czech Republic). The extrudates were printed with two
different nozzle diameters of 0.4 mm and 0.6 mm at nozzle temperatures of 180 °C and
190 °C and a print bed temperature of 35 °C with printing speeds of 30 mm/s, 60 mm/s and
90 mm/s. A cylindrical geometry (diameter: 6.8 mm and height: 2.4 mm) was selected to obtain
tablets with a dose of 10 mg with a drug loading of 10% enalapril maleate in the extrudates.
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2.4. Scanning Electron Microscopy (SEM) Imaging

Morphology of extrudates and 3D printed tablets of formulation F2 based on bPMMA extruded
at 70 °C was examined using Zeiss Scanning Electron Microscope Leo 1430 VP
(Zeiss, Germany). Samples were sputtered with a thin gold layer. The measurements were
done under vacuum at a working voltage of 5-10 kV. The surface of the extrudates and tablets
as well as the surface side view of 3D printed tablets were visualized.

2.5. Solid State Analysis
2.5.1. DSC Analysis

Thermo analysis of starting materials, physical mixtures as well as extrudates and tablets was
performed using differential scanning calorimetry (DSC) (DSC 1, Mettler-Toledo, Giessen,
Germany). Samples were heated at 10 °C / min over the temperature range of 20 °C to
200 °C for the active ingredient enalapril maleate and of 20 °C to 160 °C for the physical
mixtures, extrudates and tablets.

2.5.2. X-ray Diffractometer (XRD)

XRD analysis was carried out for starting materials, extrudates and tablets using a Rigaku
Miniflex diffractometer in ©/20 geometry at ambient temperature using Cu-Ka radiation
(© =1.54182 A). Scans were performed from 206 = 2° to 50° in 0.01° steps.

2.6. Drug Content of Extrudates and 3D Printed Tablets

A 3D printed tablet or a section of a drug-loaded extrudate (approximately 0.1 g) was placed
in a 100 mL volumetric flask and dissolved in 100 mL of a mixture of acetonitrile and
1 mM potassium dihydrogen phosphate buffer (50/50, v/v). Samples of the solutions were then
filtered through a 0.45 um nylon filter. An Elite LaChrom system consisting of L-2200 automatic
sampler, L-2130 high pressure pump, L-2300 column oven and L-2400 UV detector was used
(all Hitachi-VWR, Darmstadt, Germany). Chromatographic separation of enalapril maleate and
possible degradation products were carried out on a XBridge C18 column [3.0 x 150 mm,
3.5 ym (Waters, Germany)]. After injection of 30 pyL sample solution the samples were
separated with the aid of a gradient using a mobile phase of acetonitrile and 1 mM potassium
dihydrogen phosphate buffer pH 3.0 (Table 2). The flow rate was 1.0 mL/min and the column
temperature was maintained at 65 °C. The eluent was screened at a wavelength of 215 nm.
The run time was set to 15 min. n = 10 samples were measured and mean = SD are shown in
the discussion. As described in [19], the identification and quantification of enalapril maleate
and related substances was ensured with the help of reference standards. Selectivity was
achieved by spiking enalapril maleate CRS solution with the other related substances.
The limit of detection (LOD) was determined to be 19.4 ng/mL and the limit of quantification
(LOQ) to be 58.7 ng/mL. Linearity was demonstrated in each case with an R? > 0.999 for the
content uniformity in a concentration range from 60 to 140 pg/mL and for the dissolution study
in a concentration range of 0.2 to 12 pg/mL. The accuracy of the content determination in the
samples was verified by using enalapril maleate USP reference standard and enalapril
diketopiperazine standard with known contents. The determination of the content of enalapril
diketopiperazine was done by external calibration and was freshly prepared for the analyses.
Precision, determined as repeatability, for enalapril was ensured with a coefficient of variation
(CV) of 0.74 %.
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Table 2. Gradient for the separation of enalapril and related substances.

Time (min) Acetonitrile (% v/v) Buffer (% v/v)
0-1.0 2 98
1.0-1.2 225 98 — 75
1.2-5.0 25 75
50-75 25 - 40 75 — 60
75-9.0 40 —» 75 60 — 25
9.0-11.0 75— 95 25-5
11.0-12.5 95 5
125-12.6 95 -2 5— 98
12.6 - 15.0 2 98

2.7. Dissolution

An in vitro drug release study was carried out using USP type | apparatus (AT7 Smart, Sotax,
Aesch, Switzerland) at 37 °C % 0.5°C with rotating speed of 50 rpm in 900 mL
0.1 N hydrochloric acid (n = 3, mean + SD). The amount of ENP and DKP was quantified by
HPLC.

3. Results
3.1. Hot-Melt Extrusion and 3D Printing of Tablets

A thorough discussion of the formulation composition and adjusting the critical process
parameters of the extrusion process can be found in our previous paper [19]. The obtained
extrudates from formulations made from SOL and bPMMA are looking flexible for the
subsequent 3D printing process. Cylindrical tablets were printed at nozzle temperatures of
180 °C and 190 °C and a print bed temperature of 35 °C.

3.2. Scanning Electron Microscopy (SEM) Imaging

SEM images of formulation F2 extruded at 70 °C are shown in Figure 2a,b and display the
surface of an extrudate and a 3D printed tablet. The layer-by-layer structure and the texture of
the 3D printed tablet can be seen in Figure 2c,d. Tidau et al. (2019) investigated the surface
of PEO-based extrudates and described the surface appearance as an octagonal structuring
[20]. This structuring indicated the crystalline part of the semi-crystalline polymer PEO of which
the crystal structure was investigated by Takahashi et al. (1973) [21].
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Figure 2. SEM images of the extrudate surface (a), tablet surface (b) and tablet side view (c,d) of the formulation
containing bPMMA extruded at 70 °C.

3.3. Solid State Analysis
3.3.1. Thermo Analysis

Differential scanning calorimetry (DSC) analysis of enalapril maleate starting material and
physical mixtures showed an endothermic peak at 153 °C (Figure 3a) [22,23]. However, the
peak was not present in the extrudates and 3D printed tablets of the two different formulations
indicating the absence of crystalline enalapril maleate. Therefore, enalapril maleate or its
degradation product seems to be in an amorphous state in the extrudates and 3D printed
tablets [16]. The semi-crystalline PEO also depicts an endothermic event with an onset at
approximately 62 °C and a peak at 68 °C which can be seen in the physical mixture, extrudates
and tablets (Figure 3b-d) [20].
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Figure 3. DSC thermograms of the starting materials (a), the formulation containing SOL extruded at 100 °C (b)
and the formulation containing bPMMA extruded at 100 °C (c) and at 70 °C (d), respectively.

3.3.2. X-ray Diffractometer (XRD)

In addition to the DSC analysis, XRD analysis was performed to investigate changes in the
crystallinity of enalapril maleate starting material and the physical mixtures in comparison to
the extrudates and 3D printed tablets for both formulations.

Enalapril maleate showed a crystalline structure with characteristic peaks at 5.3°, 8.1°, 10.5°,
15.7°, 21.5°, 24.9° and 31.6° as previously described by Ramirez-Rigo et al. (2014) [24]
(Figure 4a,b). For the polymers SOL (Figure 4a) and bPMMA (Figure 4b) no peaks were
present due to the amorphous nature of these polymers. Polyethylene oxide exhibited two
diffraction peaks at 19.0° and 23.2° (Figure 4a,b) [25]. In the physical mixtures of both
formulations the characteristic peaks from enalapril maleate could be observed. The examined
extrudates and 3D printed tablets revealed no crystalline active ingredient, only the crystalline
parts of PEO were visible in the diffractograms. Furthermore, no differences in the physical
state were found between the two formulations with SOL (Figure 4a) and bPMMA (Figure 4b)
after extrusion at 100 °C [19] and FDM 3D printing at 180 °C. Reducing the extrusion
temperature of the bPMMA formulation to 70 °C was also sufficient to fully convert enalapril
maleate to the amorphous state (Figure 4b).

DSC and XRD measurements both demonstrate that enalapril maleate is in amorphous form
in the extrudates and 3D printed tablets of both formulations.
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Figure 4. X-ray diffractograms of the formulation containing SOL extruded at 100 °C (a) and the formulation
containing bPMMA extruded at 100 °C and 70 °C (b), respectively.

3.4. Drug Content of Extrudates and 3D Printed Tablets

The content of enalapril and degradation products in extrudates and 3D printed tablets were
analysed as described in Section 2.6. The diketopiperazine derivative (DKP, Impurity D), which
is described as the intramolecular cyclization product of enalapril [19], was found to be the
main and the only degradation product in both the extrudates and the 3D printed tablets of the
formulations (Figure 5).
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Figure 5. lllustration of the conversion of enalapril maleate to Impurity D at elevated temperatures.

Content data after extrusion has been discussed in our paper [19]. For formulation F1 it was
observed that the content of enalapril in the extrudates extruded at 100 °C was
94.83 + 1.72% after extrusion [19] and decreased after the FDM 3D printing process to
48.34 + 2.69% (Figure 6). DKP was formed during both heat-intensive processes. A content
of 7.54 + 0.24% DKP was determined in the extrudates [19] and 46.84 £ 4.65% in the 3D
printed tablets (Figure 6).

For formulation F2 extruded at a temperature of 100 °C, the content of enalapril was
98.44 + 0.30% [19]. After 3D printing, the content of enalapril decreased to 73.01 £ 1.91%
(Figure 6). Again, the degradation of enalapril is accompanied by an increase in the content of
the DKP. A total of 2.83 + 0.09% DKP was found in the extrudates [19], whereas
26.48 1 0.92% DKP was formed during the FDM 3D printing process (Figure 6).
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Figure 6. lllustration of the enalapril and diketopiperazine derivative contents after 3D printing for the formulation
containing SOL and the formulation containing bPMMA extruded at 100 °C and printed at 180 °C (n = 10, mean %
SD).

Comparing both formulations, a higher drug content was found for formulation F2 with the
polymer bPMMA under the same process conditions during hot-melt extrusion and FDM 3D
printing. This could be explained with the stabilizing effect of the basic polymer bPMMA in
comparison to the neutral polymer SOL as described in [19]. This demonstrates the impact
formulation constituents may have on the degradation of drugs. Formulation F2, which was
also extruded at a temperature of 70 °C and repeated again, revealed an enalapril content of
99.75 £ 0.32% compared to 101.72 £ 1.65% as already has been shown in our previous paper
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[19]. After 3D printing, 82.21 + 1.21% enalapril was recovered (Figure 7). A small amount with
0.68 £ 0.03% DKP was found in the extrudates and 17.86 £ 0.77% in the 3D printed tablets.
Thus, FDM 3D printing at 180 °C had the main influence on the degradation of the active
ingredient. However, printing at lower temperatures was not possible, most likely due to high
melt viscosity of both formulations.
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Figure 7. lllustration of the enalapril and diketopiperazine derivative contents after extrusion and 3D printing for the
formulation containing bPMMA extruded at 70 °C and printed at 180 °C (n = 10, mean % SD).

Different strategies to reduce degradation were investigated. Tablets were originally printed at
a printing speed of 30 mm/s and higher printing speeds were used to investigate if shorter
residence times had an influence on degradation, as an exponential decrease in printing time
with higher printing speed has been reported [26]. A larger nozzle diameter should enable
higher material flow while reducing shear forces, potentially resulting in shorter residence times
and less degradation. Tablets were also printed at a higher nozzle temperature of 190 °C to
investigate if decreased melt viscosity would allow for higher printing speeds and shorten the
residence time. Lastly it was investigated, if lower infill levels enabled quicker cooling and
reduced degradation.

Therefore, ten tablets were printed with nozzle diameters of 0.4 mm and 0.6 mm at
temperatures of 180 °C and 190 °C and 35 °C print bed temperature with printing speeds of
30 mm/s, 60 mm/s, and 90 mm/s and the content of enalapril and the diketopiperazine
derivative was determined.

Surprisingly, a slight decrease of enalapril content was observed with a nozzle diameter of
0.4 mm and increasing printing speed. This was observed at printing temperatures of 180 °C
and 190 °C (Table 3). At 180 °C and a printing speed of 30 mm/s, 85.55 + 1.48% enalapril
were recovered whereas the content of enalapril at the highest printing speed of 90 mm/s was
79.97 £ 1.80%. Tablets printed at 190 °C and 30 mm/s had a drug content of 78.47 £ 0.77%.
At a printing speed of 90 mm/s, only 74.98 £ 1.47% enalapril was found. The decrease in the
content of enalapril for the 0.4 mm nozzle at higher printing speeds may be explained with
increased back pressure during 3D printing at the same temperature, which might lead to more
back-mixing. Furthermore, it could be observed that a higher nozzle temperature always led
to a higher degradation of enalapril in the 3D printed tablets (Table 3).
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Table 3. Enalapril (ENP) and diketopiperazine derivative (DKP) contents in the FDM printed tablets with a nozzle
diameter of 0.4 mm printed at 180 °C (a) and 190 °C (b) with different printing speeds (n = 10, mean = SD).

Temperature Printing speed [mm/s]
[°C] 30 60 90
ENP DKP ENP DKP ENP DKP
180 85.55 15.55 82.83 16.33 79.97 19.89

+ 1.48% +0,87% + 1.58% + 0.94% +1.80% +1.12%

78.47 21.55 77.02 22.11 74.98 24.37

190 £0.77%  +0.75%  +0,89%  +0.59%  +1.47%  +0.99%

Using a nozzle diameter of 0.6 mm resulted in a small increase of enalapril content at a printing
temperature of 180 °C with increasing printing speed (Table 4). A total of 79.40 £ 0.64%
enalapril was found in the 3D printed tablets at 30 mm/s and 84.41 + 1.30% at 90 mm/s.
This could be explained due to a shorter residence time and heat exposure during printing.
At 190 °C, 79.27 + 1.36% enalapril was found at 30 mm/s and 79.24 + 0.98% at 90 mm/s.
No increase in the content could be observed at a temperature of 190 °C. At a printing speed
of 60 mm/s, a lower content of 75.32 £ 1.53% was observed. Comparable to printing with the
0.4 mm nozzle, a lower content was found for all printing speeds at a higher temperature.

Table 4. Enalapril (ENP) and diketopiperazine derivative (DKP) contents in the FDM printed tablets with a nozzle
diameter of 0.6 mm printed at 180 °C (a) and 190 °C (b) with different printing speeds (n = 10, mean * SD).

Temperature Printing speed [mm/s]
[°C] 30 60 920
ENP DKP ENP DKP ENP DKP
180 79.40 18.39 79.91 18.69 84.41 15.10

+ 0.64% + 0.54% +0.81% + 0.60% +130% *£0.71%

79.27 21.43 75.32 24.66 79.24 21.63

190 +136%  +0.66% +153% +128%  +098%  +0.54%

F- and t-tests (o = 0.05) were performed for recovery rates of enalapril printed at 30 mm/s and
90 mm/s to explore whether differences were significant at both temperatures, both nozzle
diameters and between the highest printing speed at 190 °C. The analysis showed that for the
0.4 mm nozzle, there were significant differences in the content between the printing speeds
30 mm/s and 90 mm/s at both temperatures. For the 0.6 mm nozzle, the differences were
significantly different only at a temperature of 180 °C. A comparison between the two nozzles
for the highest printing speed of 90 mm/s also showed significant differences.

In summary, the investigations into the influence of the nozzle diameter and the printing speed
showed that the highest amount of enalapril was found for the 0.4 mm nozzle at a nozzle
temperature of 180 °C and a printing speed of 30 mm/s (85.55 + 1.48%). Nonetheless, utilizing
a larger nozzle diameter of 0.6 mm and a printing speed of 90 mm/s, printing times were
reduced without sacrificing accuracy, as demonstrated by the not significantly lower but
uniform drug content of 84.41 £ 1.30%.

In addition to 3D printing of tablets with 100% infill, the influence of reduced infill and other
contours on content of enalapril should also be investigated. Tablets were printed with a nozzle
diameter of 0.4 mm. Therefore, besides the cylindrical tablets with 100% infill (Figure 8a),
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tablets were printed with reduced infill (25% and 20%) and only one contour (n = 3, mean
+ SD) (Figure 8b,c). Infills appear to deviate more than 5% in Figure 8 because of the
visualization in the slicer software.

(a) (B

Figure 8. Design of different 3D printed tablets of the formulation containing bPMMA extruded at 70 °C with
100 % infill (a), and reduced infill of 25 % (b) and 20 % (c).

With another design (Figure 8b), the content of enalapril was 78.20 £ 0.42% (n = 3, mean
+ SD) and the content of the diketopiperazine derivative 22.74 + 0.54% (n = 3, mean + SD)
in the tablets. This did not show a higher content of enalapril despite reduced infill. The infill
was further reduced to 20% and straight infill was chosen (Figure 8c). To achieve the same
tablet weight of 100 mg, the tablet geometry had to be adjusted to a diameter of 9.6 mm and
a height of 3.4 mm. The content of enalapril in these tablets was 81.93 £ 2.85% (n = 3, mean
1 SD), whereas 19.27 + 2.33% (n = 3, mean = SD) diketopiperazine derivative was formed.

Compared to the 3D-printed tablets with 100% infill, no higher content has been found by
printing more flexible structures with reduced infill or varying infill pattern.

3.5. Dissolution

In addition to the content, the release behavior of enalapril and DKP (Figure 9) from the
bPMMA tablets extruded at 70 °C with 100% infill was also investigated compared to the
extrudates which was already shown in [19]. As expected, fast drug release was observed.
Due to the decrease of enalapril content in the tablets and the formation of the DKP, only
35.62 + 5.52% enalapril and 14.78 + 1.52% DKP were dissolved in the tablets after 30 min
[27]. After 180 min, 68.85 + 1.86% enalapril and 30.34 + 0.72% DKP were released.
However, despite the degradation of enalapril in the tablets, enalapril was almost completely
released from the tablets which is shown by the formation of the calculated sum of ENP and
DKP (Figure 9). The sum, which was formed from the mean values of the individual curves of
both substances, amounts to 99.18% after 180 min.
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Figure 9. In vitro dissolution profiles of ENP and DKP from bPMMA tablets (n = 3) as well as the calculated sum of
ENP and DKP, pH 1.2 buffer solution, USP Apparatus 1-basket, 37 °C, 50 rpm.

4, Conclusions

In this study, we investigated the thermal degradation of the peptidomimetic drug enalapril
maleate in FDM 3D printing in two different formulations. Data showed that enalapril maleate
was amorphous in extrudates and tablets of both formulations. Processed at 100 °C, a higher
content of enalapril was observed in bPMMA-based extrudates compared to SOL-based
extrudates. The same order was observed in tablets 3D printed at 180 °C, but the observed
difference was larger. Enalapril maleate degraded more strongly during the 3D printing process
in the formulation with SOL than in the formulation with bPMMA. The main thermal degradation
product found in extrudates and 3D printed tablets was the diketopiperazine derivative
(Imp-D). The lower degradation of enalapril maleate with bPMMA could be explained by a
cation-anion interaction of enalapril with the basic bPMMA [19]. Degradation in extrudates
could be avoided using bPMMA at an extrusion temperature of 70 °C. In FDM, a higher
temperature gradient between nozzle and filament is necessary to plasticise the filament in the
comparably short residence time and degradation was observed in all experiments. Selecting
a larger nozzle diameter and higher printing speeds as well as varying the infill did not result
in reduced degradation of the drug in the 3D printed tablets.

To our knowledge, this is the first study that not only investigates the extent of degradation of
a thermo-sensitive drug during 3D printing but also quantifies both, the drug and also the
resulting degradation product. This study revealed that despite selection of suitable polymers,
FDM 3D printing with a commercial 3D printer is not feasible for the peptidomimetic enalapril
maleate without degradation. Our study highlights one of the drawbacks of FDM 3D printing,
as it excludes therapeutic important active ingredients such as enalapril maleate, which is
especially important for pediatric care. It also demonstrates the need for the development and
implementation of good manufacturing practice (GMP) compliant FDM 3D printers, designed
to reduce the temperature stress during 3D printing. These could offer new opportunities for
this important class of drugs. Enabling 3D printing with such drugs would be beneficial for
personalized treatments.
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Abbreviations

ACEI angiotensin-converting enzyme inhibitor
BJ binder jetting

bPMMA  basic butylated methacrylate copolymer
Ccv coefficient of variation

DKP diketopiperazine derivative

DSC Differential Scanning Calorimetry

EM enalapril maleate

ENP enalapril

EVA ethylene-vinyl acetate

HME hot melt extrusion

HPLC High Performance Liquid Chromatography
FDM fused deposition modeling

GMP good manufacturing practice

Imp impurity

LOD limit of detection

LOQ limit of quantification

PEG polyethylene glycol

PEO polyethylene oxide

PF Pyrogen-free

PLA polylactic acid

PVP polyvinylpyrrolidone

SD standard deviation

SEM Scanning Electron Microscopy

SiO2 fumed silica

SLA stereolithography

SLS selective laser sintering

SOL Soluplus

SSE semi-solid extrusion

TTSPP time- and temperature-sensitive pharmaceutical product
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USP United States Pharmacopeia

uv ultraviolet

VA poly(vinylpyrrolidone-vinyl acetate)-copolymer

WHO World Health Organization

XRD X-ray diffractometer
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Pretext

In Chapter 5, the physical and chemical stability of the thermo-sensitive enantiomeric drug
escitalopram oxalate (ESC-OX) during HME and FDM 3D printing was investigated.
Three different formulations consisting of escitalopram with a drug load of 10 % and the
polymers HPMC and bPMMA were processed into extrudates by HME and subsequently
3D printed tablets were produced by FDM 3D printing. Depending on the polymer matrix used,
the aim was to investigate both the physical state of the active ingredient using DSC and XRD
and the chemical stability using HPLC. Therefore, the content of ESC-OX and its degradation
products was determined on the achiral column. In addition, due to the chiral structure of
ESC-OX, a potential conversion to the R-enantiomer during these two processes was
investigated. The stability in solution was also assessed. Comparative studies were conducted
with the commercially available Cipralex® film-coated tablets.
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Investigation of the degradation and in-situ amorphization of the enantiomeric drug
escitalopram oxalate during Fused Deposition Modeling (FDM) 3D printing
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Abstract

Hot-melt extrusion (HME) and subsequent FDM 3D printing offer great potential opportunities
in the formulation development and production of customized oral dosage forms with poorly
soluble drugs. However, thermal stress within these processes can be challenging for thermo-
sensitive drugs. In this work, three different formulations were prepared to investigate the
degradation and the solid state of the thermo-sensitive and poorly soluble drug escitalopram
oxalate (ESC-OX) during the two heat-intensive processes HME and FDM 3D printing. For this
purpose, hydroxypropyl methyl cellulose (HPMC) and basic butylated methacrylate copolymer
(bPMMA) were chosen as polymers. DSC and XRD measurements revealed that ESC-OX is
amorphous in the HPMC based formulations in both, extrudates and 3D printed tablets.
In contrast, in-situ amorphization of the drug from crystalline state in bPMMA filaments was
observed during FDM 3D printing. With regard to the content, it was found that degradation of
ESC-OX in extrudates with bPMMA could be avoided and in 3D printed tablets almost fully
reduced. Furthermore, a possible conversion into the R-enantiomer in the formulation with
bPMMA could be excluded using a chiral column. Compared to the commercial product
Cipralex®, drug release from extrudates and tablets with bPMMA was slower but still qualified
as immediate drug release.

Keywords: hot-melt extrusion; FDM 3D printing; thermal degradation; solid-state analysis;
escitalopram oxalate; personalized medicine.
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1. Introduction

Fused deposition modeling (FDM) 3D printing is an additive manufacturing technique, which
is widely explored in pharmaceutics for the production of personalized dosage forms (Khalid
and Billa, 2022). It offers the opportunity to manufacture dosage forms with an individual dose
and desired release profile on-demand in short time. Therefore, the dose can be adapted to
the special needs of the patients (Awad et al., 2018; Konta et al., 2017; Fernandez-Garcia et
al., 2020; Windolf, et al. 2022) as well as the needs of pediatric and geriatric patients (Scoutaris
et al., 2018; Krause et al., 2021; Hoffmann et al., 2022a). This becomes increasingly important
in personalized medicine (Goyanes et al.,, 2017; Varghese et al.,, 2022) and can also be
beneficial in pandemic situations when shortages are present (Khalid and Billa, 2022).

To meet the growing interest in FDM 3D printed dosage forms, hot-melt extrusion can be
applied for the production of filaments, the feed stock material for the subsequent 3D printing
process (El Aita et al., 2018, Hoffmann et al., 2022b). HME, as an upstream process, can be
considered as preferred method for the preparation of amorphous solid dispersions (ASDs)
which can improve the solubility of poorly soluble drugs (Pawar et al., 2016; Tan et al., 2020).
Besides the solubility enhancement of BCS class Il and IV drugs, HME can improve
bioavailability and dissolution rate (Douroumis, 2012; Kanauijia et al., 2015). This becomes a
major concern in the pharmaceutical industry, because 40 % of approved medicines and up to
90 % of drugs in the discovery pipeline are poorly water soluble (Hiew et al., 2022; Kalepu and
Nekkanti, 2015).

The production of amorphous solid dispersions should overcome this problem by converting
the drug from the crystalline state to the amorphous state (Grohganz et al., 2013).
However, the amorphous drug must be stabilized in a (polymer) matrix, prolonging the stability
of the amorphous state and preventing recrystallization (Holm et al., 2022). Therefore, the
combination of hot-melt extrusion followed by FDM 3D printing should enable the possibility to
improve on the one hand, the solubility issues and, on the other hand, the production of
customized 3D printed oral dosage forms with poorly soluble drugs. This is beneficial because
oral dosage forms are still the preferred choice due to their ease of administration (Alhnan et
al.,, 2016; Wang et al., 2022). Nevertheless, the combination of the two processes, hot-melt
extrusion and FDM 3D printing, also have drawbacks. Thermo-sensitive drugs are subjected
to high temperatures twice (Khalid and Billa, 2022).

Hence, the processing of thermo-sensitive drugs can be challenging (Abdella, et al. 2021;
Kempin, et al. 2018). The first investigations were conducted by Goyanes et al. (2015), who
explored the thermal degradation of 5-aminosalicylic acid (5-ASA) and 4-aminosalicylic acid
(4-ASA) from previously made filaments during FDM 3D printing. It was shown that the
degradation of the active ingredients during FDM 3D printing at a temperature of 210 °C was
drug dependent. 4-aminosalicyclic acid, which initially melts and then decomposes at a
temperature between 130 to 145 °C, degraded to 50 %, while the drug 5-aminosalicylic acid
was stable with a melting temperature of 278 to 279 °C. Kollamaram et al. (2018) prepared
filaments with the model drug ramipril, which has a low melting temperature of 109 °C, and the
two immediate release polymers Kollidon VA 64 and Kollidon 12 PF via hot-melt extrusion at
a temperature of 70 °C. They used them as feedstock material for the production of 3D printed
tablets via FDM 3D printing at a temperature of 90 °C. Kempin et al. (2018) investigated the
drug pantoprazole sodium, which is not only thermo-labile but also acid-labile during both heat-
intensive processes HME and FDM. A thermal degradation of the active ingredient was
observed during dual extrusion printing with a cellulose acetate phthalate coating and a tablet
core of polyethylene glycol 6.000 at a printing temperature of 141 °C. After development of
different tablets designs, the design of a tablet coating with a gastro-resistant cellulose acetate
phthalate bottom part and an upper, nearly insoluble polycaprolactone part resulted in a
printing temperature of 58 °C and no signs of degradation. Furthermore, Manini et al. (2022)
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produced implants with the heat-sensitive active ingredient paliperidone palmitate below a
temperature of 180 °C to avoid thermal degradation, due to the degradation temperature at
approximately 180 °C and investigate the stability of the solid state and the release behavior
of the implants over three months. Until now, the possibility of thermally induced racemization
has not been investigated.

For the present study, we selected the chiral drug ESC-OX as model drug for the investigations
of both the thermal instability and also the solid state during hot-melt extrusion and FDM 3D
printing. ESC-OX is a selective serotonin (5-HT) reuptake inhibitor (SSRI) which is used for
the treatment of major depressive disorder (MDD) and several anxiety disorders (Jagtap and
Bhaskar, 2013). According to the WHO, mental disorders, with anxiety and depressive
disorders as most common, affected approximately 970 million people in 2019 (Institute of
Health Metrics and Evaluation. Global Health Data Exchange (GHDx), 2022). From these,
301 million people suffered from anxiety disorder and 280 million people suffered from
depression (Institute of Health Metrics and Evaluation. Global Health Data Exchange (GHDXx),
2022). Due to the COVID-19 pandemic, the Global Burden of Disease (GBD) 2020 estimated
that the number of people suffering from these diseases increased significantly by 25.6 % and
27.6 % respectively within one year (Santomauro et al., 2021). SSRIs are considered as first-
line treatment in antidepressant medication (Waugh and Goa, 2003) and are characterized by
good tolerability due to the high selectivity and low interaction potential compared to other
antidepressants (Kirino, 2012; O'Donnell and Shelton, 2015). Escitalopram (ESC) is the
S-stereoisomer of racemic (R,S) citalopram (Fig. 1) (Pinto et al., 2018) and has been shown
to have greater efficacy than the racemate citalopram while being equally well tolerated
(Cipriani et al., 2009; Gartlehner et al., 2011; Cipriani et al., 2009).

* HOOC-COOH

Fig. 1. Structural formula of ESC-OX.

ESC-OXiis listed on the WHO Model List of Essential Medicines (WHO, 2021) and is marketed
by Lundbeck GmbH under the trade names Cipralex® and Lexapro® (Akay et al., 2021). It is
administered orally, with the dose equal to the free base (Akay et al., 2021). Although the
oxalate salt is administered, the drug belongs to the BCS class Il drugs with low solubility and
high permeability (Akay et al., 2021). In addition to the poor solubility, ESC-OX also shows a
pronounced pH instability in basic solution (Rao, et al., 2008; Dhaneshwar et al., 2008).

Thus, the main aim of this work was to investigate the thermal degradation of the
thermo-sensitive and base-labile antidepressant ESC-OX and its degradation products during
hot-melt extrusion and FDM 3D printing depending on a neutral and basic polymer matrix used.
This also includes the investigations of a possible conversion of the enantiomer S-Citalopram
into R-Citalopram during these two heat-intensive processes. Formulation development was
carried out to prevent degradation of ESC-OX leading to the optimized formulation F3.
Besides the chemical stability, the physical state of ESC-OX embedded in the different polymer
matrices during HME and FDM 3D printing was examined. Lastly, the optimized formulation
with the polymer bPMMA was compared with the commercially available Cipralex® 10 mg film-
coated tablets regarding the physical state, the purity as well as dissolution.
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2. Materials and methods

2.1 Materials

ESC-OX was purchased from F. & A. Pharma-Handels-GmbH (Marl, Germany) ex Micro Labs
Limited (Bangalore, India). Hypromellose (HPMC, Affinisol™ HPMC HME 15 LV) and
polyethylene oxid Mw 100.000 (PEO, Polyox™ WSR N10) were kindly provided by DuPont
Nutrition & Biosciences (Neu-lsenburg, Germany). Basic butylated methacrylate copolymer
(bPMMA, Eudragit® E PO) and fumed silica (Aerosil® 200 V/V Pharma) were kindly provided
by Evonik (Essen, Germany). Polyethylene glycol (PEG) 6.000 (Polyglykol® 6000 P) was kindly
provided by Clariant (Frankfurt, Germany). ESC-OX United States Pharmacopoeia (USP)
reference standard, R-Citalopram oxalate USP reference standard, Citalopram Related
Compound A USP reference standard (CIT-A), Citalopram Related Compound B USP
reference standard (CIT-B) and Citalopram Related Compound C USP reference standard
(CIT-C) were purchased by Eurofins PHAST GmbH (Homburg, Germany). Citalopram
hydrobromide CRS was purchased at the European Directorate for the Quality of Medicine &
Healthcare (Strasbourg, France).

2.2 Preparation of drug loaded extrudates

Hot-melt extrusion was carried out for the production of extrudates. Extrudates were prepared
with three different formulations (Table 1).

Table 1. Formulation composition for the production of HME extrudates (w/w).

Formulation API (%) Matrix (%) Plasticizer (%) Glidant (%)
F1 ESC-OX 12.78 HPMC 81.72 bPMMA - PEG 6.000 5 SiO2 0.5
F2 ESC-0X 12.78 HPMC 71.72 bPMMA 10 PEG 6.000 5 SiO2 0.5
F3 ESC-0X 12.78 - - bPMMA 42.61 PEO 42.61 SiO2 2.0

To ensure a homogenous powder mixture of each formulation, ESC-OX and the polymers were
separately sieved (355 um) and mixed for 15 min in a turbula mixer (T2F, Willy A. Bachofen,
Switzerland). The higher amount of SiO, in F3 compared to formulation F1 and F2 was used
to improve the flowability of this powder mixture. The formulations were fed with a flat-bottom
powder feeder (ZD 5 FB, Three-Tec, Seon, Switzerland) at a feed rate of 100 g/h into a
co-rotating twin screw extruder (ZSE12 HP-PH, Leistritz, NUrnberg, Germany) with a screw
diameter of 12 mm. Screws with two kneading zones and a die with a diameter of 2 mm were
used. The extrusion temperature profiles are detailed in Table 2. The screw speed was set to
25 rpm in all cases.
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Table 2. Temperature profiles across the different zones of the extruder barrel (°C).

Formulation Zone1 2 3 4 5 6 7 8 Die
F1/F2 20 20 150 150 150 150 150 150 150
F3 20 20 80 80 80 80 80 80 80

Following the extrusion, the extruded strand was cooled and transported with a conveyor belt
(model 846102.001, Brabender, Germany). The desired extrudate diameter of 1.75 mm was
achieved using a belt hauled-off unit of a winder (Brabender, Duisburg, Germany).

2.3 3D printing of ESC-0OX tablets

The extrudates were printed with a 0.4 mm nozzle into tablets using a FDM 3D printer (i3 Mk3,
Prusa Research; Czech Republic). The tablet geometry was designed using Autodesk Fusion
360 (Mill Valley, USA) and then sliced using the PrusaSlicer (PRUSA Research; Hradec
Kralové, Czech Republic). For formulation F1 and F2, the extrudates were printed at 180 °C
nozzle temperature and 65 °C print bed temperature with a printing speed of 30 mm/s.
For formulation F3, the extrudates were printed at 180 °C nozzle temperature and 35 °C print
bed temperature with a printing speed of 30 mm/s. A cylindrical tablet geometry
(diameter: 6.8 mm and height: 2.4 mm) was selected to obtain a 100 mg tablet with a dose of
10 mg and a drug loading of 10 % ESC. All tablets were printed with a layer height of 0.2 mm
and 100 % infill.

2.4 Microscopy

Images of the tablets were taken using a Keyence digital microscope VHX-6000 (Keyence,
Essen, Germany) with a 20x magnification.

2.5 Thermal analysis

For thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG),
ESC-OX was measured using a NETZSCH TG 209F1 Libra (NETSCH, Germany). The sample
was placed in the form of powder in an 85 pL aluminium pan and was then heated from 35 °C
to 600 °C with 10 °C / min heating rate. The thermal decomposition was analyzed using
NETZSCH Proteus Software. The experiments were carried out under nitrogen gas flow of
20 mL / min. Thermal analysis of ESC-OX starting material, related substances, physical
mixtures, extrudates and tablets were performed using differential scanning calorimetry (DSC,
DSC 1, Mettler-Toledo, Giessen, Germany). ESC-OX and related substances were heated at
10 °C / min from 20 °C to 200 °C, whereas plasticizer, physical mixtures, extrudates, and
tablets were heated over the temperature range of 20 °C to 160 °C.

2.6 X-ray diffractometer (XRD)

XRD analysis was carried out for starting materials, extrudates and tablets using a Rigaku
Miniflex 300 diffractometer (Rigaku, Neu-Isenburg, Germany) in ©/20 geometry at ambient
temperature using Cu-Ka radiation (© = 1,54182 A). The amperage was 15 mA and the voltage
40 kV. Scans were performed from 26 = 2° to 50° with 0.01° step width. The scan resolution
was 0.0025 and the scan speed 1.7°/min. The duration of each measurement was 30 min.
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2.7 Polarized light microscopy

Microscopic images were taken using the light microscope DM LB (Leica Microsystems,
Germany) with polarization filter with a 5x magnification. The raw materials ESC-OX and PEO
were measured directly as powders, whereas for the extrudate and 3D printed tablet small
pieces were examined.

2.8 FT-IR spectra measurements

FT-IR spectra measurements were performed to investigate possible interactions between the
active ingredient ESC-OX and the polymers for all self-produced formulations. The raw
materials were measured directly as powders, whereas for the extrudates and tablets, a small
piece of each was cut using a scalpel. Infrared spectra were recorded with a Shimadzu IR
Affinity-1 equipped with an ATR unit (Shimadzu, Germany).

2.9 Assay in extrudates, 3D printed tablets and in solution

A 3D printed tablet (n = 3, mean = SD) or a section of a drug-loaded extrudate (approximately
0.1 g) (n =10, mean + SD) was placed in a 100 mL volumetric flask and dissolved in 100 mL
of a mixture of methanol and 5 mM potassium dihydrogen phosphate buffer pH 3.8 (50/50,
V/V). Samples of the solutions were then filtered through a 0.45 um nylon filter.
An Elite LaChrom system consisting of L-2200 automatic sampler, L-2130 high pressure pump,
L-2300 column oven and L-2400 UV detector was used (all Hitachi-VWR, Darmstadt,
Germany). Chromatographic separation of ESC-OX and related substances were carried out
on an achiral XSelect CSH C18 column [3.0 x 150 mm, 3.5 ym (Waters, Germany)].
After injection of 20 uL sample solution the samples were separated with the aid of a gradient
using a mobile phase of methanol and 5 mM potassium dihydrogen phosphate buffer pH 3.8
(Table 3). The flow rate was 0.7 mL/min and the column temperature was maintained at 45 °C.
The eluent was screened due to the absorption maximum at a wavelength of 239 nm. The run
time was 30 min. The identification and quantification of ESC-OX and related substances were
done with solutions of the USP reference standards. The solutions were also used for the
determination of the selectivity. The limit of detection (LOD) for ESC for the assay was
determined to be 18.1 ng/mL and the limit of quantification (LOQ) to be 54.7 ng/mL. A LOD
and LOQ for ESC of 19.4 ng/mL and 58.9 ng/mL were determined for the dissolution.
Linearity was given for the assay of ESC in the concentration range of 60 to 140 pug/mL with
an R? > 0.999, whereas for the dissolution linearity was given with an R? > 0.999 in the
concentration range of 0.2-12 ug/mL. The accuracy of the content determination in the samples
was verified by using USP reference standards. Precision, determined as repeatability, with a
coefficient of variation of 0.78 % was determined for ESC.

To determine the stability of ESC-OX in solution, 100 mg ESC was dissolved in 100 mL 0.1 N
hydrochloric acid, de-ionized water and 0.1 N sodium hydroxide and the content was also
determined by HPLC at a wavelength of 240 nm.
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Table 3. Gradient for the separation of ESC-OX and related substances.

Time (min) Methanol (% V/V) Buffer (% WV/V)
0-3.0 30 70

3.0-5.0 30— 35 70 > 65
5.0-24.0 35— 40 65 — 60
24.0-25.5 40 — 95 60 > 5
25.5-27.5 95 5

27.5-27.6 95 — 30 5570
27.6-30.0 30 70

2.10 Enantiomeric purity in extrudates, 3D printed tablets and in solution

A 3D printed tablet (n = 3, mean + SD), a Cipralex® 10 mg film-coated tablet (n = 3, mean +
SD), or sections of a drug-loaded extrudate (n = 10, mean + SD) (approximately 0.1 g) were
placed in a 100 mL volumetric flask and were dissolved in 100 mL of a mixture of acetonitrile
and potassium dihydrogen phosphate buffer pH 7.0 (15/85, V/V). In contrast, for the stability
studies of ESC-OX in solution, such as on the achiral column, 100 mg ESC was dissolved in
100 mL 0.1 N hydrochloric acid, de-ionized water and 0.1 N sodium hydroxide. Samples of the
solutions were then filtered through a 0.45 pm nylon filter. An Elite LaChrom system consisting
of L-2200 automatic sampler, L-2130 high pressure pump, L-2300 column oven and L-2400
UV detector was used (all Hitachi-VWR, Darmstadt, Germany). Chromatographic separation
was achieved according to the USP method of ESC-OX for “enantiomeric purity” on an Ultron
ES-OVM column [4.6 x 150 mm, 5 pm (Shinwa Chemical Industries Ltd., Japan)]. The chiral
column was additionally equipped with an Ultron ES-OVM holder, in which a guard cartridge
with the dimensions 4.6 x 10 mm was integrated. The following chromatographic conditions as
defined by the USP method were set: A mobile phase consisting of acetonitrile and potassium
dihydrogen phosphate buffer pH 7.0 (15/85 V/V) was used. The flow rate was 0.6 mL/min and
the column temperature was maintained at 25 °C. After injection of 15 L, the eluent was
screened due to the absorption maximum at a wavelength of 240 nm. The run time was set to
25 min. The samples were analyzed after establishment of the method according to the USP
method.

2.11 Mass spectrometry

A UHR-QTOF maXis 4G mass spectrometer (Bruker Daltonics, MA, USA) equipped with an
ESI source was used in positive ionization mode to detect ESC and degradation products in
alkaline solution. For this purpose, 127.8 mg ESC-OX, equal to 100 mg ESC, was dissolved
in 100 mL 0.1 N natrium hydroxide solution and heated for 1 h and 12 h at 70 °C respectively.
The solutions were further diluted with methanol to achieve a target concentration of
100 pg/mL ESC. For the determination, the following mass spectrometric conditions were
used: The capillary voltage was set to 4 kV and the temperature was adjusted to 180 °C. The
gas flow was 4.0 L/min and the nebulizer pressure was 0.3 bar. The monitored mass-to-charge
range (m/z) was 50 to 1500 m/z and mass spectra were presented in the range of interest from
320 to 350 m/z.
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2.12 Dissolution

In vitro drug release studies from ESC-OX tablets with a target mass of 10 mg ESC were
carried out using dissolution tester AT7 Smart (Sotax, Aesch, Switzerland) with USP type |
apparatus (basket) and USP type Il apparatus (paddle) at 37 °C + 0.5°C with rotating speed of
75 rpm in 900 mL 0.1 N hydrochloric acid (n = 3, mean + SD). Samples were withdrawn
manually after 2 min, 5 min, 10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 75 min, 90 min,
105 min and 120 min. The amount of ESC was quantified by HPLC. The eluent which was
dissolved in the dissolution medium was analyzed with the above mentioned method for the
content uniformity at the UV maximum of 238 nm.

3. Results

3.1 Hot-melt extrusion and 3D printing of tablets

Three formulations were selected with respect to temperature, physical properties of the
polymers and printability for FDM 3D printing. For formulations F1 and F2, an extrusion
temperature of 150 °C was chosen to study the degradation of ESC-OX near the melting
temperature. In addition, the influence of the additional amount of basic bPMMA in formulation
F2 compared to formulation F1 containing only HPMC on degradation of ESC-OX was
investigated. Therefore, it was clarified in more detail whether the addition of the basic polymer
bPMMA led to a greater degradation of the base-labile active substance. From these
investigations and after formulation development, formulation F3, designated as optimized
formulation, represented the most suitable formulation, which could be extruded at the lowest
possible extrusion temperature of 80 °C and printed. Regarding the physical properties,
changes in the solid-state of the crystalline ESC-OX starting material during both melting
processes in extrudates and in 3D printed tablets were investigated. The degree to which
ESC-OX existed in the crystalline state below the melting temperature and was amorphized
by FDM 3D printing was examined. Furthermore, the printability was studied for the obtained
extrudates of all three formulations from the extrusion process. All extrudates were sufficient
flexible and could be successfully printed into 3D printed tablets with the help of the Prusa i3
Mk3 printer at a nozzle temperature of 180 °C, which could be seen in the microscopic images
(Fig. 2). The images of the 3D printed tablets showed the different texture of the tablets
depending on the polymer and temperature used. All tablets were printed with a concentric
infill (Fig. 2a-c). The tablets of the originator product Cipralex® 10 mg film-coated tablets are
shown in Fig. 2d for comparison.
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(a) (b)

(c) (d)

Fig. 2. Images of top and side view of the 3D printed tablets of formulation F1 (a), of formulation F2 (b), of formulation
F3 (c) and Cipralex® 10 mg film-coated tablets (d) (scale bars: 1 mm).

For the tablets of formulations F1 and F2 based on HPMC, higher print bed temperatures of
65 °C were necessary to ensure sufficient adhesion of the layers to each other, but also to the
print bed. As a result, the individual layers are more fused together and less recognizable
(Fig. 2a and 2b). The tablets of formulation F3 based on bPMMA could be printed at a print
bed temperature of 35 °C. Due to the lower glass transition temperature of bPMMA (57 °C vs.
115 ° for HPMC) (Parikh, et al. 2016; O’'Donnell and Woodward 2015; llyés, et al. 2019), lower
printing temperatures are sufficient to ensure complete solidification of the individual layers
after the melting process. In addition, the concentric infill is clearly visible (Fig. 2c). The oval
and white Cipralex® 10 mg film-coated tablet has a score, which allows the tablet to be divided
into two equal halves. In addition, the tablets are marked on the front with "E" and "L" on each
half of the score, which can be clearly seen in Fig. 2d.

3.2 Thermal analysis
3.2.1 Thermogravimetric analysis

TGA measurements confirmed that the degradation of ESC-OX took place in two consecutive
events (Pinto et al., 2018; Akay et al., 2021). As already described by Pinto et al. (2018), the
first major mass loss starting from the melt temperature of ESC-OX up to 237 °C is related to
the decomposition of the oxalate, whereas the second major mass loss up to 300 °C is caused
by the degradation of ESC (Pinto et al., 2018) (Fig. 3).
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Fig. 3. TG (a) and DTG curves (b) of ESC-OX.

3.2.2 DSC analysis

DSC analysis of ESC-OX starting material showed an endothermic peak at approximately
153°C correlating to the melting temperature (Pinto, et al., 2018) (Fig. 4a). In addition to the
DSC thermogram of ESC-OX, the thermograms of the degradation products are also depicted
in Fig. 4b, c and d.
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Fig. 4. DSC thermograms of ESC-OX (a), CIT-A (b), CIT-B (c) and CIT-C (d).

The DSC thermogram for the impurity CIT-A showed an endothermic event at 126 °C, whereas
for the impurity CIT-B an onset could be observed at 107 °C with an endothermic peak at

125 °C. Finally, a higher melting point of 181 °C with subsequent decomposition could be
observed for CIT-C.

Furthermore, the melting behavior of R-Citalopram oxalate and the racemate citalopram
hydrobromide was investigated (Fig. 5). For R-Citalopram oxalate, an endothermic peak at
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149 °C was observed (Fig. 5a). In contrast, a higher melting point of approximately 188 °C was
determined for the racemate citalopram hydrobromide (Fig. 5b), which is consistent with the
observations of Pinto et al. (2018). This shows the higher stability of the racemate compared
to the enantiomers, which was also described by Diego et al. (2011) for the racemate present
as an oxalate.
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Fig. 5. DSC thermograms of R-Citalopram oxalate (a) and citalopram hydrobromide (b).

Additionally, the formulations with ESC-OX were examined. The physical mixtures of all
formulations showed the endothermic event of ESC-OX at 153 °C (Fig. 6a-c). Furthermore,
endothermic peaks could be observed for polyethylene glycole (PEG) 6.000 and polyethylene
oxide (PEO) which diffractograms are shown in the Figure S1 of the Supplementary data.
PEG 6.000 exhibited an endothermic event with an onset at 59.4 °C and a peak at 63.6 °C,
whereas for the PEO an endothermic event with an onset at 62.4 °C and a peak at 67.9 °C
could be observed. For formulation F1 and F2, which were extruded at a temperature of 150
°C and printed at 180 °C, the endothermic event of ESC-OX was not present in the extrudates
and tablets. The absence of the endothermic event indicated that ESC-OX seems to be in
amorphous form in the extrudates and 3D printed tablets of these formulations. For formulation
F3, on the other hand, an endothermic event with an onset at 121.1 °C and a peak at 136.5 °C
was observed in the extrudates from the extrusion process at 80 °C, which could not be
detected in the 3D printed tablets printed at 180 °C (Fig. 6c¢). This indicated that ESC was
crystalline in the extrudates in the formulation F3 and was amorphized during the 3D printing
process. The crystalline parts of the PEO in F3 were still visible in both the extrudates and the
3D printed tablets. The thermogram of the Cipralex® 10 mg film-coated tablets clearly showed
the endothermic peak of ESC-OX at 152.4 °C with an onset at 148.5 °C, indicating the
crystalline state (Fig. 6d). To confirm these observations, XRD analysis were conducted.
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Fig. 6. DSC thermograms of formulation F1 (a), formulation F2 (b), formulation F3 (c) and Cipralex® 10 mg film-
coated tablets (d), respectively.

3.3 X-ray diffraction (XRD)

XRD analysis were performed to investigate the physical form of ESC-OX in the physical
mixtures, extrudates and 3D printed tablets (Fig. 7). The typical diffraction peaks in the starting
material of ESC-OX agreed with those of Alkahtani et al. (2021) at 13.14°, 13.16°, 16.06°,
19.2°, 20.94°, and 27.12°. While the physical mixtures showed the crystalline peaks of
ESC-0X, the absence of these peaks in extrudates and 3D printed tablets of formulations F1
and F2 indicated the amorphous state of the drug and the production of amorphous solid
dispersions (Fig. 7a and b). For formulation F3, on the other hand, characteristic peaks of ESC
can still be observed in the extrudates, which were absent in the 3D printed tablets (Fig. 7c).
Only the crystalline parts of PEO with characteristic peaks at 19.0° and 23.2°, marked with an
arrow in Fig.7c and depicted separately in Fig. S2 of the Supplementary Data, could still be
seen in both, the extrudates and 3D printed tablets (Xu et al., 2012). This illustrates the
possibility of in-situ amorphization of ESC-OX during FDM 3D printing and is shown in more
detail in the diffractogram of Fig. 8. Furthermore, the results could be confirmed with
polarization microscope images and were presented in Fig. S3 (Supplementary Data).
Lastly, the Cipralex® 10 mg film-coated tablets were investigated and also showed crystalline
peaks of ESC (Fig. 7d).
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Fig. 7. X-ray diffractograms of formulation F1 (a), formulation F2 (b), formulation F3 (c) and Cipralex®10 mg film-
coated tablets (d), respectively.
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Fig. 8. X-ray diffractogram of ESC-OX, PEO, extrudate as well as 3D printed tablet of formulation F3.
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3.4 FT-IR spectra measurements

FT-IR spectroscopy was used to investigate potential interactions between ESC-OX and the
polymers (Fig. 9). The FT-IR spectrum of ESC-OX showed characteristic bands at
2953 cm™ (C—H stretching), 2231 cm™ (C=N stretching vibration) and 1221 cm™ (C-N
stretching) (Alkahtani et al., 2021; Song, et al., 2016; Kumbhar, 2013). The polymer bPMMA
showed characteristic bands for the dimethylamino groups at 2822 cm™ and 2770 cm
(Evonik, Technical Information Eudragit® E 100, Eudragit® E PO and Eudragit® E 12,5., 2022).
In addition, further characteristic peaks for the ester groups of bPMMA at 1267 cm™,
1238 cm™ and 1144 cm™ as well as the C=0 ester vibration at 1724 cm™ are also recognizable
and in agreement with data from (Evonik, Technical Information Eudragit® E 100, Eudragit® E
PO and Eudragit® E 12,5., 2022). FT-IR spectrum of HPMC showed characteristic bands for
the O—H stretching vibration at 3458 cm™, for the C—H stretching vibration in the range from
2800 cm™ to 3000 cm™" as well as for the C—O stretching vibration at 1047 cm™'. Deformation
vibrations are visible for the C—H group at 1454 cm™ and for the O-H group at 1373 cm™’
(Furgan et al., 2017). No specific interactions between the active ingredient ESC-OX and the
polymers could be detected.
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Fig. 9. FT-IR spectra of formulation F1 (a), formulation F2 (b) and formulation F3 (c), respectively.

145



Publication 4: FDM 3D Printing of Filaments with Escitalopram Oxalate

3.5 Assay in solution

The content determination of ESC-OX on an achiral column in alkaline solution showed that
ESC-OX is unstable at these conditions. After dissolving in 0.1 N NaOH and subsequent
determination of the content of ESC, only 80.34 % ESC was present and impurity CIT-A was
formed as the main degradation product. No instabilities were observed in acidic or neutral
solution. The content in acidic solution was 103.63 %, while in neutral medium a content of
100.24 % was determined. These samples were also used to investigate the stability of
ESC-OX in solution after 5 days on the chiral column. Furthermore, the stability of ESC-OX
was also investigated when heating up the solution for 1 h at a temperature of 70 °C, in order
to accelerate the degradation (Fig.10a).
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Fig. 10. HPLC chromatograms of ESC-OX in 0.1 N NaOH for 1 h at 70 °C (a) and for 12 h at 70 °C (b).

Additional degradation of ESC-OX was evident in basic solution. After 1h at 70 °C, only
29.78 % ESC was present. In addition to the degradation product CIT-A with a content of
64.44 %, another impurity with a content of 3.94 % was formed. The impurity was described in
literature as citalopram carboxylic acid (Dhaneshwar, et al. 2008; Rao, et al., 2008) and could
be confirmed on the basis of the mass-to-charge range (m/z) of 344.17 with mass
spectrometric measurements. The content in acidic medium and also in water remained stable
with 101.86 % and 101.06 %.

For further investigations, the samples were heated in 0.1 N NaOH for 12 h at a temperature
of 70 °C (Fig. 10b). After 12 h, the content of ESC decreased further and only a small amount
with 0.40 % ESC was present. CIT-A was formed with a content of 42.22 % and especially
citalopram carboxylic acid originated to a higher content with 62.03 %, which was again
conformed with mass spectrometric measurements. The obtained mass spectra and detailed
explanations can be found in Fig. S4 of the Supplementary Data. Structural formulas of
CIT-A and citalopram carboxylic acid are shown in Fig. 11a and b. Thus, the observations
made on the instability of ESC in basic solution are consistent with the results of Dhaneshwar
et al. (2008).
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(a) (b)

Fig. 11. Structural formulas of citalopram carboxylic acid (a) and CIT-A (b)

3.6 Assay in extrudates and 3D printed tablets

After the instability of ESC-OX in basic solution was confirmed, the thermal stress as well as
the influence of different polymer matrices on the degradation of the active substance was
investigated during hot-melt extrusion and FDM 3D printing on the achiral column. As a result,
degradation of the active ingredient ESC-OX in the extrudates and 3D printed tablets could be
observed and different degradation products were formed depending on the polymer matrix.
For formulation F1 containing the polymer HPMC, the content in the extrudates after extrusion
was 91.20 = 0.71 %. After 3D printing, further minor degradation of the active ingredient was
evident and a content of 89.65 + 0.32 % ESC was found in the 3D printed tablets.
Major degradation products in formulation F1 which could be identified were CIT-A, CIT-B and
CIT-C which are shown in Fig. 11a as well as in Fig.12a and b.

(a) (b)

Fig. 12. Structural formulas of CIT-B (a) and CIT-C (b).

In the extrudates, the highest amount was found for CIT-C with 3.00 + 0.18 % followed by
CIT-A with a content of 1.41 £ 0.10 % and CIT-B with a content of 1.30 + 0.19 %. In the 3D
printed tablets, 2.73 £ 0.13 % CIT-C, 2.04 + 0.03 % CIT-A and 1.84 % £ 0.12 % CIT-B were
formed. For formulation F2, which contains the polymers HPMC and bPMMA, a higher content
of ESC was achieved compared to the first formulation extruded at the same temperature.
The content in the extrudates of formulation F2 was 98.29 + 2.67 % ESC and 1.70 + 0.09 %
CIT-A as the major degradation product. After 3D printing, the content of ESC decreases to
98.16 + 1.11 % and 2.48 £ 0.09 % CIT-A was recovered besides low amounts of CIT-B and
CIT-C. The optimized formulation F3 containing only bPMMA could be extruded at a
temperature of 80 °C. The content of ESC in the extrudates was 100.45 + 1.21 % at 80 °C.
After FDM 3D printing at a temperature of 180 °C, a content of 100.13 £ 0.52 % ESC and only
0.57 % £ 0.1 % CIT-A and 0.13 £ 0.001 % CIT-C could be found in the 3D printed tablets.
The content of the Cipralex® 10 mg film-coated tablets on the market was also examined and
a content of 104.09 + 0.14 % was determined. No degradation products were detected in the
tablets.
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3.7 Enantiomeric purity in solution

The stability of ESC was also examined in different solvents on a chiral column. The
investigations in different solvents and after several days, showed that no conversion to the
R-enantiomer could be observed. As already on the achiral column, only the instability in basic
medium could be identified (Fig. 13a). An increase in degradation could be seen over time,
which could be established in the analyzed samples after 5 days (Fig.13b).
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Fig. 13. HPLC chromatograms of ESC-OX in 0.1 N NaOH (a) and after 5 days (b).

Initially, a content of 85.43 % ESC in 0.1 N sodium hydroxide was found and 13.33 % CIT-A
was formed. The content of R-citalopram in the basic solution was 0.62 %. As on the achiral
column, no instability could be noted in acidic and neutral solution. The content was 103.62 %
ESC in 0.1 N hydrochloric acid and 102.73 % in water. In contrast, a content of 0.57 %
R-citalopram was determined in acidic solution and 0.63 % in neutral solution.
After five days, a further reduction of the content of ESC was visible in 0.1 N sodium hydroxide.
The content in 0.1 N sodium hydroxide was 48.99 % ESC and the impurities CIT-A with a
content of 47.74 % and also the citalopram carboxylic acid with a content of
3.61 % were formed. The content of R-citalopram did not change and was 0.62 %.

3.8 Enantiomeric purity in extrudates and 3D printed tablets

In addition to the degradation of the drug, the potential conversion into the R-enantiomer was
also investigated during the production of extrudates and 3D printed tablets on the chiral
column. For this purpose, the extrudates of the optimized formulation F3 (extrusion
temperature of 80 °C) as well as the corresponding 3D printed tablets were examined.
In addition, the Cipralex® 10 mg film-coated tablets on the market were also analyzed
(Fig. 14).
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Fig. 14. HPLC chromatograms of ESC-OX (a), citalopram hydrobromide (b), the 3D printed tablet of F3 (c) and
the Cipralex® 10 mg film-coated tablet (d).

The content of ESC in the extrudates was 98.74 + 1.63 % after extrusion. After FDM 3D
printing, the content amounts to 97.08 + 0.58 %. For R-Citalopram, the content was
0.73 £ 0.01 % in the extrudates and 0.69 * 0.04 % in the 3D printed tablets compared to
0.60 = 0.03 % which was already contained in ESC starting material. Therefore, it can be
concluded that also during heat intensive processes no racemization takes place. The limits of
the USP are met with a maximum of 3 % R-Citalopram. In addition to the self-produced
extrudates and tablets, the Cipralex® 10 mg film-coated tablets on the market were analyzed.
A content of 104.76 + 4.00 % ESC was detected in the tablets. In contrast, 1.24 + 0.06 %
R-Citalopram was present and the maximum permissible amount was not exceeded either.

3.9 Dissolution

In addition to the content, the release behavior of ESC from the bPMMA tablets extruded at
80 °C with 100 % infill was investigated and compared to the commercial product Cipralex®
10 mg film-coated tablets (Fig. 15). The USP monograph for ESC-OX tablets specified that at
least 80 % ESC has to be released in 30 min in the paddle apparatus (USP Il method) in
0.1 N hydrochloric acid at a rotational speed of 75 rpm. For the commercial product, it could
be observed that after 30 min 95.11 + 1.84 % ESC was released. Therefore, the requirements
of the pharmacopoeia were met. Extrudates and 3D printed tablets floated on the surface of
the dissolution medium and the basket apparatus was used for dissolution testing.
The commercial product was also tested with the basket apparatus and it was observed that
the complete active ingredient was released within two minutes (102.53 + 6.43 %).
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For extrudates and 3D printed tablets the release was slower. After 30 min, 97.84 + 1.06 %
ESC was released from the extrudates, whereas 80.66 + 4.65 % ESC was released from the
3D printed tablets. The faster drug release from the extrudates in comparison to the 3D printed
tablets can be explained by the larger surface area to volume ratio of the extrudates, which
was already observed by Manini et al. (2022). But still, after 90 min, the active ingredient was
completely released from both the extrudates and the 3D printed tablets (100.45 £ 5.15 % vs.
102.52 £ 2.59 %). Regarding the differences in physical state, no slower release from the
crystalline extrudates could be observed compared to the amorphous 3D printed tablets.
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Fig. 15. In vitro dissolution profiles of ESC from bPMMA extrudates and tablets (n = 3) as well as from the

commercial product Cipralex® 10 mg film-coated tablets, pH 1.2 buffer solution, USP Apparatus 1 (basket),
37+0.2°C, 75 rpm.

4. Discussion

Prepared extrudates and 3D printed tablets of three different formulations containing the active
ingredient ESC-OX were investigated with regard to the physical state of ESC-OX. DSC and
XRD results showed that amorphous solid dispersions could be prepared after hot-melt
extrusion from formulations F1 and F2 with HPMC as main polymer. In these investigations
it was found that amorphization of ESC-OX already took place below the melting temperature
at 150 °C and thus sufficient energy was present to enable conversion of ESC-OX from the
crystalline state to the amorphous state during hot-melt extrusion. Also after FDM 3D printing
at 180 °C, the drug remained in amorphous form in both formulations F1 and F2. In contrast,
for formulation F3 in situ amorphization of ESC-OX from crystalline extrudates with bPMMA
was observed during FDM 3D printing. ESC-OX is still in its crystalline form in the extrudates
of F3 due to hot-melt extrusion at only 80 °C, far below the melting temperature. 3D printing
takes place at 180 °C, a temperature sufficient for the conversion from the crystalline state to
the amorphous state of ESC-OX. /n-situ amorphization is confirmed by DSC, XRD and
polarized light microscopy. The crystalline parts of the semi-crystalline polymer PEO are still
visible in extrudate and in small traces in the 3D printed tablet of F3. The phenomenon of
in-situ amorphization can be of particular importance for production of customized dosage
forms shortly before application, as stability of the amorphous form has only to be ensured until
administration. The in-situ amorphization of drugs is not only relevant in FDM 3D printing.
Also for the production of conventional dosage forms, e.g., tablets, in situ amorphization is
researched. Approaches to achieve in-situ amorphization in conventionally produced tablets
using microwave radiation have been investigated in detail. For example, tablets with
indomethacin and polyvinylpyrrolidone K12 were prepared and the influence of moisture
content and energy input on the degree of amorphization were investigated. It was found that
up to 80 % indomethacin could be amorphized within the tablet (Doreth et al., 2017).
In situ amorphization allows the preparation and administration even of unstable amorphous
forms that were not accessible with traditional approaches.
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Dissolution studies of ESC-OX from the crystalline bPMMA extrudates and the amorphous
3D printed bPMMA tablets revealed a faster drug release from the extrudates. This suggests
that the larger surface area to volume ratio of the extrudates (S/V = 2.4) compared to the 3D
printed tablets (S/V = 1.4) has a greater influence on the release of ESC than the solid state
of the drug. In addition, a slower release of the 3D printed tablets was also observed compared
to the commercial product Cipralex®. This can be explained by the higher density of the
3D printed tablet. FDM printed dosage forms are very compact and have either very low or no
porosity, which reduces the surface area exposed to the dissolution medium drastically and
further delays the drug release.

Due to the pronounced instability of ESC-OX in basic solution, the degradation of the active
ingredient and the formation of degradation products in the extrudates and 3D printed tablets
were studied using HPLC. Purity tests showed that the polymer matrix can have a decisive
influence on the degradation products of ESC. In formulation F1 with the polymer HPMC,
CIT-C was formed to the greatest extent, while in formulation F2 with the combination of HPMC
and bPMMA, CIT-A was formed to the greatest extent. Formulation F3, which did not contain
HPMC and consisted of the polymer bPMMA as matrix, CIT-A was also the main degradation
product, but only in comparably small quantities. Regarding the amount of degradation, it could
be depicted that a lower degradation of ESC-OX was seen in F2 compared to F1 despite the
additional amount of the basic polymer bPMMA. F3 with bPMMA as the main polymer even
represented the formulation with the highest content of ESC and lowest degradation.
This illustrates that despite the use of a basic matrix polymer (bPMMA), processing in the melt
and thus the absence of water could significantly reduce degradation of ESC. This is further
supported by long term stability data after 6 months. Stored at atmospheric conditions for
6 months, 101.91 + 0.77 % were recovered. With respect to enantiomeric purity, both
temperature and pH of the solution do not appear to affect the conversion of the S-enantiomer
to the R-enantiomer. No formation of the R-enantiomer could be observed, indicating sufficient
stability of the S-enantiomer ESC-OX.

5. Conclusion

The obtained results showed that three formulations with the antidepressant ESC-OX could
be hot-melt extruded and FDM 3D printed. The formulation F3 with bPMMA enabled in-situ
amorphization from crystalline extrudates during FDM 3D printing which could be of decisive
advantage, especially regarding their storage stability and clinical application. Thus, 3D printed
tablets could be produced from stable extrudates according to the patient's needs just before
application. Furthermore, formulation F3 with bPMMA showed no degradation of the active
ingredient in the extrudates and only minor degradation in the 3D printed tablets. A possible
racemization of the S-enantiomer into the R-enantiomer in formulation F3 could also be
excluded. The dissolution of F3 extrudates and 3D printed tablets showed a fast drug release.
Although ESC-OX was present in the extrudates in crystalline form, a rapid release of the
active substance was achieved. The faster release compared to the tablets could be explained
by the larger surface area to volume ratio. The slower release of the produced 3D printed
tablets compared to the Cipralex® 10 mg film-coated tablets showed one of the hurdles of FDM
3D printing which can still be improved in the future.

Our study aimed to demonstrate the possibilities of formulation development, which on the one
hand enabled in-situ amorphization of ESC-OX during FDM 3D printing, but also made it
possible to avoid the degradation of the thermally unstable drug almost completely.
Besides the content determination on an achiral column, to our knowledge, this was the first
study that investigated the behavior of an enantiomer during hot-melt extrusion and FDM 3D
printing compared to the stability in solution and analyzed the content of the active ingredient
by using a chiral column.
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DSC analysis
DSC diffractograms of PEG 6.000 and PEO were presented in Figure S1.
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Figure S1. DSC diffractograms of PEG 6.000 (a) and PEO (b).

X-ray diffraction (XRD)

XRD diffractogram of the semi-crystalline PEO was shown in Figure S2.
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Figure S2. XRD diffractogram of PEO.
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Polarized light microscopy

With the help of a polarized light microscope images were taken of ESC-OX, PEO, the
extrudate of F3 with bPMMA as well as the 3D printed tablet of F3 with bPMMA (Figure S3).
The image of the active ingredient ESC-OX clearly show its crystalline state in the form of
individual crystals, whereas for the image of PEO some crystalline particles were visible. For
the extrudate of F3 with bPMMA crystalline particles were also visible, which were absent in
the 3D printed tablet of F3 with bPMMA. These results confirmed the DSC and XRD data
regarding the previously made observations. ESC-OX is converted into an amorphous state
during FDM 3D printing from crystalline extrudates with bPMMA.

500 pm

Figure S3. Polarization microscope images of ESC-OX (a), PEO (b), milled extrudate with bPMMA (c) and milled
3D printed tablet with bPMMA (d).

Mass spectrometry

Mass spectra were obtained for the stressed samples of escitalopram in 0.1 N NaOH at 70 °C
for 1 h and 12 h (Figure S2). These should confirm the formation of the impurity citalopram
carboxylic acid, which is not a pharmacopoeial impurity. However, this is formed from the
known impurity CIT-A by hydrolysing the cyano group to the carboxyl group. The ESI spectrum
for the alkali treated sample for 1 h showed the major peak of escitalopram at m/z 325.17 and
also the two degradation products at m/z 343.18 and 344.17. These two impurities were
confirmed as citalopram carboxylic acid and Citalopram Related Compound A (CIT-A) (Figure
S4a). On the other hand, the ESI spectrum from the alkali treated sample for 12 h showed the
major peak at m/z 344.17, which represented the citalopram carboxylic acid (Figure S4b).
Furthermore, the Citalopram Related Compound A (CIT-A) could be seen at m/z 343.18. These
results confirmed the observations from the HPLC analysis.
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Figure S4. Mass spectra for the alkali treated samples of escitalopram at 70 °C for 1 h (a) and 12 h (b), respectively.
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Discussion

6 Discussion

The present work has shown that quality requirements must be set and matched for FDM
3D printed dosage forms, which are initially produced from extrudates by HME. As part of the
work in the PolyPrint consortium, new polymers for FDM 3D printing (3DP), new formulations
and a GMP-compliant FDM 3D printer were developed. Particularly for the production of FDM
3D printed dosage forms for paediatrics, special requirements may be necessary. Due to the
lack of published literature on the quality of 3D printed dosage forms for paediatrics,
considerations were compiled in a review article in the Therapeutic Innovation & Regulatory
Science publication.

The focus of the research work was the processing of thermo-sensitive drug substances by
HME and FDM 3DP, which poses a great challenge due to the double heat exposure.
FDM 3DP in combination with HME was chosen as the printing method, because FDM 3DP is
the most researched technology for the production of patient-specific dosage forms due to its
simple, solvent-free process, its versatility and speed, and its low-cost equipment.
An increasing number of thermo-sensitive drugs including biologically active molecules are
becoming available, which are of great therapeutic relevance and require customisation that
can be provided by FDM 3DP. To develop an understanding of the degradation of
thermo-sensitive drug substances during the two processes of HME and FDM 3DP, the two
thermo-sensitive drug substances enalapril maleate (EM) and escitalopram oxalate (ESC-OX)
were selected.

EM was selected as a thermo-sensitive peptidomimetic drug substance, which was first
processed into extrudates with various polymers by HME at temperatures of 100 °C to 150 °C.
Within the scope of a polymer screening, extrudates from six different formulations with a drug
load of 10 % EM were prepared at different temperatures and process conditions and the
content in the extrudates was determined. In comparison to the DSC and TG measurements,
it was found that the degradation of EM already occurred below the melting temperature of
153 °C. Following the development of a fast HPLC method to quantify EM and potential
degradation products, the main degradation product in the extrudates was the cyclisation
product enalapril diketopiperazine (DKP, Impurity D). DKP is also known as a thermal
degradation product of proteins and peptides. It was found that not only the temperature, but
also the shear forces had an influence on the degradation of the active ingredient. In addition,
the selection of the polymer and thus the formulation is of crucial importance. Higher viscosity
polymers such as HPMC led to greater degradation of enalapril (ENP) in the extrudates.
On the contrary, it was found that low glass transition temperature polymers such as SOL can
be extruded at a lower temperature of 100 °C. A higher feed rate of the feeder, which shortens
the residence time, could also contribute to a lower degradation of the active ingredient.
The polymer screening results indicated that two formulations of EM were suitable for extrusion
at lower temperatures. These two formulations, which were referred to as "optimized
formulations" in the publications, contained SOL and bPMMA as low glass transition
temperature polymers. The process conditions for the extrusions were adjusted and a higher
feed rate of 100 g/h was selected. The optimised formulations were fed at a feed rate of
100 g/h and extruded at a temperature of 100 °C, whereby the formulation with bPMMA
allowed extrusion at 70 °C. The degradation of EM could be avoided in the extrudates with
bPMMA extruded at 70 °C, confirming the advantageous use of low glass transition
temperature polymers for the processing of thermo-sensitive drug substances. In addition, the
interaction between EM and the basic bPMMA, which could be confirmed by FT-IR
measurements, was found to have a stabilising effect on the EM content. The influence of a
cation-anion interaction on the stability of an active substance during HME has already been
described in the literature. It was also demonstrated that the polymer used had an influence
on the dissolution of ENP from the extrudates.
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Despite the amorphous form of ENP in the extrudates with SOL and bPMMA, which was
determined with the help of DSC and XRD measurements, differences in the release behaviour
of ENP could be observed. Dissolution tests in pH 1.2 and 6.8 showed a pH-independent
release of ENP from the extrudates with SOL extruded at 100 °C and a pH-dependent release
of ENP from the extrudates with bPMMA extruded at 70 °C. The polymer bPMMA dissolved at
pH values below pH 5.5 and could thus lead to an immediate release of ENP from the
extrudates.

The optimised formulations from HME at 100 °C were then processed into oral 3D printed
tablets with a target dose of 10 mg EM and 100 % infill using a commercially available FDM
3D printer at a nozzle temperature of 180 °C and a print bed temperature of 35 °C and were
evaluated for degradation. The amorphous state of ENP was also retained in the 3D printed
tablets. After 3DP, the stabilising effect of bPMMA was again evident. As after extrusion, the
content of enalapril was higher in the 3D printed tablets with bPMMA than in the tablets with
SOL, although the differences in content were significantly greater. This corroborates the
reduction in complex viscosity and increase in melt extrudability due to the cation-anion
interaction during processing of the extrudates into 3D printed tablets. In addition, a printing
study was conducted to investigate the thermal degradation of ENP during FDM 3DP.
The extrudates with bPMMA from the extrusion of 70 °C without degradation were used and
nozzle diameter (0.4 vs. 0.6 mm), nozzle temperature (180 and 190 °C) and printing speed
(30, 60 and 90 mm/s) were selected as critical process parameters. The investigations showed
that a higher nozzle temperature resulted in greater degradation of ENP at the same nozzle
diameter and printing speed. Contrary to the expectations, a slight decrease in enalapril
content was observed at a nozzle diameter of 0.4 mm and increasing printing speed at both
nozzle temperatures. The decrease in content could be explained by the increased
backpressure during 3DP at the same temperature due to the stronger backmixing. The use
of a nozzle diameter of 0.6 mm resulted in a minor increase in the content of ENP at a printing
temperature of 180 °C with increasing printing speed. This confirms the already known
observations that the formation of degradation products is lower due to the shorter residence
time and heat exposure during 3DP. However, this observation could not be confirmed for the
higher temperature of 190 °C. Finally, the highest amount of ENP was found for the 0.4 mm
nozzle at 180 °C and a printing speed of 30 mm/s. A non-significantly lower, but consistent
active ingredient content was found when using a larger nozzle diameter of 0.6 mm and a
printing speed of 90 mm/s. Further investigations, in which more flexible structures with
reduced infill or different infill patterns were printed, also did not reveal a higher ENP content.
Degradation of ENP could not be avoided during FDM 3DP due to the higher temperature
gradient required between the nozzle and extrudate. The release of ENP from the bPMMA
tablets confirms the degradation of the active ingredient and the presence of the degradation
product DKP in the 3D printed tablets.

As a second thermo-sensitive drug, which is additionally unstable in 0.1 N sodium hydroxide
solution, the enantiomeric drug ESC-OX and its degradation products were investigated during
HME and FDM 3DP. The potential conversion of the S-citalopram to the R-enantiomer during
both processes was also examined. The degradation avoidance strategies developed from
HME and FDM 3DP of EM were applied and evaluated to the active ingredient ESC-OX with
an approximate melting point of 153 °C. Three formulations based on the polymers HPMC and
bPMMA with a drug load of 10 % ESC were used to manufacture extrudates and then printed
into tablets with a target dose of 10 mg ESC. The two formulations based on HPMC or a
combination of HPMC and bPMMA were extruded at a temperature of 150 °C and printed at a
nozzle temperature of 180 °C and print bed temperature of 65 °C. In contrast, the formulation
consisting of bPMMA could be extruded at 80 °C as the lowest possible temperature and
printed at a nozzle temperature of 180 °C and a print bed temperature of 35 °C. Due to the
known base lability of ESC-OX, the influence of a neutral and basic polymer on the content of
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ESC and its degradation products as well as the physical state during the two processes was
investigated. Quantification of ESC and degradation products was performed with HPLC
measurements on both an achiral and a chiral column after prior method development and
establishment. In 0.1 N sodium hydroxide solution, the impurity Citalopram related compound
(CIT-A) was confirmed as the degradation product of ESC. If ESC was additionally exposed to
temperature in basic solution at 70 °C for 1 h, an increase in the content of the impurity CIT-A
and in small quantities, the impurity citalopram carboxylic acid was detected as a further
degradation product. When ESC was stressed in basic solution at 70 °C for 12 h, almost
complete degradation of ESC was observed. In contrast, CIT-A and in greatest quantities
citalopram carboxylic acid were found. The formation of citalopram carboxylic acid was
detected by mass spectrometry based on the mass-to-charge (m/z) ratio. The results on the
instability of ESC in basic solution are in agreement with the observations described in
literature. During the investigation in the melt, it was found that differences in the content of
ESC and the presence of the degradation products were observed depending on the polymer
matrix used, which also significantly influenced the process temperatures during HME and
FDM 3DP. Similar to EM, the use of polymers with higher viscosity such as the HPMC resulted
in faster degradation of ESC. The highest degradation was seen in the extrudates with the
HPMC, followed by the extrudates with HPMC and bPMMA. The use of polymers with a low
glass transition temperature also proved to be effective for processing the thermo-sensitive
drug substance ESC-OX. Degradation of ESC could be avoided during extrusion with bPMMA
at 80 °C. Thus, ESC-OX was stable in the extrudates with bPMMA. FDM 3DP at a nozzle
temperature of 180 °C showed a reduction of the original content for all formulations. However,
only slight degradation was observed in the 3D printed tablets of ESC-OX with bPMMA.
Regarding the formation of the degradation products, the impurity Citalopram related
compound C (CIT-C) could be detected as the main degradation product in the extrudates and
3D printed tablets with the neutral polymer HPMC. The extrudates and 3D printed tablets with
the neutral HPMC and the basic bPMMA showed the impurity CIT-A as the main degradation
product. In the 3D printed tablets with the basic bPMMA, CIT-A was observed as the main
degradation product in small quantities. Melt processing was able to reduce the degradation
of the active ingredient ESC-OX despite the basic matrix ()PMMA). In addition, comparative
studies of the formulation of ESC with bPMMA to the commercially available product Cipralex®
film-coated tablets were carried out and the content determined. The absence of degradation
products in the Cipralex® film-coated tablets was demonstrated. So far, no studies have been
reported on the transformation of an enantiomer during HME and FDM 3DP. The studies
conducted on the chiral column showed no conversion of the S-citalopram to the R-enantiomer
either in solution or in the extrudates, 3D printed tablets with bPMMA as well as the Cipralex®
film-coated tablets. This confirms the sufficient stability of the S-enantiomer. DSC and XRD
studies on the physical stability of ESC-OX in the extrudates and 3D printed tablets showed
that amorphous solid dispersions (ASDs) could be produced with the polymer HPMC and the
combination of HPMC and bPMMA. Due to the extrusion temperature of 150 °C and the
printing temperature of 180 °C, sufficient energy was provided to convert ESC-OX into the
amorphous state. In the extrudates with bPMMA from extrusion at 80 °C, ESC-OX was present
in crystalline form. By extruding at a temperature below the melting point, crystals of ESC-OX
could be detected. Only through FDM 3DP an in-situ amorphisation of ESC-OX took place.
Thus, ESC-OX was in an amorphous form in the 3D printed tablets with bPMMA. Dissolution
studies of ESC-OX with bPMMA showed a faster drug release from the extrudates compared
to the 3D printed tablets which could be explained by the larger surface area to volume ratio
and implicated the stronger influence on the release of ESC-OX than the physical state.
The 3D printed tablets with bPMMA also showed a slower release than the commercially
available Cipralex® film-coated tablets due to the greater density and lower porosity, confirming
the previously described observations.
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7 Summary and Outlook

The present work focused on the analytical characterisation of the two thermo-sensitive drug
substances enalapril maleate and escitalopram oxalate, which are relevant for personalised
therapy, in the manufactured extrudates and 3D printed tablets. The aim was to develop
strategies to prevent degradation during the two heat-intensive processes. The quantification
of both the thermo-sensitive drug substances and their degradation products was carried out
by HPLC using in-house developed, sensitive and robust HPLC methods. In addition, the chiral
drug S-citalopram and the R-enantiomer were quantified on a chiral column. The HPLC
methods developed proved to be suitable for successfully determining the active ingredients
and the degradation products, some of which are formed in small quantities, in the extrudates
and 3D printed tablets. The control of impurities is of great relevance to ensure the quality of
the dosage forms produced. Comprehensive formulation development confirmed that
polymers with low glass transition temperature such as SOL and bPMMA are preferably used
for processing thermo-sensitive drug substances. It was shown that by selecting suitable
polymers and process conditions, degradation could be successfully avoided in the
manufactured extrudates with EM and ESC-OX. By processing EM with the polymer bPMMA,
a stabilising effect could be observed through the cation-anion interaction, which could be
confirmed by FT-IR measurements. The release behaviour was also significantly influenced
by the polymer used, which could be shown in the dissolution studies with SOL and bPMMA.
Due to the known instabilities of the two active ingredients in solution, processing in the melt
proved to be advantageous despite the thermolability to avoid degradation in the extrudates.
This is highly relevant as the extrudates produced served as starting material for FDM 3DP for
the production of patient-specific dosage forms. While degradation of EM and
ESC-OX could be avoided during HME, degradation could not be completely avoided due to
the higher printing temperature required during FDM 3DP. For both the formulations with EM
and ESC-OX, printing temperatures with a nozzle temperature of at least 180 °C were required.
For EM in particular, greater degradation was observed during FDM 3DP, despite the only
short-term temperature exposure at 180 °C. In contrast, the degradation of ESC-OX could be
almost completely avoided. Moreover, a possible conversion of the S-enantiomer into the
R-enantiomer in the extrudates and 3D printed tablets on the chiral column could be excluded.
It could be shown that S-citalopram was sufficiently stable and no conversion into the
R-enantiomer occurred. With regard to the physical stability of the active ingredients, which
was determined using DSC and XRD investigations, in-situ amorphisation from the crystalline
extrudates with bPMMA was observed for ESC-OX during FDM 3DP. The in-situ
amorphisation enables the production of unstable amorphous forms shortly before application
and offers advantages especially with regard to storage stability and clinical applications.
3D printed tablets can be produced from physically stable extrudates shortly before use.
From the insights gained, it became apparent that there is further potential for improvement in
the development of FDM 3DP. Due to the current use of only commercially available FDM 3D
printers, such as the Prusa 3D printer used in this work, the present work demonstrates the
benefit for the development and implementation of a GMP-compliant printer, that could reduce
the temperature load on the active ingredient and enable FDM 3DP at lower temperatures.
This would open up new possibilities for thermo-sensitive drug substances and enable FDM
3DP of the two drug substances relevant to personalised medicine, EM and ESC-OX, for
clinical applications. Further potential could lie in the coupling of the two processes of HME
and FDM 3DP. Printing directly from the extruder nozzle could reduce the temperature load
and enable printing at low temperatures due to better heat transfer.
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8 Zusammenfassung und Ausblick

Im Rahmen der vorliegenden Arbeit wurde der Schwerpunkt auf die analytische
Charakterisierung der beiden thermisch sensitiven, flir die personalisierte Therapie relevanten
Arzneistoffe Enalaprilmaleat und Escitalopramoxalat in den hergestellten Extrudaten und
3D-gedruckten Tabletten gelegt, mit dem Ziel der Erarbeitung von Strategien zur Vermeidung
des Abbaus wahrend der beiden warmeintensiven Prozesse. Die Quantifizierung sowohl der
thermisch-sensitiven Arzneistoffe als auch ihrer Zersetzungsprodukte erfolgte durch die
Hochleistungsflussigkeitschromatographie (HPLC) mithilfe eigens entwickelter, sensitiver und
robuster Methoden. Zudem erfolgte die Quantifizierung des chiralen Arzneistoffes
S-Citalopram und des R-Enantiomers zusatzlich auf einer chiralen Saule. Die entwickelten
HPLC-Methoden erwiesen sich als geeignet, die Wirkstoffe sowie auch die in geringen
Mengen entstehenden Abbauprodukte in den Extrudaten und 3D-gedruckten Tabletten
erfolgreich zu bestimmen. Die Kontrolle von Verunreinigungen ist zur Sicherstellung der
Qualitdt der hergestellten Darreichungsformen von grof3er Relevanz. Die umfangreiche
Formulierungsentwicklung bestatigte, dass Polymere mit niedriger Glaslbergangstemperatur,
wie Soluplus® (SOL) und basische Polymethylmethacrylate (0PMMA, Eudragit® E), fir die
Verarbeitung von thermisch-sensitiven Arzneistoffen zu bevorzugen sind. Es konnte gezeigt
werden, dass durch Auswahl geeigneter Polymere und Prozessbedingungen der Abbau in den
hergestellten Extrudaten mit EM und ESC-OX erfolgreich vermieden werden konnte.
Durch die Verarbeitung von EM mit dem Polymer bPMMA konnte eine stabilisierende Wirkung
durch die Kationen-Anionen-Wechselwirkung beobachtet werden, welche durch FT-IR-
Messungen bestatigt werden konnte. Des Weiteren wurde das Freisetzungsverhalten
malfigeblich  durch das verwendete Polymer beeinflusstt was in den
Freisetzungsuntersuchungen mit Soluplus® und Eudragit® E gezeigt werden konnte.
Aufgrund der bekannten Instabilitaiten der beiden Wirkstoffe in Losung erwies sich die
Verarbeitung in der Schmelze trotz der Thermolabilitat als vorteilhaft, um eine Degradation in
den Extrudaten zu vermeiden. Dies ist von hoher Relevanz, da die hergestellten Extrudate als
Ausgangsmaterial fir den FDM-3D-Druck zur Herstellung von patientenspezifischen
Darreichungsformen dienen. Wahrend der Abbau von EM und ESC-OX wahrend der
Schmelzextrusion vermieden werden konnte, konnte der Abbau aufgrund der erforderlichen
hoheren Drucktemperatur wahrend des FDM 3D-Drucks nicht vollstandig vermieden werden.
Sowohl fur die Formulierungen mit EM als auch ESC-OX waren mindestens
Drucktemperaturen mit einer Disentemperatur von 180 °C erforderlich. Insbesondere flir EM
wurde trotz der nur kurzzeitigen Temperaturbelastung bei 180 °C ein gréRerer Abbau wahrend
des FDM 3D-Drucks festgestellt. Demgegentber konnte der Abbau von ESC-OX fast
vollstandig vermieden werden. Zudem konnte eine mogliche Umwandlung des S-Enantiomers
in das R-Enantiomer in den Extrudaten und 3D-gedruckten Tabletten auf der chiralen Saule
ausgeschlossen werden. Es konnte gezeigt werden, dass S-Citalopram ausreichend stabil war
und keine Umwandlung in das R-Enantiomer erfolgte. Bezlglich der physikalischen Stabilitat
der Wirkstoffe, welche mithilfe von DSC- und XRD-Untersuchungen bestimmt wurde, konnte
fur ESC-OX eine in-situ Amorphisierung aus den kristallinen Extrudaten mit bPMMA wahrend
des FDM 3D-Drucks beobachtet werden. Die in-situ Amorphisierung ermdglicht die
Herstellung von instabilen amorphen Formen kurz vor der Anwendung und bietet vor allem
Vorteile bezuglich der Lagerstabilitat und der klinischen Anwendung. Es kdnnen 3D-gedruckte
Tabletten kurz vor der Anwendung aus physikalisch stabilen Extrudaten hergestellt werden.
Aus den gewonnenen Erkenntnissen wurde ersichtlich, dass weiteres Verbesserungspotenzial
bei der Entwicklung der FDM 3D-Drucker liegt. Durch den bisherigen Einsatz von lediglich
kommerziell erhaltlichen FDM 3D-Druckern, wie z. B. den in dieser Arbeit verwendeten Prusa
3D-Drucker, zeigt die vorliegende Arbeit den Nutzen fur die Entwicklung und Implementierung
eines GMP-konformen Druckers auf, welcher die Temperaturbelastung des Wirkstoffes
reduzieren und den FDM-Prozess bei niedrigeren Temperaturen ermoglichen konnte.
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Dadurch wirden neue Mdéglichkeiten fir thermisch-sensitive Arzneistoffe erdffnet werden und
den FDM 3D-Druck der beiden flr die personalisierte Medizin relevanten Wirkstoffe EM und
ESC-OX fir klinische Anwendungen ermoéglichen. Weiteres Potenzial kdnnte in der Kopplung
der beiden Prozesse Schmelzextrusion und FDM 3D-Druck liegen. Das direkte Drucken aus
der DlUse des Extruders kénnte die Temperaturbelastung reduzieren und das Drucken
aufgrund des besseren Temperaturgradienten bei geringen Temperaturen ermdglichen.
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