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A. Introduction

A.1 Personalized Medicine

The world hosts about eight billion people [1], so there should be equal variations of every

drug substance, drug dosage form (DDF), dosage strength, or drug product in general to 

meet individual needs and make medical therapy maximally effective. After all, every hu-

man being has a different genome (even identical twins can have slight genetic differences 

despite having the same genetic code, due to genetic mosaicism or epigenetic changes),

metabolism, and fundamental biological phenotype and processes [2–8]. If a disease is to 

be treated in one out of these eight billion people, the factors that play a role are not only

individual characteristics like age, gender, body weight, comorbidities, and ethnicity, but 

also more complex functions such as kidney function, metabolism, lifestyle, and the genetic 

code of the individual, as these can impact the production of enzymes and other bodily 

processes. Owing to variations in people’s genetic constitutions, an active pharmaceutical 

ingredient (API) has different effects on different people [5,9–11]. However, by studying 

the genome, predictions can be made regarding the case-specific effects of a drug, allowing 

dosing to be more tailored to a patient’s individual needs and avoiding relative overdoses. 

With personalized medicine (or precision medicine), responding to an individual patient’s

needs is possible. This is based on knowledge of the genetic variability of drug effects and 

the application of this understanding in drug development and individualized pharma-

cotherapy [7,12,13]. In the past years, the “one-size-fits-all” approach to medicine was 

evaluated as less beneficial, as it was observed that people responded to medical therapy 

differently from each other. This is expressed by adverse effects or a complete lack of ther-

apeutic effect of the administered drug preparations. From 2012 to 2017, approximately 

15% of patients were admitted to the emergency department for drug-related problems

(DRPs) [14]. On average, 2.7% of the patients died due to a DRP within these years. A high 

lethal risk from DRPs was observed in the elderly and in those who had to take multiple 

medications every day. In precision medicine, drug therapy is tailored to every patient, 

increasing compliance with the applied drug treatment, while reducing the incidence of

DRPs [15]. Diagnostic tests based on the analysis of an individual’s unique enzymatic and

genetic profiles can be used to design individual therapies.
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A.1.1 The Evolution of Personalized Medicine

In the early 19th century, the scientists Cuénot and Garrod made some important discoveries 

in the field of pharmacogenetics. At the time, Lucien Cuénot had been studying the differ-

ent coat colors of mice and Archibald E. Garrod had been studying alcaptonuria in humans

[16–20]. Both scientists discovered a link between enzymes and genes. Garrod developed 

the idea that genetically determined differences in biochemical processes could be the cause 

of DRPs. He established the theory that enzymes are part of the metabolism of substances,

and that problems can occur when such a mechanism is damaged or when the required 

enzyme is even missing [21]. In 1931 and 1932, Laurence Snyder demonstrated the inher-

ited disease of "taste blindness" for phenylthiocarbamide [22]. He proved that the disease 

is inherited as an autosomal recessive disorder according to the Mendelian traits. This is 

among the first known examples of genetic polymorphisms and has been the first phar-

macogenetic study. During World War II, the antimalarial drug primaquine was found to 

cause "primaquine hemolysis" in African American soldiers [23,24]. Later studies showed 

that this disease was caused by a genetic defect, a deficiency of glucose-6-phosphate dehy-

drogenase. In 1950, the first observation of a genetically based difference in the effect of a 

drug was made concerning suxamethonium, a muscle relaxant used for anesthesia [21,25].

It was noticed that in rare cases (1:3500 in people of white skin color), the duration of 

muscle paralysis was prolonged. The cause was found to be a reduced presence of pseudo-

cholinesterase, an enzyme required to metabolize drugs, in these patients [26]. In October 

1990, the Human Genome Project was launched in the USA. The purpose of this project

was to decode the human genome and gain knowledge about gene-related diseases [27]. In 

1992, the project published genetic maps for the chromosomes 21 and Y [28,29]. By 1999, 

chromosome 22 had been completely sequenced, and chromosome 21 was fully sequenced 

in 2000, increasing the opportunities to study the effects of trisomia 21 [30,31]. In the fol-

lowing years, further projects were initiated based on this project. As of May 2021, the 

human genome is considered to have been completely decoded with 19,969 genes [32,33].

Individual diagnosis and therapy of diseases are built on this knowledge. The expression of 

different DNA sequences influences how a patient reacts to a drug, how the drug is metab-

olized, and which dose ultimately affects the patient [34]. Pharmacogenetic diagnostics of-

fer the possibility of identifying individual characteristics of a patient's metabolism and 

based on this, determining the type and dosage of the drug that the patient needs. However, 

genotyping currently is of great interest for drug therapies that have a narrow therapeutic 
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range or a risk of serious adverse drug reactions. One example of pharmacogenetic therapy 

is trastuzumab, a specific monoclonal antibody against human epidermal growth factor re-

ceptor 2 (HER-2) on mammary carcinoma cells [35,36]. This drug is used for the treatment 

of breast carcinoma in only a third of the patients in whom overexpression of HER-2 re-

ceptors is detected in the tumor tissue. This overexpression leads to a more aggressive 

course of breast carcinoma. With the personalization of the treatment, patient survival could 

increase significantly while the risk of DRPs could decrease [37]. However, tumor growth 

remains a major concern in cancer therapy due to the heterogeneity within a tumor. This 

may hinder personalized medicine based on the results of individual tumor biopsy samples. 

In previous studies by Gerlinger et al., exome sequencing, chromosomal aberration analy-

sis, and ploidy profiling have been performed on renal carcinomas and associated metasta-

ses [38]. Strong heterogeneity has been observed within the tumors, with 26 out of 30 tumor 

samples (86.67%) from four tumors had variant allelic-imbalance profiles, with ploidy het-

erogeneity in two of four tumors [38]. Therefore, biopsies from a tumor can lead to the

underestimation of the genomic landscape and represent a major challenge for personalized 

medicine and biomarker development [38]. However, precision medicine has already 

proven useful in other disease patterns and therapies. For example, in Human Immunode-

ficiency Virus (HIV) therapy, a combination of drugs is prescribed to prevent the virus 

from replicating inside patients. In most cases, abacavir, an API, is part of the combination. 

However, studies have found that about 3% of the patients do not tolerate this substance

(mostly hypersensitivity reaction with e.g., fever, rash, vomiting) [39–41]. Further research 

has revealed that these patients have a particular variant of a specific gene (human leuko-

cyte antigen, HLA-B), referred to as HLA-B*5701. The HLA-B gene is crucial in the im-

mune system's ability to identify and respond to pathogens and to transmit hypersensitivity 

reactions [42]. As a result, a genetic test was developed to detect this variant in patients’

blood and since 2008, doctors are obliged to carry out this test before drawing up a medi-

cation plan. If a patient has this gene variant, abacavir must not be used for the treatment 

of HIV but a different virustatic must be chosen for pharmacotherapy.

Especially in the Netherlands, pharmacogenetics is already well established. The Dutch 

Pharmacogenetics Working Group has issued recommendations for more than 100 medi-

cines to adjust the dose based on genotype [43,44]. This approach has already been inte-

grated into the clinical routine in this country and is regularly applied in everyday practice.

Since 2005, the multidisciplinary team, consisting of clinical pharmacists, physicians, 
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clinical pharmacologists, clinical chemists, epidemiologists, and toxicologists, has been 

working on the goals of developing pharmacogenetic-based therapeutic (dose) recommen-

dations and, concomitantly, supporting prescribing physicians and pharmacists by integrat-

ing the recommendations into computerized drug prescribing and automated drug monitor-

ing systems. To build the database, systematic research was performed for each drug, liter-

ature was screened, and information on gene-drug interactions was collected. For each ar-

ticle found, two parameters were specified: the level of evidence of gene-drug interaction 

(0: lowest to 4: highest evidence) and the clinical relevance (AA: lowest impact to F: high-

est impact) of the potential side effects, reduced therapeutic response, or other clinical im-

pact resulting from the gene-drug interaction [43,45–47]. The interactions found, references 

to publications, and recommended dosages were published by the group and made available 

worldwide.

In 2015, the then- U.S. president Barack Obama announced the Precision Medicine Initia-

tive (PMI) [48]. The initiative was intended to improve health, cure diseases such as cancer 

and diabetes, and accelerate progress toward personalized therapy [4]. The focus was on 

cancer research, building a cancer- knowledge- network, and performing more clinical tri-

als with novel designs. In addition, the initiative supported a better understanding of disease 

risk and mechanisms and furthermore the prediction of optimal therapy. 

Most recently in 2023, an open-label, multicentre, controlled, cluster-randomised crossover 

implementation study (seven European countries, about 7000 patients) was published by

the Leiden University Medical Centre, in which patients were prescribed drugs based on 

their genetic information with the "DNA Medication Passport" [49,50]. This card contains 

information about the patient's genetic constitution and links it to medications, the metab-

olization of which could be altered depending on the genetic code. These data were used

by trained doctors for tailored therapies and individual drug dosages. This resulted in high 

patient acceptance and a 30% lower rate of adverse effects. Such an approach to personal-

ized medicine could reduce hospitalizations based on DRPs. With effective disease preven-

tion, fast and accurate diagnosis, and efficient therapies through personalized medicine and 

tailored individual medical care, the healthcare system could be relieved and costs saved, 

which would otherwise achieve suboptimal results with only "general" prescriptions. Re-

ducing the number of patients admitted with DRPs will also reduce the burden on hospital 

personnel, who are understaffed anyway.





A.2.1 General 

Figure 1: Schematic illustration of the transport path of an oral 
dosage form in the human body. [a]: mouth; [b]: oesophagus; 
[c]: stomach; [d]: small intestine; [e]: large intestine. (Created
with EdrawMax Version 12.0.2).



A.2.2 Basics of Drug Dissolution  



Table 1: BCS classification of APIs .



Figure 2: Transport mechanisms from lumen across the intestinal membrane to blood. Red cube: API.





A.2.3 Basics of Drug Release from Oral Dosage Forms 



Figure 3: Examples of release curves with a) immediate-release profile; b) delayed-release profile; c) prolonged-re-
lease profile; d) pulsatile-release profile.

pH 1.2 pH 6.8



Table 2: Mathematical equations for release description.



A.2.4 Pharmacokinetics of Oral Dosage Forms 



Figure 4: Schematic time course of a single dose after oral administration. MTC= minimum toxic concentration, 
MEC= minimum effective concentration.

Figure 5: Schematic representation of the time course of plasma level concentration after repeated oral intake of a 
single dose (blue) and the course of an ideally prolonged DDF (grey).

therapeutic window 



Figure 6: Schematic plasma concentration profiles of immediate (black), delayed (blue), and prolonged (green) drug 
formulations. Example of three equal doses of the same API only various formulations releasing the API differently.



A.2.5 Oral Dosage Forms for Personalized Medicines 







Ph. Eur. 2.9.3 Dissolution of solid dosage forms





A.3.1.1 General Process
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Figure 7: Categorization of the different 3D printing technologies according to ASTM Standard F2792 [148].



Figure 8: Creation process of a 3D printed object: a) object design with a CAD program; b) slicing the object, setting 
the printing parameters, creating a G-code; c) the desired object is printed with the selected material.

A.3.1.2 Stereolithography  



A.3.1.3 Powder Bed Printing 

A.3.1.3.1 Selective Laser Sintering  



A.3.1.3.2 Powder Bed Ink-Jetting (Binder Jetting) 





A.3.1.4 Melt Extrusion Deposition, Direct Powder Extrusion  

A.3.1.5 Pressure Assisted Micro Syringe Printing (Semi-Solid Micro Extrusion) 



A.3.1.6 Fused Deposition Modeling  
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Figure 9: Schematic representation of the course of long-term levodopa therapy. Habituation to levodopa increases, 
with the consequence that a dose increase is necessary. The therapeutic range becomes smaller, due to which on-off
fluctuations and dyskinesias occur .

Figure 1 : Chemical structure of levodopa.     
(Created with ChemDraw Version 21.0.0.28). 

Figure 1 : Chemical structure of benserazide. 
(Created with ChemDraw Version 21.0.0.28).



Figure 12: Chemical structure of pramipexole.
(Created with ChemDraw Version 21.0.0.28).
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The following research paper has been published in the journal Therapeutic Innovation & Regulatory 
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Pretext

FDM 3D printing is particularly suitable for special patient groups, such as children, multimor-

bid patients, patients with swallowing difficulties, and patients with rare diseases. A wide vari-

ety of formulations can be used and processed into filaments using HME. Subsequent 3D print-

ing shapes these into suitable dosage forms. This review article discusses the specifics of this 

process, how to monitor and ensure quality, and the challenges that still need to be overcome.

The filaments required must meet certain criteria so that they can be used for FDM 3D printing. 

Possible in- and off-line PAT are evaluated. The subsequent 3D printing has so far been carried 

out with commercial printers. For official use in pharmacies and hospitals, a cGMP-capable

printer must be developed to ensure pharmaceutical quality. The printed tablets have physically 

different properties and characteristics than pressed tablets. Accordingly, other analysis tech-

niques are more often used here. In addition, a non-destructive analysis technique is advanta-

geous for HME as well as for 3D printing, since the process is very time-consuming and only 

small batches can be produced. Furthermore, pharmacies and hospitals lack the equipment, per-

sonnel, and environment to perform wide-ranging analyses of printed batches.
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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 require-
ment 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, clean-
ing 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.

Introduction

The general principle of pharmaceutical 3d printing, or 
additive manufacturing, renders this approach a promis-
ing candidate for the automated manufacturing of solid 
pediatric medicines [1]. Solid medicines have signifi-
cant 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 
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direct consequence of this approach is the ability to mod-
ify 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 medi-
cines. 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-direc-
tion 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 indus-
trially due to the required equipment, environment, and 
process understanding. This results in two main advan-
tages. 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 dos-
age forms requires 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 formula-
tion and process development [7, 8] quality consideration 
of excipients, formulations, processes, filaments and medi-
cines are frequently mentioned but rarely formalized. This 
lack was recognized by the United States Pharmacopeia 
(USP) and the International Association for Pharmaceuti-
cal Technology (APV) who co-organized a 4-day workshop 
on quality and standards considerations of 3d printed medi-
cines (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 Manufactur-
ing Systems of the University of Applied Sciences Cologne 
and the Institute of Pharmaceutics and Biopharmaceutics at 
Heinrich Heine University Düsseldorf. In the project, novel 
polymers for pharmaceutical FDM 3d printing are devel-
oped and thoroughly tested and benchmarked. Addition-
ally, 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 presenta-
tions 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, accu-
racy of dosing and improved portability over liquid formu-
lations. 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 pedi-
atric formulation development, both for safety and accept-
ability of the resulting dosage forms. The physiology of neo-
nates 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 chal-
lenges and issues are propylene glycol or sorbitol in infants. 
Also, polyethylene glycol (PEG)—a useful additive for fila-
ment plasticity and solubility enhancement—needs careful 
consideration regarding maximum intake. While studies 
confirm safe use of, e.g., PEG 3350–4000 as laxative, unde-
sired laxative effects and potential gastrointestinal disorders 
limit the use of PEG to 10 mg/kg/d [13].
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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 gastrointestinal 
tract (GIT) is to be expected. Therefore, not only polymer 
but also degradants and synthesis constituents of the poly-
mer need to be carefully integrated into the safety assess-
ment for pediatric medications. To date, several pharmaceu-
tical 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, ADME 
developmental changes, and duration of treatment to ensure 
safety and efficacy of such formulations in pediatric popula-
tion.” [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 fulfilled by the polymer for 
these applications, as illustrated in Fig. 1 (further details on 
these parameters can be found in the supplementary infor-
mation in Table S1). Here, we summarized relevant proper-
ties 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 parame-
ters 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 pro-
file is required due to “pinching” of these filaments between 
two feeding gears in the printhead. Filaments carrying a high 
Young’s modulus (> 300 N/mm2, 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 > 1–1.5 mm [21, 
22] and breaking stress > 2941–3126 g/mm2 [22]). Nasered-
din 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].

Taste Masking

Taste is an important sensation to be considered in phar-
maceutical development. Taste aversiveness might impact 
patients’ compliance and medication adherence. Sensory 
components of both the olfactory and the gustatory sensa-
tions 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 gus-
tatory 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, 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 fla-
vors [29]. However, it should be noted that one or more
components of these mixtures will partly evaporate
during the manufacturing and over storage time chang-
ing 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 cyclo-
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dextrins, 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 pharmaceuti-
cal 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 pharmaceu-
tical melt extrusion processes [34–36]. As mentioned in the 
section on polymer requirements, the mechanical properties 

Figure 1  Selection of Parameters That are Relevant for Pharmaceutical Application of Polymers, Particularly in HME and FDM.
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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 extru-
date is milled or pelletized and a subsequent homogeniza-
tion 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 distribu-
tion 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 poly-
mers, solid additives and APIs is a critical aspect. Unlike sin-
gle-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. 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 fluctua-
tions are shown in black and the resulting output fluctuations 
after extrusion are shown in red. The reduction in fluctua-
tions 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.

Several types of dispensing devices are available for feed-
ing 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 con-
trast, 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 par-
ticularly high demands on equipment attributes [42]. Mata-
razzo 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 col-
lected. Data analysis of the dosing curve or its integral can 
be conducted using statistic parameters like measure of dis-
persion 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.

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 nec-
essarily normal distributed, the inter quartile range of the 
diameter is used to describe fluctuations. Besides having 

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 Fluc-
tuations After Extruder (Red).
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a measure for fluctuations, it is as important to set limita-
tions for said variations. Usually, deviations of ± 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. 
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 fluctua-
tions 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 fila-
ments 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 fre-
quently 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 appli-
cations, proper cooling can be achieved by either passive 
cooling on a conveyor belt at atmospheric conditions or 
by using an air ring or air tunnel [49].

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 align-
ment 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 diam-
eter 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, 

Figure 3  (Left) Interquartile Ranges of Diameter Measurements Dur-
ing 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: 4 × 90°,4 × 60°, 2 × 30°, 
KZ 2: 8 × 60°,  Unpublished Data).
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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.

Characterization of Filaments

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

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) espe-
cially 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 fila-
ments 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 plas-
ticizer 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 dissolu-
tion as per compendial monographs is used to determine the 
amount of drug dissolved over time and thereby to assess the 
performance of the formulation (filament/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 spheric-
ity 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 

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-Axis Laser Micrometers, (5) Winding Unit.
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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 poly-
mer 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 imple-
mented tool to quantify the drug load in a typical range 
for pharmaceutical applications. The range of linearity dif-
fered with different formulation and was 5–30% for carba-
mazepine, 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 and 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 multivari-
ate analysis (MVA) for in-line API concentration monitor-
ing 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 response to disturbances of param-
eters, 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 spectros-
copy as PAT tool for the in-line determination of API con-
centration and the polymer-drug solid state during HME 
process [60]. They used different concentration of meto-
prolol 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 charac-
terization 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, influ-
ence 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 applica-
tion 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 under-
standing of materials. The solid state of an API incorporated 
in a polymer matrix can have a large impact on the perfor-
mance of the final dosage form in terms of dissolution rate 
and bioavailability [65]. Poorly soluble APIs, 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 poly-
mer matrix. In contrast, an API can also be incorporated in 
filaments maintaining a crystalline structure [67, 68]. The 
presence or absence of crystalline structures strongly influ-
ences printability, such as mechanical [69] and rheological 
properties of filaments [70]. Consequently, the assessment 
of crystallinity in filaments is important in process devel-
opment, 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 API and the polymer 
matrix [71]. Thermal and mechanical energy uptake dur-
ing manufacturing facilitates the dispersion and reduces 
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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 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-estab-
lished 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 intermedi-
ate 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 Dosing 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 qual-
ity 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 ingre-
dient 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 impera-
tive 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 Car-
tesian 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 respec-
tive 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 pharma-
ceutical industry are not considered. For example, many 
of the moving parts, which are usually lubricated, are not 
encapsulated and are, therefore, exposed to potential con-
taminants 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 require-
ments for the system need to be 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 prob-
lems become apparent. In regular 3d printing 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 out-
gassing, 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 opera-
tor. During the processing of APIs, the user may be exposed 
to harmful chemicals. For example, in the case of outgas-
sing, 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 manufac-
ture of pharmaceutical products [78].

Here, it is advisable to use approaches from industrial 
3d printing as a starting point. Powder-based printing tech-
nologies in particular place great emphasis on user safety. 
The GMP guidelines stipulate that all surfaces in contact 
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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 mate-
rial, if possible.

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 phar-
maceutical 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 resist-
ances, 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 particu-
lar, 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 mate-
rial. 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 suf-
ficient 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 sys-
tem 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 fila-
ment 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, solv-
ing 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 condi-
tions, similar to a tablet in a blister. Initial approaches can 

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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already be found in printers from the company Stratasys 
[80]. Yet, these are not suitable for pharmaceutical manufac-
turing machines without significant modifications.

If filaments 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 mecha-
nisms 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.

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. Techni-
cal 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. Nev-
ertheless, 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. Com-
monly, 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-contamina-
tion. As the hotend is located directly above the product, 
evaporation of residual solvents, plasticisers and other vola-
tile 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 proce-
dure in research, will not suffice to prevent cross-contamina-
tion. 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 acces-
sible [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 reputa-
tion 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 phar-
maceutical 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, API 
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 adapt-
ing the mechanical components. A major point is the quality 
control of the printed product.

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 
API 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 accu-
rate 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 con-
trol 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 electron-
ics. For example, motor and heater current, temperature
of nozzle and cooling zone, vibrations etc.

2. Monitoring of the extruded volume or mass of the fila-
ment, 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.
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The monitoring of machine parameters can be imple-
mented in industrial control systems and do not necessar-
ily 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 qual-
ity and accurate dosing of pharmaceutical dosage forms. In 
another example, Becker et al. [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 valu-
able 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 
filament 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, special-
ized sensors as well as integrated balances measuring the 
actual printed mass of filament could be an option to fur-
ther improve the accuracy of 3d printed oral dosage forms, 
assuring the quality. For printing at the site of care, imple-
mentation 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 inves-
tigate 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 medica-
tions 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 pro-
cess 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, orodispers-
ible 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 manufac-
turing 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 acceptabil-
ity in neonates, infants and children [2, 98] minitablets 
of 2 mm diameter are developed and manufactured more 
frequently than larger ones. Accurate printing of small 
objects is challenging in general. A typical nozzle diam-
eter 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 possi-
ble 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 associ-
ated with higher dimensional accuracy and improved sur-
face 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 
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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 intro-
duce additional classes of printing errors like stringing 
and blobs [100]. Every additional travel movement comes 
with the risk of oozing filament and, therefore, inaccu-
racy 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, 2 mm 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 tab-
lets and low dose drug forms [99].

Ayyoubi et al. printed spherical tablets with a diam-
eter of 6 mm with channels to improve dissolution rate 
[101]. Small oblong tablets (9  mm × 5  mm × 4  mm 
(width × length × height)) were manufactured for chil-
dren > 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 print-
ing 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 APIs is not as limiting as in traditional manufactur-
ing processes since the compounds are separately printed 
into different compartments of the dosage form. The flex-
ibility of a computer-controlled manufacturing process 
opens the possibilities to match the exact needs for pedi-
atric 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 chil-
dren [95, 106, 107] and are dosage forms of choice for 
patient centric applications. The European Pharmacopoeia 
defines orodispersible films as solid oromucosal prepara-
tions 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 API. However, the cut-
ting 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 technol-
ogies. 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 con-
tains 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 manufac-
turing medicines for children. Jamróz and colleagues accu-
rately printed orodispersible films containing aripiprazole 
[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 vari-
ation 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, 
a 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 layer and drug containing 
layer and an ethyl cellulose backing layer that formed a 
permeation barrier, thus creating a unidirectional drug 
release [117].

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.
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Dosage Form Characterization

To ensure that printed dosage forms meet the require-
ments, physical properties need to be characterized, and the 
homogeneous distribution of the API has to be controlled 
to guarantee that patients receive the necessary therapeuti-
cal amount of API. For physical characterization, various 
tests are listed in the pharmacopeia: test for friability (Ph. 
Eur. 2.9.7), crushing strength (Ph. Eur. 2.9.8) and disinte-
gration (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) or the uniformity of dosage units (Ph. Eur. 
2.9.40). 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, μCT 
measurements are often used [102, 122]. The visualization 
of the internal structure of dosage forms reveals the struc-
tural 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 tempera-
ture, 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 μCT and 
contribute to the improvement of the process.

As 3d printing is suitable for small, personalized 
batches, and produces a smaller throughput than indus-
trial manufacturing machines, non-destructive methods are 
advantageous for this process. In addition, for the deter-
mination of the mass or content uniformity, 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 dis-
solved in 2 ml saliva for 2 min, because children often are 

expected to chew the tablets [104, 127]. In addition, vol-
umes and dwell times can also be adjusted for the specific 
patient group. Accurate dosing is especially important for 
children, which can be 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 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 pharma-
ceutical as well as engineering considerations for FDM 
printed medication for children. We reflected on current 
liabilities and intended to depict ways for further inno-
vation 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 excipi-
ents to accommodate for pharmaceutical needs—with even 
more elevated quality requirements for pediatric patients 
especially in the fields of excipient safety, acceptability, 
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 popula-
tion 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 demon-
strated 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 technolo-
gies 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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Abstract: 3D printing offers the advantage of being able to modify dosage form geometry, which
can be exploited to modify release characteristics. In this study, we investigated the influence
of the surface area to volume ratio (SA/V) to change and predict release profiles of 3D printed
dosage forms. Geometries with varying SA/V and dosages were designed and printed, and drug
dissolution was investigated. Three drug substances were used: pramipexole, levodopa (both
BCS I) and praziquantel (BCS II). Two polymers were chosen as matrix formers: polyvinyl alcohol
(water-soluble) and ethylene vinyl acetate (inert). Drug release was characterized using the mean
dissolution time (MDT) and established equations that describe complete dissolution curves were
applied. Predictions were validated with previously un-printed dosage forms. Based on an identified
MDT-SA/V correlation, the MDT can be predicted with a deviation of ≤5 min for a given SA/V.
Using correlations of fit parameters and SA/V, RMSEP values of 0.6–2.8% and 1.6–3.4% were obtained
for the BCS I formulations and RMSEP values of 1.0–3.8% were obtained for the BCS II formulation,
indicating accurate prediction over a wide range of dissolution profiles. With this approach, MDT and
release profiles of dosage forms with a given SA/V can be precisely predicted without performing
dissolution tests and vice versa, the required SA/V can be predicted for a desired release profile.

Keywords: 3D printing; oral dosage form; drug dissolution; mean dissolution time; drug release
prediction; personalized medicine

1. Introduction

Personalized pharmaceutical therapies are increasingly moving into focus to match
the individual needs of patients [1–3]. There is a constantly improving understanding
of the organism and metabolism of children and elderly patients, and it is becoming
increasingly clear that drug substances may be metabolized differently compared to adults,
especially if comorbidities are present. The efficacy of the active pharmaceutical ingredient
(API) varies depending on age, body type, gender, health, and the individual metabolic
state [4–6]. To adjust the dose of medicine for patients based on these dependencies, several
approaches are available. Liquid or semi-solid preparations can be measured and dosed
individually with the help of dosing aids, such as spoons, syringes, or cups. With solid
dosage forms, it becomes more difficult to provide exact doses. Some tablets can be split
into halves or quarters by hand or with the help of a tablet cutter, but these methods lead
to inaccurate dosing [7,8]. Tablets with modified release especially demonstrate a major
challenge if the release-determining factor is controlled by a functional coating, which loses
its integrity when a tablet is split or mortared [9]. The requirements for dose variability
and the constraining demand for an equivalent release profile despite the change in dose
strength cannot be addressed industrially. The small batches needed for personalized
medicine are not technically and economically feasible to manufacture on large-scale
equipment. To provide patients with customized medicines, 3D printing to manufacture
individualized medicine has been investigated [10–14]. Most commercial 3D printers
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are not only inexpensive, but also easy to operate and able to produce small batches for
patients on demand. With individually manufactured dosage forms, it is possible to adapt
the dosage of the API and the release kinetics of the API to the patient. In this way, a
wide range of therapeutic regimens can be covered and side effects reduced, as the most
effective dose with the least adverse effects can be administered precisely [15]. In the future,
the production of these individual batches could be realized by community pharmacies,
hospitals and regional manufacturing hubs.

In fused deposition modeling (FDM) 3D printing, intermediates containing the API,
so-called filaments, are produced by hot-melt extrusion [3,16–18]. Filaments have to meet
certain mechanical properties in order to enable the subsequent printing process [16,19,20].
The drug-loaded filament is fed into the print head, molten in the nozzle, and deposited
on a heated print bed. Because of these two heat-intensive steps, FDM 3D printing is
limited in terms of the APIs that can be used. The APIs should be thermostable and only
decompose at high temperatures. Although it is possible to work with polymers that
melt at low temperatures, this severely limits the choice of polymers [21]. The desired
object is designed in advance using computer-aided design (CAD) software and converted
via a slicer software into a machine language, the G-code. This G-code determines the
temperature, movement, and the speed of the print head and print bed. The design of the
object should consider the volume, which determines the dosage depending on the drug-
load of the filament. There are two opportunities to influence the drug release properties of
3D printed objects: changing the composition of the filaments and adapting the surface
area to volume (SA/V) ratio [22–25]. Since printing technologies allow one to manufacture
a wide range of geometries without further development efforts, changing the SA/V ratio
is the preferred option. It has been shown that the API release is faster, when the SA/V
ratio is higher and slower when the ratio is smaller [22,23,26]. The absolute volume and
the selected geometry were found to be negligible [23]. In order to reduce the elaborate
production of filaments, there is a need to achieve different release profiles with only
one filament.

To enable an individual dosage form with a defined dissolution profile, one must
understand how the underlying formulation performs and according to which kinetic the
API is released from the polymer matrix. Release profiles can be fitted using mathematical
equations that consider the dissolution behaviour of the API and the polymer, as well as
the diffusion pathways the API and the medium must overcome [27–29]. So far, various ap-
proaches have been used to try to predict the drug release from solid dosage forms [30–41].
Korte et al. investigated the approach of changing the dose of the 3D geometry via the
percent of infill and predicted the release kinetics depending on the infill density [42].
Likewise, in another study, an infill in the form of honeycomb was modified, thereby also
changing the drug release profile and predicting the resulting release profiles [43]. Artificial
neural networks (ANN) are also being implemented to identify the influence of formulation
and process parameters on the release behaviour and to improve predictions [28,34,44–47].
For example, Novák investigated the influence of varying infills and resulting tablet porosi-
ties on drug release using an ANN. This resulted in an in-silico design method of infill
variations for 3D printed dosage geometries [48].

In this work, two different approaches were applied to predict dissolution charac-
teristics and complete dissolution profiles of 3D printed geometries. This should ensure
that individual batches can be produced in hospitals and community pharmacies without
having to spend a lot of material, time and money on release testing. Firstly, the release
behaviour of various geometries should be predicted via correlations between the SA/V
ratio of the printed objects and the mean dissolution time (MDT) of the printed dosage
forms. Secondly, complete release profiles should be predicted based on correlations be-
tween the SA/V ratio and suitable mathematical equations. Validation experiments should
be performed in all cases to appraise the quality of the prediction approaches.
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2. Materials and Methods

2.1. Materials

Formulation 1, referred to as the PVA-PDM formulation, consisted of 5% (w/w)
pramipexole dihydrochloride monohydrate (PDM, Chr. Olesen, Denmark) as an API of
the biopharmaceutics classification system (BCS) class I, declared as good water solubil-
ity (cs ≥ 200 mg/mL) [49,50]. Mannitol (Parteck M®, Merck, Germany) was used as a
plasticizer at 10% (w/w) content. Polyvinyl alcohol (84%, PVA, Parteck MXP®, Merck,
Germany) was selected as a polymer. Formulation 2, referred to as the EVA-LD formulation,
consisted of 10% (w/w) levodopa (Zhejiang Wild Wind Pharmaceutical, Dongyang, China),
and was also a BCS class I API (cs ≥ 12 mg/mL) [51]. As water soluble component, a
vinylpyrrolidone-vinyl acetate copolymer (VP-VA) was used (39.5%, Kollidon VA 64®,
BASF, Ludwigshafen, Germany) and 10% mannitol was added as a plasticizer. The ma-
trix consisted of ethylene vinyl acetate (EVA) with a content of 18% vinyl acetate (39.5%,
Escorene® FL 01418, TER Chemicals, Hamburg, Germany). To improve flowability, 1%
fumed silica (Aerosil® 200 VV Pharma, Evonik, Germany) was added to both formula-
tions. Formulation 3, referred to as the PVA-PZQ formulation, consisted of 5% (w/w)
praziquantel (PZQ, donated from Bayer AG, Leverkusen, Germany) as an API of BCS class
II (cs = 0.4 mg/mL) [52–54], declared as poorly water-soluble. As a polymer basis, PVA
was chosen with 95% content. All filament formulations were systematically developed to
minimize diameter fluctuations of the filaments and to ensure highest printability with the
available equipment. The criteria for the drug selection were heat stability and different
classifications in the BCS. The melting point of PDM is also the decomposition point at
296–305 ◦C [20,55–57]. LD melts and decomposes at 260–330 ◦C [58]. PZQ has its melting
point already at 140–143 ◦C but decomposes only at temperatures >400 ◦C [59,60]. The
investigated dose ranges do not correspond to therapeutic dosages and result from the
drug loading of the filament and the volume of the objects. The polymer matrix of the
first formulation should be water soluble and generate prolonged drug release. PVA fulfils
both criteria as the polymer forms a water-soluble hydrocolloid matrix [61]. To test the
transferability of the predictive model to other formulations, an inert, non-swelling matrix,
EVA, was chosen [62]. To improve the printability and hydrophilicity of the filament,
VP-VA was added. PVA was again chosen for transferring the model to the BCS class II
drug, for the extended drug release as well as better printability. Thus, variations resulting
from the process could be eliminated and the differences clearly attributed to the API.

2.2. Methods
2.2.1. Hot Melt Extrusion

The drug-containing filaments of formulation 1, 2 and 3 were produced via hot-melt
extrusion with a co-rotating twin-screw extruder (Pharmalab HME 16, Thermo Fisher
Scientific, Waltham, USA) using an in-house manufactured die with a diameter of 1.85 mm.
The feed rate was set to 5 g/min and the screw speed to 30 rpm. The temperatures of
the heating zones as well as the screw configurations are shown in Table 1. The filaments
were hauled off with a winder (Model 846700, Brabender, Duisburg, Germany) at a speed
of 1.8 m/min to the target diameter of 1.75 mm. The diameter was controlled using a
laser-based diameter measurement module (Laser 2025 T, Sikora, Bremen, Germany).

2.2.2. 3D Printing of Tablets

The drug-loaded filaments were printed on a FDM 3D printer (Prusa i3 Mk3, Prusa
Research, Prague, Czech Republic) to oral dosage forms in various geometries. The
geometries were designed with Fusion 360® (Autodesk, San Rafael, CA, USA) and sliced
in Simplify3D® (Simplify3D, Cincinnati, OH, USA) to obtain the desired G-code. The print
temperature for the PVA-PDM filaments was set to 185 ◦C, the bed temperature to 60 ◦C
and the printing speed was 20 mm/s. The printing temperature had to be increased for the
EVA-LD formulation, as the filament was very flexible and could not be transported reliably
through the nozzle by the conveying wheels in the print head at lower temperatures, as
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the filament would otherwise wrap around the wheels. To ensure a constant filament-flow
through the nozzle, the temperature of the nozzle was set to 220 ◦C and the printing speed
was reduced to 10 mm/s. For the PVA-PZQ formulation, a nozzle temperature of 185 ◦C
could again be used, but the bed temperature had to be increased to 90 ◦C because the
printed objects adhered poorly to the print bed and detached from the bed more often.
Therefore, a printing speed of 10 mm/s was also selected here. To obtain high print
accuracy, the layer height was set to 0.1 mm and the extrusion width to 0.4 mm using a
nozzle with a diameter of 0.4 mm. The infill percentage of the concentric infill was set
to 100%.

Table 1. Extrusion settings (temperature profile and screw configuration) for the used formulations.

Temperature Profile in Zone 2–10/◦C

Zone/- 2 3 4 5 6 7 8 9 10

PVA-PDM
formulation/◦C 30 100 180 180 180 180 180 195 195

PVA-PZQ
formulation/◦C 21 31 78 180 180 180 180 180 190

EVA-LD formulation/◦C 25 28 78 130 140 155 155 120 100

Screw Configuration (Die–Gear)

PVA/EVA formulation die-10 CE 1 L/D-KZ: 5 × 60◦-3 × 30◦-5 CE 1 L/D-KZ: 4 × 90◦-5 ×
60◦-3 × 30◦-10 CE 1 L/D-2 CE 3/2 L/D-gear

CE = conveying element, KZ = kneading zone

2.2.3. Dissolution Test

According to Ph. Eur. monographs 2.9.3 and 5.17.1 [63,64], release studies (n ≥ 3)
were performed with the basket method (Method 1) in a dissolution tester (DT 726, Erweka,
Langen, Germany). The baskets were 3D printed from water insoluble polylactide acid
(PLA). They had to be adapted for printed tablets, since the mesh size of the regular Ph.
Eur. baskets is small (0.36–0.44 mm) and the baskets were clogged by the swollen polymer
of the PVA formulation. This affected the hydrodynamic medium flow around the printed
oral dosage forms. The self-printed baskets have the same outer dimensions as the Ph.
Eur. baskets, except that the mesh width was changed to 3 mm. The dissolution test
for PDM containing tablets was performed in 500 mL of degassed 0.1 N hydrochloric
acid at pH 1.2 under sink conditions (cs ≥ 200 mg/mL [50]; maximum concentration
0.08 mg/mL) and stirred at 50 rpm at a temperature of 37 ± 0.5 ◦C. The released API
was measured using an UV-Vis spectral photometer (UV-1800 Shimadzu, Japan) at a
wavelength of 263 nm. Dissolution testing of the levodopa containing geometries was
performed in 1000 mL of degassed 0.1 N hydrochloric acid at pH 1.2 under sink conditions
(cs ≥ 12 mg/mL [51]; maximum concentration 0.05 mg/mL) and stirred at 50 rpm at a
temperature of 37 ± 0.5 ◦C. The API release was recorded with the same UV-Vis spectral
photometer at a wavelength of 280 nm. The dissolution tests with PZQ were performed
in 750 mL of degassed 0.1 N hydrochloric acid at pH 1.2 for the first 120 min and then
transferred to 1000 mL phosphate buffer pH 6.8 with 250 mL of degassed 0.2 N tri-sodium
phosphate dodecahydrate solution. The temperature was adjusted to 37 ± 0.5 ◦C. The drug
release was measured at a wavelength of 210 nm. The tests were performed under sink
conditions (cs = 0.4 mg/mL [54]; maximum concentration: 0.03 mg/mL). Samples were
taken every 5 min for the first 30 min, then every 10 min for the next 90 min, followed by
sampling in 20 min intervals. After a release time of 240 min, samples were taken every
30 min.
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2.2.4. Mathematical Description
Release Modeling

The mean dissolution time (MDT) is used as a characteristic value that describes the
drug release and was calculated according to Equation (1). It is expressed in units of time,
usually in minutes, and indicates how long an API molecule is retained in a dosage form
on average during dissolution [27,65].

MDT =
ABC
c∞

=
∑∞

i=0

[
(ci+1 − ci) ∗ (ti+ti+1)

2

]
c∞

(1)

ABC stands for the area between the curves and is calculated via the trapezoidal
equation with c as the concentration of the API released over time t and c∞ as the initial
drug load of the dosage form. Values up to 100% of the release curve were used for the
calculation since the ABC does not change afterwards.

Various mathematical models were tested to fit the complete release profiles for predic-
tion. First, the Korsmeyer–Peppas equation, or power law, was applied (Equation (2)) [27,66].

Mt

M∞
= k ∗ tn (2)

The released amount of the API over time t is described by the term Mt. The total
amount of the API in the dosage form at the beginning of the release process is represented
by M∞. The constant k describes the structural and geometrical characteristics of the dosage
form (cylinder, sphere, film), also known as the reaction rate constant or release velocity
constant. The diffusional constant n describes the underlying drug release mechanism.
Only the first 60% of the release curve should be used for the calculation. The model can
be used to analyse the underlying release properties of the system, when the mechanism is
unknown, or more than one release mechanism is involved. It should be taken into account
that the equation requires some properties of the matrix to be valid: the drug in the matrix
must be distributed homogeneously, show unidirectional diffusion, and during dissolution,
sink conditions should be maintained. Depending on the value of n, the release behaviour
can be categorized into Fickian Diffusion, anomalous transport, or case-II transport (see
Table 2) [29,66].

Table 2. Characterization of the diffusion exponent n depending on the dosage form geometry.

n

Thin Film Cylinder Sphere
Drug Release
Mechanism

0.50 0.45 0.43 Fickian diffusion
0.50 < n < 1.00 0.45 < n < 0.89 0.43 < n < 0.85 Anomalous transport

1.00 0.89 0.85 Case-II transport

The second equation used for the description of the release profile was the Peppas
Sahlin equation (Equation (3)) [29].

Mt

M∞
= k1 × tn + k2 × t2n (3)

Using this equation, it is possible to describe the anomalous drug release process: the
first term describes the Fickian diffusion and the second the Case-II relaxational contribu-
tion. The exponent n is, as in the Korsmeyer–Peppas equation, the diffusion exponent for
any geometrical shape. The constants k1, k2 describe the kinetics. The equation refers only
to the anomalous release of the API [67].

The drug release from an inert matrix is often described using the Higuchi equation
(Equation (4)). The Higuchi equation describes the release of a suspended drug from an
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insoluble matrix via diffusion and is also called square-root-of-time kinetic. This equation
was initially intended for ointments but can also be used for solid dosage forms [68,69].

Q =
√

D × (2 × c0 − cs)× cs × t (4)

This calculation is used to calculate Q, the amount of API released at time t per unit
area. It is composed of D, the diffusion coefficient of the API in the matrix, c0, the initial
dose in the dosage form and cs, the saturation concentration of the API. The formula
considers that the diffusion distance covered by the API does not remain constant but
increases steadily during dissolution. The API concentration in the matrix decreases
towards the medium since this is where the API is released first. Due to the growth of
the diffusion distance, the concentration gradient decreases and, accordingly, the release
rate. The Higuchi equation can be applied to suspension ointments and planar matrices
(films) in which the API is dispersed as the equation describes a one-dimensional diffusion
under sink conditions. The matrix should be inert and not undergo any change in structure,
not even swelling, so that the diffusion coefficient remains constant. In addition, the drug
concentration in the dosage form must be higher than the saturation solubility cs. As soon
as these conditions are no longer given, the equation is invalid, since the API is then no
longer dispersed but dissolved. The application of this equation is limited to 60% of the
released API [70].

Lapidus and Lordi modified the Higuchi equation for swellable hydroxypropyl
methylcellulose (HPMC) tablets (Equation (5)) [22,71,72].

Mt

M0
= 2 ×

(
SA
V

)
×

(
D × t
π

)0.5
(5)

In this equation, Mt represents the released API at time t and M0 indicates the initial
amount of the API in the tablet. The formula directly includes the SA/V ratio and the
diffusion coefficient D of the API in the matrix.

For eroding tablets, the release can be described by the Hixson Crowell equation
(Equation (6)). The formula reflects the size decrease of the dosage form. It assumes
that the surface of the form decreases proportionally over time and the geometrical form
remains constant.

3
√

W0 = 3
√

Wi + k × t (6)

W0 reflects the initial amount of API and Wi is the remaining API content over time
t. The constant k is the constant of incorporation, which describes the surface area and
volume relation of the dosage form. For the Hixson Crowell model, the release described
is limited by dissolution velocity and not by diffusion of the API through the polymer
matrix. Throughout dissolution, it is assumed that the surface decreases as layers detach
over time [27,73,74].

Furthermore, a release of an eroding matrix can be described by the Hopfenberg
equation (Equation (7)). The Hopfenberg equation is used to describe the drug release from
different geometries (plates, spheres, and cylinders). The assumption is that drug release
occurs via erosion and is not affected by diffusion.

Mt

M∞
= 1 −

[
1 − k0 × t

co × a0

]n
(7)

The term Mt
M∞

describes the release of the initial concentration co of the system over
time t with Mt as API amount at the observed point of time and M∞ as the total amount of
API solute of the dissolved tablet at infinite time. The erosion constant is described by k0.
The variable a0 presents the radius of the selected geometry (sphere, cylinder, plate). The
factor n represents the shape of the dosage form: n = 1 for a plate, n = 2 for a cylinder and
n = 3 for a sphere. The limiting factor of this model is erosion of the matrix, which is the
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rate-limiting step of drug release and assumes that time-dependent diffusion resistances
inside or outside the eroding matrix have no effect on it [27,75,76].

The Weibull equation (Equation (8)) can be used to describe release curve profiles,
regardless of the underlying physical mechanisms (diffusion or erosion).

ct = 1 − e(
−(t−Ti)

b

a ) (8)

The value of ct is the concentration of the API at timepoint t. Ti represents the lag-
time before the release of API starts. If there is no delayed release, Ti becomes zero. The
parameter b describes the shape of the curve (exponential b = 1; sigmoid b > 1 or parabolic
b < 1). The scale parameter a characterizes the time scale of the dissolution. As this equation
is an empirical model without any kinetic basis, it does not provide any information about
the underlying release properties, and only describes the curve profile. [27,77–79].

Prediction

In order to be able to evaluate how accurate the prediction of the release curves is, the
root mean square error of prediction (RMSEP) was calculated (Equation (9)) [42,80].

RMSEP =

√
∑n

i=1(yi − ŷ)2

n
(9)

The RMSEP value describes the differences between the predicted and the measured
values. The factor yi represents the experimental values and ŷ represents the prediction
values for every point of time of the release curve. The number of samples is indicated
by n.

Comparison of the Dissolution Profiles

To compare the release curves, the similarity factor was used. This is approved by the
FDA. The calculation was performed with Equation (10) [27,81,82].

f2 = 50 × log

⎧⎨
⎩
[

1 +
1
n

n

∑
t=1

(Rt − Tt)
2

]−0.5

× 100

⎫⎬
⎭ (10)

In this equation, Rt and Tt stand for the mean released amounts of the API in % at
time point t of the reference and the test product and n for the number of time points.
A minimum of 12 measurement points was used as the mean to determine the f2 value.
The f2 value is sensitive to the number of measurement points. For this reason, only one
measurement point was included in the calculation after 85% released API. A f2 value
around 100 is desired, which indicates that the curves are identical. A value of 50 or more
is accepted, which indicates that the values differ by max. 10%. Values below 50 indicate
that the curves can no longer be considered similar.

2.2.5. Characterization of the Printed Tablets

To evaluate the precision of the printing and to see whether the designed SA/V
ratio was also adhered to in the printed geometries, the printed tablets were measured
with a caliper (CD-15CPXR, Mitutoyo, Kawasaki, Japan). The weight of the tablets was
determined on a balance (Type 1702, Sartorius, Göttingen, Germany), and the tensile
strength of the tablets was determined (n = 10) with the crushing force tester (TBH210,
Erweka, Langen, Germany).

3. Results

3.1. Characterization of the Printed Tablets

To ensure the printed tablets corresponded to the designed SA/V ratio, they were
characterized (Supplementary Material, Tables S1–S7). The printing precision is considered



Pharmaceutics 2021, 13, 1453 8 of 22

very good for all three formulations and the deviations within a batch are very low, which
indicates a good reproducibility. The largest weight variations were found for the PZQ-
PVA formulation. The larger and heavier the printed tablet, the higher the variations in
weight. In contrast, the API content is very similar, so the variations are small. These data
suggest a good extrusion process with a homogeneous API distribution, as well as a robust
printing process with small variations in precision. This leads to small variations in mass,
which in turn leads to small variations in content. The printed PVA tablets have a high
internal hardness, which means that they cannot be broken in the crushing force tester. The
EVA tablets are very flexible, so that they also do not break in the crushing force tester
but deform.

3.2. Drug Release from Dosage Forms with Defined SA/V Ratios

For initial release studies, various geometries of constant SA/V ratios with different
doses were printed with the PVA-PDM formulation (Figure 1). The SA/V ratios were 1,
1.5, and 2 mm−1, based on changes of the dimensions (Table 3). By keeping the SA/V ratio
constant, the dose was varied according to the volume of the objects.

Figure 1. Designed geometries (from left to right): cube 1 (Q1), cube 2 (Q2), cube 3 (Q3), hollow
cylinder (HC), cylinder (C) and pyramid (P). Upper image: CAD-Design, lower image: printed
geometries of SA/V ratio 1.5 mm−1.

The dissolution data (Figure 2) revealed that dose and size did not influence the
relative drug release but only the SA/V ratio, which was expected. The PVA matrix forms
a hydrocolloid structure that swells first and slowly dissolves over time.
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Table 3. Characteristics of the printed geometries including the calculated MDT of the PVA-
PDM formulation.

SA/V 1 mm−1

Form SA/mm2 V/mm3 SA/V/mm−1 API/mg MDT/min f2 Value

Q1 606.00 585.00 1.00 35.97 56.95 77.51
Q2 256.00 256.00 1.00 15.60 62.91 87.92
Q3 250.00 250.00 1.00 15.66 65.65 73.88
HC 667.59 667.59 1.00 41.34 56.84 71.87
C 201.06 201.06 1.00 12.29 60.67 Reference
P 273.05 265.97 1.03 16.25 64.30 82.89

SA/V 1.5 mm−1

Form SA/mm2 V/mm3 SA/V/mm−1 API/mg MDT/min f2 Value

Q1 546.00 360.00 1.52 21.74 32.81 78.20
Q2 192.00 128.00 1.50 8.00 35.67 92.54
Q3 166.00 110.00 1.51 6.92 38.07 73.19
HC 301.59 201.06 1.50 13.54 33.83 90.82
C 150.80 100.53 1.50 6.19 34.80 Reference
P 121.92 80.10 1.52 4.85 36.92 75.40

SA/V 2 mm−1

Form SA/mm2 V/mm3 SA/V/mm−1 API/mg MDT/min f2 Value

Q1 516.00 247.50 2.08 15.04 22.98 66.45
Q2 169.60 83.20 2.04 5.21 25.70 96.55
Q3 142.00 70.00 2.03 4.43 24.90 91.95
HC 201.06 100.50 2.00 6.87 25.02 92.37
C 133.20 65.35 2.04 3.92 25.14 Reference
P 66.02 32.24 2.05 1.99 24.86 75.79

The smaller the SA/V ratio was, the longer it took until 100% of the API was released
as the diffusion pathways are longer and vice versa. The geometries with a SA/V ratio of 1
mm−1 released 80% of the API in 100 min, the geometries with a SA/V ratio of 1.5 mm−1

released 80% in 60 min and with a SA/V ratio of 2 mm−1, 80% API was released in 45 min.
The dosages varied by a factor of 7.5 for the SA/V ratio of 2 mm−1, by a factor of 4.5 for
the SA/V ratio of 1.5 mm−1 and by a factor of 3.4 for the ratio of 1 mm− 1.

The respective MDTs were calculated using Equation (1) and are listed in Table 3.
Geometries with the same SA/V ratio have very similar MDTs that match the observed
trend of the dissolution data. The MDT of geometries printed with a SA/V ratio of 1 mm−1

was 61 ± 3 min, with a SA/V ratio of 1.5 mm−1 35 ± 2 min and with a SA/V ratio of
2 mm−1 25 ± 1 min across all designs. The similarity of the curves was evaluated with the
similarity factor (Equation (10)). The cylinder was used as a reference for each SA/V group.
The f2-values are above 50 in each group and show that the curves are similar to each other.

3.3. Correlation between MDT and SA/V Ratio

Based on this data, a correlation between the SA/V ratio and the MDT was hypothe-
sized. For a better understanding of the correlation between these two features, geometries
with additional SA/V ratios were printed and the API release tested with the PVA-PDM
formulation. For this, a SA/V ratio of 0.8 mm−1 was chosen as minimum and 6.0 mm−1 as
maximum. The obtained data is shown in Figure 3a.
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Figure 3. Correlation of MDT and SA/V ratio for the PVA-PDM formulation (a) and linearized
version (b) (n ≥ 3; x ± s).

The correlation between the variables SA/V and MDT results in a curve (MDT =

62.5×
(

SA
V

)−1.3
), which could be linearized by log-transformation of both axes (R2: 0.9977).

The linear equation of the regression was used to predict the MDT of 3D printed tablets
with different SA/V ratios. The predictions were made exemplarily for four different SA/V
ratios not used for the regression model and compared with the experimentally determined
MDT of the corresponding printed geometries (Table 4).

Table 4. Comparison of MDT: predicted vs. experimental data of the PVA-PDM formulation (n ≥ 3;
x ± s).

SA/V Ratio/mm−1 MDT Prediction/min
MDT

Experiment/min
RMSEP/min

0.90 71.70 74.06 ± 11.45 2.36
1.60 33.83 31.04 ± 2.20 2.79
2.30 21.07 16.65 ± 0.46 4.42
4.67 8.36 6.93 ± 0.71 1.43

The predictions are very similar to the measured MDTs. The deviations are less
than 5 min, which is acceptable with respect to small variations in the measured release
curves. With this assessment, it is possible to categorize the SA/V ratios in terms of their
release profiles.

Similar experiments were conducted for the EVA-LD formulation to assess the validity
of the approach. Geometries with variable dosages and SA/V ratios of 0.9–6.0 mm−1 were
printed, and the MDT was calculated from the obtained dissolution data (Figure 4).

A similar relationship was obtained as described earlier for the PVA-PDM formu-

lation. The resulting curve (MDT = 209.43 ×
(

SA
V

)−1.71
) was linearized again via log-

transformation of both axes (R2: 0.9819).
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Figure 4. Correlation of MDT and SA/V ratio for the EVA-LD formulation (a) and linearized version
(b) (n ≥ 3; x ± s).

Additional geometries with defined SA/V ratios were printed and the MDTs resulting
from the release curves were calculated. The measured and predicted MDTs are shown in
Table 5.

Table 5. Comparison of MDT: predicted vs. experimental data of the EVA-LD formulation (n ≥ 3;
x ± s).

SA/V Ratio/mm−1 MDT Prediction/min MDT Experiment/min RMSEP/min

1.73 82.25 78.79 ± 7.24 3.46
1.89 70.74 62.60 ± 5.90 8.14
4.67 15.13 14.40 ± 0.77 0.73

Again, predicted MDTs describe the obtained data well. The variations between the
predicted values to the experimentally determined values are similar to the variations from
the PVA-PDM formulation.

The approach for predicting MDT was also tested for BCS class II using the PVA-PZQ
formulation (Figure 5).
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Figure 5. Correlation of MDT and SA/V ratio for the PVA-PZQ formulation (a) and linearized
version (b) (n ≥ 3; x ± s).
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Likewise, a relationship between the SA/V ratio and the MDT (MDT = 73.487 ×(
SA
V

)−1.145
) is evident. A linearization is again obtained by a log-transformation of both

axes (R2: 0.9953).
Additional geometries with defined SA/V ratios were printed (not used for the

regression model) and the MDTs resulting from the release curves were calculated. The
measured and predicted MDTs are shown in Table 6.

Table 6. Comparison of MDT: predicted vs. experimental data of the PVA-PZQ formulation (n ≥ 3;
x ± s).

SA/V Ratio/mm−1 MDT Prediction/min MDT Experiment/min RMSEP/min

1.30 54.42 55.91 ± 1.11 1.49
1.83 36.79 38.73 ± 1.07 1.94
2.30 28.32 27.88 ± 2.23 0.44
4.67 12.58 12.16 ± 0.96 0.42

Again, predicted MDTs describe the obtained data precisely. The variations between
the predicted values and the experimentally determined values are similar to the variations
from the PVA-PDM or EVA-LD formulation.

In the inert EVA matrix, which does not swell nor erode, the API can only be dissolved
and transported by diffusion through the inert matrix into the dissolution medium. The
API release is more prolonged compared to the PVA matrix. Considering geometries with
a SA/V ratio of 1.5 mm−1, the drug was released from the PVA-PDM matrix with a MDT
of 35.58 ± 1.87 min, from the PVA-PZQ matrix with a MDT of 45.49 ± 3.27 min and from
the EVA-LD matrix with a MDT of 111.07 ± 18.37 min. Despite the different behaviour of
the matrix systems, the solubility properties of the APIs and the resulting differences in
MDT, a correlation of the SA/V ratio and the MDT can be established for all three tested
formulations. With the help of this correlation, the release time of an existing geometry
with a given SA/V ratio can be predicted without having to waste material and perform
dissolution tests. Similarly, the required SA/V ratio can be predicted for a desired MDT
and the corresponding geometry can be designed and printed on this basis.

If it can be demonstrated that a linear relationship exists between ln(SA/V) and
ln(MDT), a simple regression model can be generated using a two-point calibration with
dissolution data only from geometries with a low and a high SA/V ratio. This would save
further time and production costs and valid predictions could still be made.

3.4. Modeling and Prediction of Release Profiles

To predict the complete release curve and not only the MDT, different mathematical
models were used to fit the data (Equations (2)–(8)) and the R2 values of the fits were
compared to evaluate the fit quality (Table 7). According to the Korsmeyer–Peppas model
(KMP), the drug release from the PVA formulations follows an anomalous transport
(diffusion constant n = 0.7 (PDM), n = 0.8 (PZQ), Table 2). Since anomalous transport can
be described with different models (Equations (3) and (5)–(8)), only these equations were
used to fit the data of the PVA formulations. For the EVA-LD formulation, n = 0.55 was
obtained. This indicates a release according to square-root-of-t kinetic. This profile is often
described with the Higuchi equation (Equation (4)). Additionally, the generally applicable
Weibull equation (Equation (8)) as well as the Peppas Sahlin equation (Equation (3)) were
used to fit the release profiles of the EVA formulation.
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Table 7. R2 values of model fits.

PVA-PDM Formulation

SA/V
mm−1 KMP Hixson

Peppas Sahlin
n = 0.79

Hopfenberg
Lapidus +

Lordi
Weibull

0.8 0.9837 0.9951 0.9991 0.9837 0.9837 0.1240
1.0 0.9971 0.9969 0.9989 0.9971 0.9971 0.1620
1.5 0.9981 0.9964 0.9995 0.9981 0.9981 0.2575
2.0 0.9966 0.9961 0.9996 0.9966 0.9966 0.9919
2.5 0.9783 0.9975 0.9978 0.9783 0.9783 0.9957
3.3 0.9982 0.9951 0.9997 0.9982 0.9982 0.9955
4.0 0.9949 0.9964 0.9995 0.9949 0.9949 0.9971
5.0 0.9931 0.9987 0.9999 0.9931 0.9931 0.9994
6.0 0.9970 0.9987 0.9999 0.9970 0.9970 0.9997

PVA-PZQ Formulation

SA/V
mm−1 KMP Hixson

Peppas Sahlin
n= 1.1

Hopfenberg
Lapidus +

Lordi
Weibull

0.8 0.9680 0.9922 0.9980 0.9680 0.9680 0.9993
1.0 0.9870 0.9832 0.9953 0.9870 0.9870 0.9972
1.5 0.9765 0.9727 0.9890 0.9765 0.9765 0.9976
2.0 0.9663 0.9646 0.9667 0.9663 0.9663 0.9973
2.5 0.9819 0.9292 0.9932 0.9819 0.9819 0.9963
3.3 0.9350 0.9408 0.9807 0.9350 0.9350 0.9980
4.0 0.9331 0.9361 0.9877 0.9331 0.9331 0.9975
5.0 0.9143 0.9787 0.9823 0.9143 0.9143 0.9994
6.0 0.9429 0.9299 0.9888 0.9429 0.9429 0.9992

EVA-LD Formulation

SA/V
mm−1 KMP Weibull

Peppas Sahlin
n= 0.66

Higuchi

0.9 0.9941 0.9986 0.9808 0.8760
1.1 0.9910 0.9936 0.9853 0.9304
1.5 0.9961 0.9961 0.9981 0.9945
1.7 0.9925 0.9884 0.9966 0.9880
1.9 0.9949 0.9894 0.9989 0.9941
2.5 0.9724 0.9979 0.9993 0.9282
4.0 0.9979 0.9928 0.9934 0.9730
5.0 0.9970 0.9944 0.9956 0.9583
6.0 0.9974 0.9946 0.9957 0.9600

For both BCS class I API formulations, the Peppas Sahlin equation provides the best
fit. In order to also include enough data points for fast release dosage forms, the curves
were fitted up to an API release of 98%. For the formulation with BCS class II API, the
Weibull function provides the best fit (Figure 6).

In earlier works, the slope of the Higuchi plot, the rate constant of dissolution and
the constant k of the Korsmeyer–Peppas equation were already related to the particle size
and the SA/V ratio of tablets [22,83,84]. In this study, all dissolution curves of BCS class
I APIs were fitted with the Peppas Sahlin equation, as it provided the best fits and the
constants k1 and k2 were determined (Table 8). For the PVA-PDM formulation, an average
diffusion exponent of n = 0.79 was obtained, and for the EVA-LD formulation, an average
diffusion exponent of n = 0.66 was obtained. The constants k1 and k2 were plotted in a
graph as a function of the SA/V ratio. A linear correlation between k and the SA/V ratio
was obtained by a log-transformation of both axes (Figure 7).
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Figure 6. Experimental release data points (black cuboids) and predicted release curve (red line) calculated with Peppas
Sahlin (PVA-PDM formulation (a); EVA-LD formulation (b)) and Weibull function (PVA-PZQ formulation (c)).

Table 8. Calculated constants for the SA/V ratios of both BCS I formulations.

PVA−PDM Formulation

SA/V k1 k2 ln(SA/V) ln(k1) ln(k2)

0.8 1.986 0.010 −0.223 0.686 −4.608
1.0 2.516 0.011 0.000 0.923 −4.549
1.5 3.920 0.027 0.405 1.366 −3.626
2.0 5.561 0.067 0.693 1.716 −2.704
2.5 7.362 0.135 0.916 1.996 −2.001
3.3 11.555 0.258 1.203 2.447 −1.353
4.0 15.459 0.545 1.386 2.738 −0.608
5.0 16.888 0.713 1.609 2.827 −0.338
6.0 20.856 1.069 1.792 3.038 0.066

EVA−LD Formulation

SA/V k1 k2 ln(SA/V) ln(k1) ln(k2)

0.9 1.952 0.010 −0.105 0.669 −4.614
1.1 2.286 0.014 0.065 0.827 −4.282
1.5 3.115 0.020 0.405 1.136 −3.928
1.7 4.087 0.031 0.513 1.408 −3.465
1.9 5.009 0.053 0.626 1.611 −2.944
2.5 7.636 0.153 0.916 2.033 −1.876
4.0 10.374 0.279 1.386 2.339 −1.277
5.0 14.444 0.540 1.609 2.670 −0.617
6.0 16.816 0.727 1.792 2.822 −0.319
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Figure 7. Correlation of the constants k1 and k2 of the Peppas Sahlin equation with the SA/V ratio
for the PVA-PDM formulation.
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Using this relation and the resulting linear regression, k1 and k2 can be determined
for arbitrarily selected SA/V ratios. If these calculated values are inserted into the Peppas
Sahlin equation with the diffusion exponent n = 0.79, a concentration curve of the released
API can be calculated for the specific time points. These calculations were performed
exemplarily for the four different SA/V ratios not used for the model creation. The graphs
comparing the experimental data points with the prediction curve are shown in Figure 8.
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Figure 8. Predicted PDM release profiles vs. experimental results for SA/V ratio 0.9 mm−1, 1.6 mm−1, 2.3 mm−1 and
4.67 mm− 1 of the PVA-PDM formulation.

The RMSEPs were calculated (Equation (9)) for the predictions and experimental
results. The best predictive power was observed for a SA/V ratio of 1.6 mm−1 with a
RMSEP of 0.56% and 0.9 mm−1 with a RMSEP of 0.74%. For the SA/V ratio of 2.3 mm−1,
the prediction above 70% API release underestimated the experimental data points, which
results in a RMSEP of 2.85%. If only the release data points up to 70% released API are
included, the RMSEP was 1.70%. Predicting the SA/V ratio of 4.7 mm−1 resulted in a
RMSEP of 3.41%. If the prediction is only made up to 70% API release, the RMSEP is
1.18%, but only three time points are compared due to the quick drug release. Apparently,
the predictions represent the experimental values better for smaller SA/V ratios because
multiple time points can be considered and therefore the curves are not as sensitive to
changes in k values. Nevertheless, the prediction approximated the experimental release
curves well, especially in the early phase of drug release.

The prediction approach was tested for the EVA-LD formulation, respectively. Again,
the constants k1 and k2 were plotted in a graph as a function of the SA/V ratio. A linear
correlation between k and the SA/V ratio was obtained by a log-transformation of both
values (Figure 9). Using this relation and the resulting linear regression, k1 and k2 can
be determined for arbitrarily selected SA/V ratios. These calculations were exemplarily
for the three different SA/V ratios, the MDT was already predicted in Section 3.2. The
resulting graphs comparing the experimental data points with the prediction curve are
shown in Figure 10.
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Figure 9. Correlation of the constants k1 and k2 of the Peppas Sahlin equation with the SA/V ratio
for the EVA-LD formulation.
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Figure 10. Predicted levodopa release vs. experimental levodopa release for SA/V ratios of 1.73 mm−1, 1.89 mm−1 and
4.67 mm−1 of the EVA-LD formulation.

For the SA/V ratio of 1.89 mm−1, the RMSEP value was 1.60% and for the SA/V ratio
of 1.73 mm−1, the RMSEP value was 1.95%. The RMSEP for the SA/V ratio 4.67 mm−1

results in a value of 3.42%. Again, the experimental data of the smaller SA//V ratios can
be predicted better by the model, nevertheless, the prediction of higher SA/V ratios is still
close to experimental data. The data implies that the developed prediction model also
works for this formulation with an inert matrix.

For the PVA-PZQ formulation, the Weibull function provides the best fit (Table 7).
Therefore, the approach for predicting the dissolution curves was tested for this equation.
For the given SA/V ratio, the variables a and b were calculated (Table 9) and plotted with
log-transformed axes (Figure 11). The resulting linear equations were used to calculate the
required variables for the SA/V ratios, whose curves were to be predicted. The comparison
of the predicted and experimentally determined release profiles is shown in Figure 12.

Table 9. Calculated constants for the SA/V ratios of the BCS II–formulation.

PVA-PZQ Formulation

SA/V a b ln(SA/V) ln(a) ln(b)

0.8 105.0 1.38 −0.223 4.654 0.322
1.0 81.0 1.45 0.000 4.394 0.372
1.5 52.0 1.63 0.405 3.951 0.489
2.0 38.0 1.80 0.693 3.638 0.588
2.5 31.5 1.91 0.916 3.450 0.647
3.3 20.8 2.05 1.194 3.035 0.718
4.0 17.1 2.15 1.386 2.836 0.765
5.0 11.5 2.29 1.609 2.442 0.829
6.0 11.2 2.40 1.792 2.414 0.875
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Figure 11. Correlation of the constants a and b of the Weibull function with the SA/V ratio for the
PVA-PZQ formulation.
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Figure 12. Predicted PZQ release vs. experimental PZQ release for SA/V ratios of 1.3 mm−1, 1.83 mm−1, 2.3 mm−1 and
4.67 mm−1 of the PVA-PZQ formulation.

The sigmoidal curve is described with the Weibull function. Initially, the amount of
API released is somewhat underestimated, but as dissolution progresses, the mean value
is predicted well. For the curves of lower SA/V ratios, the course of the release curve is
overestimated from 55–80% released API and a stronger S-curve course is predicted. With
increasing SA/V ratio, however, the Weibull curve predicts the release profile better. The
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RMSEP for the SA/V ratio of 1.3 mm−1 is 2.5%, for 1.83 mm−1 3.6%, for 2.3 mm−1 2.1%
and for 4.67 mm−1 1.0%. The predicted value of the curve deviates from the experiment by
2.3% on average, which can be considered acceptable.

With this approach, it is possible to extend the prediction of the MDT as described
in Section 3.2 and predict the release profile of different APIs of various BCS classes for a
given SA/V ratio. As shown with the different formulations and APIs, this method can
potentially be applied for various matrices and drug substances. This approach enables
more accurate predictions to be made for the release behaviour of 3D printed dosage forms.

4. Discussion

A correlation between MDT and SA/V ratio was found in these experiments and used
for a prediction of drug release profiles with three different formulations. With the help of
this approach, the MDT of printed dosage forms with known SA/V ratios can be easily
predicted and it is possible to categorize the SA/V ratios in terms of their release. MDT
predictions are quite accurate for all three formulations, varying from experiment mostly
by ≤5 min, which is acceptable. The largest variations are found for the EVA formulation,
which may be due to the more difficult printing conditions. Due to the high flexibility
of the filaments, the constant transport of the filament through the nozzle is not always
given, resulting in less accurate printing of the tablets. In addition, the release of the API is
longer than in the PVA formulations, resulting in larger standard deviations. Since inert
matrices often lead to prolonged release kinetics and, therefore, require time consuming
experiments, the identified relationship between MDT and SA/V ratio represents a helpful
tool for dosage form design. Accurate predictions of release profiles of BCS class I APIs
could be made using the Peppas Sahlin equation. This equation was used to describe the
dissolution curves of two different matrix systems with different release characteristics.
The constants of the equation were found to change in a predictable manner with the SA/V
ratio. For both formulations, precise predictions of release profile could be made, with an
average variation of 0.6–3% of API released per time point. Predictions for smaller SA/V
were mostly more accurate than those for larger SA/V, which may be due to the number
of time points included, making the curves more sensitive to changes in the constants. In
the PVA formulation with the BCS class II compound, the Weibull function was found to
be most suitable to describe the drug release (R2: 0.999). Again, the linear relationship
between the logarithmised constants and the SA/V ratio was used to calculate dissolution
predictions. With an average deviation of 2% from the predicted to the experimentally
determined release profile, it can be stated that dissolution curves of dosage forms with a
poorly water-soluble API can also be modeled.

Future studies should include testing more formulations and drug substances to
investigate the validity of this approach for other drugs and polymers, and expanding the
database, as well as investigating the use of ANNs for these kinds of dosage forms. In
addition, it should be tested whether the prediction model is also transferable to tablets
or dosage forms manufactured by other 3D printing processes, e.g., by powder bed 3D
printing or semi-solid 3D printing with different materials and porosity.

5. Conclusions

We demonstrated that the relationships between constants of established equations
and the SA/V ratio can be exploited to predict complete dissolution curves for specific
SA/V ratios. The validity of this approach was shown for water-soluble as well as poorly
water-soluble drug substances and erodible and inert polymers. It might be possible to
establish a dataset for polymer matrices with various APIs of different BCS classes and
directly calculate the release curves of dosage forms with a known SA/V ratio. Such
an approach would save additional costs and time-consuming dissolution studies of
individual geometries and matrix systems, which is especially important for community
pharmacies and hospitals. Future patient care with 3D printed oral dosage forms could
be: 1. the optimal drug release for a patient is determined, 2. the appropriate formulation
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and SA/V ratio are selected, 3. a suitable geometry is 3D printed with the required dose
of the API. Therefore, with an established matrix system, not every drug release of oral
dosage forms would need to be tested in dissolution studies but could be mathematically
predicted. As a result, the dissolution rate could be individualized in decentralized settings,
an approach that has not been easily adaptable before.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13091453/s1, Table S1: Physical characterization of the printed tablets for
SA/V ratio 1–2 mm−1 (n ≥ 3, x ± s), Table S2: Physical characterization of the printed tablets
for the correlation generation with the PDM-PVA formulation (n ≥ 3, x ± s), Table S3: Physical
characterization of the printed tablets for the correlation generation with the LD-EVA formulation
(n ≥ 3, x ± s), Table S4: Physical characterization of the printed tablets for the correlation generation
with the PZQ-PVA formulation (n ≥ 3, x ± s), Table S5: Physical characterization of the printed
tablets for the prediction validation with the PDM-PVA formulation (n ≥ 3, x ± s), Table S6: Physical
characterization of the printed tablets for the prediction validation with the LD-EVA formulation
(n ≥ 3, x ± s), Table S7: Physical characterization of the printed tablets for the prediction validation
with the PZQ-PVA formulation (n ≥ 3, x ± s).
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ABSTRACT
Three-dimensional (3D) printing, digitalization, and artificial intelligence (AI) are gaining increasing interest
in modern medicine. All three aspects are combined in personalized medicine where 3D-printed dosage
forms are advantageous because of their variable geometry design. The geometry design can be used to
determine the surface area to volume (SA/V) ratio, which affects drug release from the dosage forms. This
study investigated artificial neural networks (ANN) to predict suitable geometries for the desired dose
and release profile. Filaments with 5% API load and polyvinyl alcohol were 3D printed using Fused
Deposition Modeling to provide a wide variety of geometries with different dosages and SA/V ratios.
These were dissolved in vitro, and the API release profiles were described mathematically. Using these
data, ANN architectures were designed with the goal of predicting a suitable dosage form geometry.
Poor accuracies of 68.5% in the training and 44.4% in the test settings were achieved with a classification
architecture. However, the SA/V ratio could be predicted accurately with a mean squared error loss of
only 0.05. This study shows that the prediction of the SA/V ratio using AI works, but not of the exact
geometry. For this purpose, a global database could be built with a range of geometries to simplify the
prescription process.
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1. Introduction

Artificial intelligence (AI) and precision medicine are two import-
ant aspects of modern medicine. Both promise to revolutionize
healthcare worldwide (Ashley 2016; Hodson 2016; Deng et al.
2021; Johnson et al. 2021; Maceachern and Forkert 2021). With
precision medicine, which aims to personalize therapy for individ-
uals, several approaches are utilized to stratify patient groups. For
example, the genome has been examined to characterize disease
risks and responses to treatment because of its genetic layout,
environmental influences, and other characteristics (Jorgensen
et al. 2019; Uddin et al. 2019). By cross-referencing with data-
bases, a diagnosis can be made quickly and specifically, and
appropriate therapy with the correct dosage and dosing regimen
can be established. Owing to the digitalization of health-related
data and the rapid proliferation of technologies across countries,
changes and progress in the development and use of AI in
healthcare are driven (Topol 2019). Despite the promised advan-
tages, modern electronic medicine faces some challenges, such as
data integrity and safety, privacy, bias, and model performance.
Nevertheless, the field of AI in medicine is growing; in screening,
diagnostics, prevention, therapy, and aftercare, databases are
used to monitor processes, detect trends at an early stage, and
react to them. For example, AI can support medical diagnostics
by analyzing image data. Based on existing images and associated
diagnoses, AI recognizes patterns in the image that are assigned
to disease patterns. The analysis and availability of large amounts

of data make it possible to recognize pathological changes in the
image quickly and reliably, to adapt therapies individually to the
patient, and to provide prognoses for further disease progression
(Lundervold and Lundervold 2019; Schork 2019; Deng et al. 2021).
The use of AI is also becoming increasingly prevalent in pharma-
ceutical research. Groups are identifying new chemical structures
with desired properties based on large datasets and algorithms,
which is accelerating the development of new drugs and helping
fight diseases (Baskin et al. 2016; Paul et al. 2021; Karthikeyan and
Priyakumar 2022). AI is also helpful in the development of dosage
forms, as experimental work, cost, and time can be saved. It can
provide support for formulation development, stability testing,
and release characterization, as well as optimizing the manufac-
turing process (Madzarevic et al. 2019; Yang et al. 2019; Elbadawi
et al. 2020; Mu~niz Castro et al. 2021). Obeid et al. predicted the
diazepam release behavior of 3D printed tablets with the input
parameters infill density and surface area to volume (SA/V) ratio
(Obeid et al. 2021). A similar approach has been adopted by
Benk€o et al., Stanojevic et al. and Madzarevic et al. in their stud-
ies. Based on the geometries of the dosage forms, used exci-
pients, and active pharmaceutical ingredient (API) load, the
respective release profiles were predicted (Madzarevic et al. 2019;
Stanojevi�c et al. 2020; Benk}o et al. 2022). Elbadawi et al. devel-
oped a web-based pharmaceutical software ‘M3diseen’ to predict
the 3D printability of medicines for fused deposition modeling
(FDM) (Elbadawi et al. 2020). The filaments required for FDM
printing are produced using hot-melt extrusion (HME). As HME is
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a complicated process in which the optimization of the fabrication
parameters requires a lot of time and knowledge, the software
predicts key fabrication parameters for printability and filament
properties.

3D printing is particularly suitable for personalized medicine
and is currently being researched in detail for this purpose
(Goyanes et al. 2014; Goyanes et al. 2015; Fina et al. 2017; el Aita
et al. 2020; Rahman and Quodbach 2021). Relevant processes are
being investigated and potential polymers are being tested and
developed (Gottschalk et al. 2021; Chamberlain et al. 2022). FDM
3D printing enables the manufacturing of a variety of geometries
through the layer-by-layer construction of dosage forms. The geo-
metries can have a bespoke pore structure, built-in cavities, as
well as shapes that are not attainable via tablet compression.
With FDM, the patient’s requirements can be precisely addressed.
Limitations are given here by the properties of the polymers (e.g.
swelling behavior, solidification behavior) and the swallowability
of the individual geometry. FDM 3D printing is only suitable for
smaller batches, because so far usually only one to two print
heads work in parallel and the printing of one tablet, depending
on the size, can take about 1min. Especially for tailored medicine,
3D printing processes offer the advantage that geometries can be
freely selected and designed. Adjustment of dosages and SA/V
ratios can lead to the modification of the release rates (Sadia
et al. 2018; Windolf et al. 2021; Windolf et al. 2022). Besides the
individual dosage, it is of equal importance in personalized medi-
cine that the duration of action and the onset of the effect are in
line with the therapy and support compliance. This means that
symptoms can be alleviated immediately with a rapid onset of
action. But in the same way, with a prolonged release time, the
effect can be sustained over a period of time, thus extending the
ingestion intervals of the medicine. Due to the small batch sizes,
non-destructive quality control processes and predictive tools are
of interest. Therefore, AI technologies are used in this area to
make predictions about the characteristics of the dosage form
based for example on the formulation or geometry design.

In addition to the predictions of the resulting release profiles
(Hassanzadeh et al. 2019), there are already a few approaches to
predicting the design of the dosage form using an ANN (Nov�ak
et al. 2018; Grof and �St�ep�anek 2021). A computational design
method for finding the internal structures for multi-component
tablets that result in a preferred dissolution profile was developed
by Grof and �St�ep�anek 2021.

Once the required API dose is known and the necessary
release profile from the dosage form to achieve maximum thera-
peutic efficacy, reduce side effects, and increase compliance, an
appropriate 3D printed dosage form geometry must be selected.
In this study, the underlying geometry should be predicted to
result in a predetermined dissolution profile with a given API
load. This could streamline the workflow from prescription to 3D-
printed tablets. Prediction by ANN is intended to bypass the
design step that currently must be performed by skilled person-
nel, thus eliminating potential errors, and saving cost and effort.
Previous studies have shown that the release behavior is inde-
pendent of geometry and depends only on the SA/V ratio of the
dosage form (Reynolds et al. 2002; Goyanes et al. 2015; Windolf
et al. 2021; Windolf et al. 2022). Based on the generated release
data for different SA/V ratios, the associated dissolution profile
can be predicted using mathematical equations such as the
Peppas Sahlin equation (Windolf et al. 2021). In the first approach,
an ANN should be created to predict the geometry from the input
data of the release curve and the desired API content. The pre-
dicted geometry should include the necessary SA/V ratio, which

reflects the desired drug load in volume and ensures the release
progression through the SA/V ratio. Subsequently, another neural
net was created to backtrack the attempt, in which an appropri-
ate SA/V ratio should be predicted for the desired curve.

2. Materials and methods

2.1. Materials

The formulation consisted of 5% (w/w) pramipexole dihydrochlor-
ide monohydrate (PDM, Chr. Olesen, Denmark) as a readily soluble
API of the biopharmaceutics classification system (BCS) class I
(Łaszcz et al. 2010; Komal et al. 2019; Tzankov et al. 2019).
Mannitol (Parteck MVR , Merck, Germany) was used as a plasticizer
at 10% (w/w) content. Polyvinyl alcohol (84%, PVA, Parteck MXPVR ,
Merck, Germany) was selected as a polymer. To improve flowabil-
ity, 1% fumed silica (AerosilVR 200 VV Pharma, Evonik, Germany)
was added to the formulation. This formulation has been used in
previous studies (Windolf et al. 2021; Windolf et al. 2022).

2.2. Methods

2.2.1. Hot-melt extrusion
The drug-containing filament was produced via HME with a co-
rotating twin-screw extruder (Pharmalab HME 16, Thermo Fisher
Scientific, USA) using an in-house manufactured die with a diam-
eter of 1.85mm. The feed rate was set to 5 g/min and the screw
speed to 30 rpm. The temperatures of the heating zones as well
as the screw configurations are shown in Table 1. The filaments
were hauled off with a winder (Model 846700, Brabender,
Germany) at a speed of 1.8m/min to a target diameter of 1.75
mm. The diameter was controlled in-line using a laser-based
diameter measurement module (Laser 2025 T, Sikora, Germany).

2.2.2 3D Printing of geometries
The drug-loaded filament was printed on a FDM 3D printer (Prusa
i3 Mk3, Prusa Research, Czech Republic) into dosage forms with
various geometries. These forms were designed by considering
the SA/V ratio using the computer-aided design (CAD) software
Fusion 360VR (Autodesk, USA) and were sliced in PrusaSlicerVR

(Prusa Research, Czech Republic) to obtain the desired G-code.
The printing temperature for the filament was 185 �C, the bed
temperature was 60 �C, and printing speed was 20mm/s. The infill
percentage was 100%, printed in a concentric shape. In total, 196
different geometries were printed.

2.2.3. Description of the geometries for dataset
The printed geometries were numerically described as accurately
as possible for processing using ANN. The parameters recorded
were surface area (SA), volume (V), SA/V ratio, total weight, and
API mass (mg total and mg API), layer height (lh), and extrusion
width (ew) as printing parameters, number of layers in total,
length, height, and width of the 3D geometry, as well as the
diameter of pores and their surface area, amount of beam-layers,
their height, and amount of cylinders/hollow cylinders connected
by the beams (see Figure 1). Numbers were used for the funda-
mental geometric shapes, i.e. cylinder ¼1, hollow cylinder ¼2,
pyramid ¼3 (Table 2).

The amount of API contained covered a range of 1.7� 49.2mg.
For each API content, a spectrum of SA/V ratios was attempted to
be printed from the lowest possible to the highest possible SA/V
using different designs (Figure 2). This was restricted by the limits
that the forms should serve as oral dosage forms and, thus, be
swallowable. For example, for a geometry with 2mg of API, it was
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only possible to achieve 1.6mm�1 as the smallest SA/V ratio (egg-
shaped). The higher the volume (more API), the larger the geome-
tries could become and, thus, the SA/V ratio is smaller. With
10mg API, for example, a range of 0.9–2.5mm�1 SA/V ratio could
be covered. With an API load of 20–39mg, the maximum achiev-
able SA/V ratio was only 2mm�1, as the volume was too large
and a correspondingly large surface area led to very large tablets,
which in turn are difficult to swallow (Figure 3). The focus was on
ingestible shapes (round and oval), but to cover a wider range,
several geometries not suitable for ingestion (e.g. cuboid and
pyramid) were also printed.

2.2.4. Dissolution test
According to the European Pharmacopoeia (Ph. Eur.) monographs
2.9.3 and 5.17.1 (European Pharmacopoeia Commission 2.9.3
2020; European Pharmacopoeia Commission 5.17.1 2020), release
studies (n¼ 3–9) were performed with the basket method
(Method 1) in a dissolution tester (DT 726, Erweka, Germany). The
baskets were 3D printed from water-insoluble polylactide acid
(PLA). They had to be adapted for printed tablets since the mesh
size of the regular Ph. Eur. baskets is small (0.36�0.44mm) and
the baskets were clogged by the swollen polymer of the PVA for-
mulation. This affected the hydrodynamic medium flow around
the printed oral dosage forms. The self-printed baskets have the
same outer dimensions as the Ph. Eur. baskets except that the
mesh width was changed to 3mm. The dissolution test for PDM-
containing tablets was performed in 500mL of degassed 0.1 N
hydrochloric acid at pH 1.2 under sink conditions (cs �200mg/mL
(Tzankov et al. 2019); maximum achieved concentration
0.1mg/mL) and stirred at 50 rpm at a temperature of 37 ± 0.5 �C.
The released API was measured using a UV-Vis spectral photom-
eter (UV-1800 Shimadzu, Japan) at a wavelength of 263 nm.
Samples were taken every 5min for the first 30min, then every
10min for the next 90min, followed by sampling in 20min inter-
vals. After a release time of 240min, samples were taken every
30min. A total of 1001 single dissolution curves were measured
(n¼ 3–9 for each geometry).

2.2.5. Description of the dissolution curves
For the data input, the release curves were saved in an array with
the released percentage of API over time. The dissolution profiles
were also described with the Mean Dissolution Time (MDT,
Equation 1), t50% (time in which 50% API were released), t80%,
t100%.

MDT ¼ ABC
c∞

¼
P∞

i¼o ciþ1 � cið Þ � tiþtiþ1ð Þ
2

h i
c∞

(1)

MDT indicates the average time an API molecule remains in a
dosage form during release. The MDT (min) is calculated from the
ABC (area between the curves) via the trapezoidal equation. c∞
represents the initial amount of API in the dosage form. ci is the
concentration of the API released over time (Costa and Sousa
Lobo 2001; Tanigawara et al. 1982).

When dissolution data showed linear regions, the slope of
these regions was also recorded as potential input parameter for
analysis. In previous publications, it has been described that the
release profile of the used formulation can be expressed with the
Peppas Sahlin equation (Equation 2). Therefore, the descriptive
parameters k1, k2, and n were calculated for the individual curves
and also included in the dataset.

Mt

M∞
¼ k1 � tn þ k2 � t2n (2)

The exponent n is the diffusion exponent for any geometric
shape. The constants k1, k2 describe the kinetics for erosion and
diffusion (Siepmann and Peppas 2001; Windolf et al. 2021).

2.2.6. Dataset for ANN
A dataset was generated from the designed geometries
(Section 2.2.3) and release curves (Section 2.2.5). A part of the
dataset was already used in some previous studies (Windolf
et al. 2021; Windolf et al. 2022). As different numbers of
experiments (n¼ 3 – 9) were executed for each geometry, the
dissolution curves were averaged to obtain a mean curve for
each printed tablet. While originally 12 different geometry

Table 1. Extrusion data (temperature profile and screw configuration).

Temperature profile in zone 1-10 / �C

zone / - 2 3 4 5 6 7 8 9 10
temperature / �C 30 100 180 180 180 180 180 195 195

screw configuration (die - gear)

die � 10 CE 1 L/D – KZ: 5� 60�-3� 30�- 5 CE 1 L/D- KZ: 4� 90�-5� 60�-3� 30�- 10 CE 1 L/D � 2 CE 3/2 L/D – gear
CE¼ conveying element KZ¼ kneading zone

Figure 1. Example for description of the geometries for dataset. Variation of cylindrical shaped tablet. SA: surface area; V: volume; lh: layer height; ew: extrusion
width.
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categories were printed (Section 2.2.3, Table 2), the classes
were limited to less refined categories: ‘cylinder’, ‘hollow
cylinder’, ‘oblong’ and ‘other’. The class ‘other’ was created so
it was possible to use input data of unusual geometric shapes
such as rectangular or spiral shapes while retaining the com-
plexity of the overall classification problem. The problem gets
more difficult if more classes of fewer examples are

introduced and therefore the creation of the ‘other’ class was
accepted as a compromise between complexity and the
obtainable information and variance from unusual geometries.
Tablets with large surface areas lead to large tablets that are
difficult to swallow and additionally, the release curves no
longer differ strongly with increasing SA/V ratio (Windolf
et al. 2021). Therefore, tablets with large SA/V ratios were

Table 2. Categorization of printed geometries.

Number Name Shape Examples

1 Cylinder

2 Hollow Cylinder

3 Pyramid

4 Double HollowCylinder

5 Hollow Cylinder with included Cylinder

6 Oblong

7 Spiral

8 Rectangle

9 Cuboid

10 Hollow Oblong

11 Egg-shaped

12 Hexagon
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removed from the dataset, where outliers were defined by
the interquartile range (IQR) of the SA/V ratio where qnð0:75Þ,
qnð0:25Þ describe the upper quartile (75%) and lower quartile
(25%) respectively (Dekking and Kraaikamp 2005) (Equation 3).

IQR ¼ qnð0:75Þ � qnð0:25Þ (3)

Each tablet with a SA/V ratio that was below qnð0:25Þ �
1:5 IQR and above qnð0:75Þ þ 1:5 IQR was considered an out-
lier and removed from the dataset as proposed in the literature
(Tukey 1977). Although this is a simple approach to classify out-
liers, we consider it sufficient for this application. Based on the
IQR of the SA/V ratio, tablet geometries that represent SA/V ratios
above 2.97mm�1 were excluded. Removal of outliers and deletion
of replicates resulted in a dataset consisting of 179 distinct data
points, each representing a geometry. The dataset is significantly
imbalanced: The most prevalent class is hollow cylinder making up
46.4% of the tablets or 83 geometries in total, while only 5% (9
geometries) of the dataset are oblong-shaped tablets (Figure 4).
The imbalance results from the fact that the data were first used
for other studies (Windolf et al 2021; Windolf 2022) and some

forms are particularly suitable for representing different volumes
and surface areas without the geometries becoming too large
and thus ‘unswallowable’. This must be considered during the
training process and when assessing the performance of the clas-
sifier. The term ‘classifier’ is interchangeably used with ‘neural net-
work’ in this study to describe the proposed architectures in the
next section that are used to classify the input data into the
underlying geometric shape. If the performance of the classifier is
below 46.4% it can be considered unsuitable because any classi-
fier that predicts the most prevalent class, i.e. hollow cylinder,
every time, is equally good. Therefore 46.4% should be considered
as a lower threshold for accuracy in this setting.

2.2.7. Neural Network architectures
Artificial Neural Networks (ANN) are at the heart of most modern
Machine Learning applications and connect input data to output
data. ANN only provides the net architecture composed of differ-
ent numbers of input and output neurons and different layers,
while the specific weights and biases are computed by error back-
propagation as an optimization method (Bishop 2006). The term
‘layers’ generally refers to a specific computational function, which
is directly applied to the original input data or to the output of a
different layer. The latter implies, that layers can be stacked and
that the stack of layers constitutes the ANN architecture. The goal
is to minimize a loss function so that the neural net provides con-
cise output predictions when receiving appropriate input data. In
this paper, ANNs were leveraged for two optimization goals:
geometry classification and SA/V ratio prediction. For classifica-
tion, three different architectures are investigated. The first archi-
tecture and most basic approach consisted of 7 linear layers, 2
dropout layers, 6 applications of batch normalization and expo-
nential linear units (ELU) as nonlinear activation functions and
each computational unit has a different purpose. Linear layers are
one of the basic building blocks of most simple feed-forward
neural network architectures and represent a linear transformation
of the input vector (Bishop 2006). Applying a linear transform-
ation to the input vector yields an output vector, where the out-
put size of this transformation is a freely adjustable parameter.
Linear layers can be thought of as calculating a matrix-vector
multiplication first and then adding a bias term to the result
(Bishop 2006). Because the weights (i.e. the entries of the matrix)
are optimized through error backpropagation, linear layers with

Figure 2. Distribution of API load (1.7 – 49.2mg) and SA/V ratio (0.6 –
6.0mm�1) of printed geometries.

Figure 3. Quantity distribution of the printed tablets regarding the API content,
n¼ 196. Blue columns: absolute counts; red line: cumulative percent (We refer
the reader to the online version for the color coded graphs).

Figure 4. Class imbalance of 3D printed geometries. Hollow cylinder: 46.4%;
cylinder: 26.3%; oblong: 5.0%; other: 22.4%.
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reduced output size can represent a lower-dimensional transform-
ation of the input with a (potentially) reduced loss. Dropout layers
act as regularization in deep neural networks and are often used
to avoid overfitting where robustness is achieved by randomly
dropping neuronal connections of the network (Srivastava et al.
2014). The fraction of discarded connections is controlled through
a parameter p, which is also freely adjustable (Srivastava et al.
2014). Another technique in machine learning is batch normaliza-
tion which leads to faster convergence while also acting as a
regularization (Ioffe and Szegedy 2015). The idea is to apply both
rescalings and mean shifting to every output dimension of a cer-
tain layer (Ioffe and Szegedy 2015). The training inputs for ANNs
are often processed in batches (or mini-batches), which corres-
pond to a fixed number of training examples (Ioffe and Szegedy
2015). The statistical properties of those batches such as the mini-
batch variance and the mini-batch mean are used for the rescal-
ing and the mean shifting respectively, resulting in normalized
values between 0 and 1 for the certain layer (Ioffe and Szegedy
2015). Another key component of every neural network architec-
ture is the concept of a nonlinear activation function. In multilayer
neural network architectures, nonlinear activation functions are
necessary. Otherwise, multiple linear layers collapse into a single
linear layer if they are stacked together without some form of
nonlinearity (Bishop 2006). If no nonlinear activation functions are
implemented between linear layers, the neural net will result into
a simple linear matrix-vector product with a bias component.
These functions are therefore required for every multilayer per-
ceptron to become ‘universal approximators’ (Bishop 2006). ELU
layers were used as nonlinear neuron activation functions, which
were first introduced by Clevert at al (Clevert et al. 2016). and rep-
resent a less known variant of the Rectified Linear Unit (RELU).
Instead of setting negative inputs to zero, the ELU layer interpo-
lates for x � 0: In other cases, the activations are the same as for
the RELU layer, shown in Equation 4.

ELU xð Þ ¼ x, if x > 0
a � exp xð Þ � 1ð Þ, if x � 0

�
(4)

The hyperparameter a is frequently set to 1, which is also the
default in this work. Both RELU and ELU activations are the same
for x > 0: However, the ELU activation is smoother for negative
values. The first architecture is named ‘StandardNet’ and is
depicted in Figure 5. The net receives a total of 132 features con-
sisting of the dissolution data (128 features) and the four inputs
‘mg API’, as well as ‘k1’, ‘k2’ and ‘n’ from fitting with the Peppas
Sahlin equation. The input is passed in batches of 32 through the
fully connected layer fc1 which outputs a 64-dimensional repre-
sentation. Subsequently, batch normalization and the nonlinear
ELU activation layer are applied. Note that neither the batch nor-
malization nor the nonlinear activation changes the output
dimension. In the next step, the output is passed through the first
dropout layer with dropout probability p1, which is determined
by hyperparameter optimization. The stack consisting of a fully
connected layer, batch normalization, ELU, and dropout is
repeated with an output dimension set to 32. This is the last
application of dropout and in the next steps, the data is only
passed through 4 stacks of fully connected layers, batch normal-
ization and ELU where the output dimensions are 16, 8, 6 and 6.
This output is processed by the last linear layer fc7, where the
output dimension is set to the number of distinct geometry
shapes (in this case 4 shapes). From this output that indicates the
predicted class labels, the cross-entropy loss is calculated to
obtain the gradient, which is passed on to the optimizer.

The second architecture which is called ‘InterpretableNet’ can
be seen in Figure 6. The conceptual difference between the previ-
ous and this architecture is that certain tablet characteristics such
as SA/V Ratio, surface area, volume, inner diameter, and mean dis-
solution time (MDT) should be predicted from the desired dissol-
ution characteristics, the required drug amount (mg API) and the
mentioned dynamical parameters of the Peppas Sahlin equations.
These predictions are used within the same net to obtain a score
for each tablet geometry. This score is used to predict the corre-
sponding geometrical shape.

The last architecture that was used as a classifier exhibits the
sequential and time-dependent nature of the dissolution curve
and is referred to as ‘SequentialNet’ (Figure 7). It is composed of
two stacked Recurrent Neural Networks (RNN) and the same stack
of layers which were already described before in Figure 5. RNN
are a common way to address time dependency by utilizing hid-
den states. These hidden states can represent connections to pre-
vious states of the system and can act as a memory (Elman 1990).
The used RNN architecture was a simple Elman Net (Elman 1990).
The dissolution curve is first passed through the two stacked RNN
and the resulting representation of this curve is concatenated
with the Peppas Sahlin coefficients and with the desired drug
amount. In the previous architecture, the curve was passed along
with these coefficients in the first place.

A neural net that should predict the SA/V ratio given the dis-
solution data was also constructed. SvPredictionNet is similar to
the StandardNet and is shown in Figure 8.

2.2.8. Loss Functions and hyperparameter optimization
Loss functions are functions that are commonly used to compare
the values predicted by neural nets to the prior known ground truth
scalar values or class labels. Assume that  y is the true vector of class
labels of size C, where C is the number of distinct classification
labels. Furthermore, let x be the output of the last layer of some
neural net, where x is a matrix with dimensions N�C N �  C and N
is the number of training inputs the neural net receives per forward
pass (batch size). Then, for a single training input i the following is
true (Bishop 2006; Sammut and Webb 2010) (Equation 5):

ln ¼  �  log 
exp xn, ynð ÞPC
c¼1 exp xn, cð Þ

for n ¼ 1, . . . , N (5)

where the total loss l ðx, yÞ is obtained by calculating the average
over each ln from 1 to N: The cross-entropy loss is used within the
classification task in the StandardNet, InterpretableNet, and
SequentialNet to compare the class label predictions to the ground
truth class labels. To control for the class imbalance, which was
mentioned in 2.2.6, the loss of a particular prediction was weighted
with a weight function that takes the skewed distribution of each
subclass into account. The reciprocal of the relative frequency of
each class was used as a weight function (Sammut and Webb
2010), which results in low weights for frequent classes such as hol-
low cylinder and higher importance for less common classes (e.g.
oblong class). This implicitly sets the focus on the least frequent
classes which often leads to better results for these classes. The
other loss function is the commonly used mean squared error loss
(MSE). Let ŷ be a N-dimensional vector that contains scalar predic-
tions of the ground truth values y: Then, the total MSE loss is cal-
culated via Equation 6 (Sammut and Webb 2010).

MSE ¼ 1
N

XN
n¼1

ŷn � ynð Þ2 (6)

The MSE loss is used to assess the predictive performance of
the SvPredictionNet. The hyperparameters, such as the dropout
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Figure 5. Architecture of StandardNet. B is the number of training examples, that are processed in parallel (batch size). The fc abbreviation in the linear layers stands
for fully connected, which is a synonym for linear layers. ELU stands for exponential linear units and is the nonlinear activation function introduced in 2.2.7. mg API is
the abbreviation of the drug amount and k1, k2, and n are descriptive parameters of the Peppas Sahlin equation (Equation 2).

Figure 6. Architecture of InterpretableNet. B is the number of training examples, that are processed in parallel (batch size). The fc abbreviation in the linear layers
stands for fully connected, which is a synonym for linear layers. ELU stands for exponential linear units and is the nonlinear activation function introduced in 2.2.7.
mg API is the abbreviation of the drug amount and k1, k2, and n are descriptive parameters of the Peppas Sahlin equation (Equation 2). MSE refers to the mean-
squared-error loss (Equation 6).
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probability p and the learning rate, were optimized with the help
of pytorch (Paszke et al. 2019) and optuna (Akiba et al. 2019).

3. Results and discussion

The used architectures can be categorized into two broad catego-
ries: classification architectures that should predict the suitable
geometric shape (StandardNet, SequentialNet, InterpretableNet) and
a scalar prediction architecture that return the SA/V ratio as a
continuous positive value (SvPredictionNet). Accuracy is only
meaningful in the context of classification architectures as this
term is often considered as the ratio between correctly predicted
classes and the total number of samples. Therefore, accuracy
measures are only provided for StandardNet, InterpretableNet and
SequentialNet and in the case of the SvPredictionNet architecture
we refer to the loss metric described in Section 2.2.8. The dataset
was split into training, validation, and test set, where 80% of the
data were used to train weights of the neural nets and 10% of
the data were used for validation and test sets, respectively.

Splitting the dataset into these three sets is standard practice and
results in less biased and more accurate estimators for the
reported accuracies and loss metrics. The additional validation set
is used to tune hyperparameters whereas the test set is utilized
to obtain estimates of classifier performance for unseen data.

3.1. Prediction of the geometry from dissolution curves

To implement the goal of predicting geometries for 3D-printed
drug dosage forms with desired release profiles, different net-
works were constructed. First, it was attempted to predict the
form as accurately as possible with class labels (cylinder, hollow
cylinder, etc.) and in the next step with exact diameter, height,
width, number of pores, etc., to reproduce the appearance of a
possible geometry (Section 2.2.3, Figure 1). Since the SA/V ratio is
set based on the release profile, the desired API content is given
as additional information so that the volume is known, and the
ANN can then output a suitable geometry for the desired volume
and SA/V ratio.

Figure 7. Architecture of SequentialNet. B is the number of training examples, that are processed in parallel (batch size). The fc abbreviation in the linear layers
stands for fully connected, which is a synonym for linear layers. ELU stands for exponential linear units and is the nonlinear activation function introduced in 2.2.7.
mg API is the abbreviation of the drug amount and k1, k2, and n are descriptive parameters of the Peppas Sahlin equation (Equation 2). ht is the hidden state of the
Recurrent Neural Network at time step t.
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Three networks were used for this approach, which was set up
differently (2.2.7: StandardNet, InterpretableNet, SequentialNet). For
each of the 90 epochs, Figure 9 shows both accuracies and losses
of the classification architectures. Each epoch represents a com-
plete pass of every training example through the ANN (Nielsen
2015). The neural nets StandardNet and InterpretableNet show a
moderate acceleration of both training and validation accuracy
along the increasing number of epochs.

Furthermore, both validation and training loss also
decreases over time for the StandardNet and the
InterpretableNet. For the latter architecture, there is a pro-
nounced peak in the validation loss around epoch 5. One pos-
sible explanation for this anomaly is the fact that the
validation set was relatively small in absolute units (sample
size 18), which may lead to unreliable loss estimates for some
epochs. The fact that the validation loss reverts to its mean
value in the 10th epoch supports this consideration. The more
sophisticated design of the SequentialNet did not result in bet-
ter performance. Specifically, the training accuracy of the men-
tioned neural net is stuck in a tight channel between 40% and
60% and settles to 52% in the last epoch. In relation to the
lower accuracy threshold of 46% (Section 2.2.6), this is not a
considerable improvement compared to the complexity of the
architecture. The peak in the corresponding loss plot is not
surprising, as the loss acceleration coincides with a drop in
training accuracy. Figure 10 depicts the final accuracies of the
last epoch for the different classification architectures. The
training performance is influenced by the architecture type:
The training accuracy of the basic approach, which is imple-
mented by the StandardNet, outperforms the other architec-
tures by some margin. Indeed, the training accuracy of 68.5%
is 11.2 percentage points higher than the InterpretableNet and

16.7 percentage points higher than the accuracy of the
SequentialNet. This suggests that a simple approach is superior
to either presupposing the features which should be extracted
or leveraging more sophisticated architectures such as RNN. It
also translates to the test set with an accuracy of 44.4% for
the StandardNet architecture compared to 44.4% for the
InterpretableNet, which were surprisingly identical. The
SequentialNet reaches a test accuracy of 38.9%. These test
results show that none of the three architectures generalizes
well on unseen data. The performance on the validation set is
different. In this case, SequentialNet achieves the best perform-
ance with an accuracy of 72.2%. Both other architectures are
accurate in 66.7% of the cases. The higher performance can
also be interpreted as an outlier: as the validation set and test
set are small, a misclassification of just one sample has large
effect on the accuracy (± 5.6 pp. accuracy for n¼ 18). It is
important to emphasize that the amount of data which is
available for the test and validation set can lead to unreliable
results.

The StandardNet is the best overall choice among the three
architectures that are used for classification as its usage combines
a simple architecture with moderate results. However, the overall
training accuracies imply that no architecture was able to cor-
rectly adapt to the data.

Unfortunately, it became clear that these ANN-Designs were
not able to predict the required information accurately so that
the appropriate geometry can be designed based on predicted
data. Ideally, the network should be able to infer from the given
information which class label, height, diameter, etc. is needed to
create a geometry with desired volume and surface area.
However, the class label, i.e. the appropriate geometry, must first
be selected for this procedure, but the release curves do not

Figure 8. Architecture of SvPredictionNet. B is the number of training examples, that are processed in parallel (batch size). The fc abbreviation in the linear layers
stands for fully connected, which is a synonym for linear layers. ELU stands for exponential linear units and is the nonlinear activation function introduced in 2.2.7.
SVpred is the predicted surface-area-to-volume-ratio.
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allow the necessary geometry to be inferred exactly. At least it
was evaluated to see if it could identify a trend based on the dis-
solution profile as to which geometry was suitable so that this
form could be used as a basis for the patient.

3.2. Prediction of SA/V ratio from dissolution curves

As the initial goal could not be attained, a different procedure
was investigated. Since the release behavior is based on the SA/V
ratio of the geometry, this ratio should be predicted from the

Figure 9. Accuracy (left column) and loss (right column) for each epoch for classification networks. Red: validation; blue: training (We refer the reader to the online
version for the color coded graphs).
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given data, so that subsequently the appropriate geometry could
be selected from a database. This could offer the advantage that
several geometries available for selection could be chosen during
this screening process and thus limitations, such as the swelling
behavior of the polymers used, could also be taken into account.
The database with possible geometries could be fed by different
persons independent of location, it would only be necessary to
specify the volume and the surface with the resulting SA/V ratio
and possible pore sizes based on the polymer swelling behavior.
To implement this concept, the prediction approach of Windolf
et al. (2021) was used. In this study, a correlation between the
MDT and the SA/V ratio and between the Peppas Sahlin equation
and the SA/V ratio was used to predict the resulting release pro-
file based on the SA/V ratio. This approach was reversed here to
predict the SA/V ratio based on the dissolution curve. With this
information, the required surface area could be calculated for a
desired dose and a corresponding geometry could be designed
with the CAD software, or chosen from a possible database. As a
scalar prediction net architecture, the SvPredictionNet was used.
The results in Figure 11 indicate that the net learns a reasonable
representation from which predictive SA/V ratios are obtained.
The model however does also suffer from an incapability to

generalize well. While the overall test set MSE loss of 0.054
between predicted and ground truth is acceptable, there are
some predictions that are off by a large margin, e.g. a predicted
value of 1.44mm�1 with the ground truth value of 1.9mm�1, rep-
resenting a squared error loss of 0.212. The inaccurate predictions
for the test set are more common for geometries with higher
SA/V ratios. For example, in 3 of 4 cases where the MSE was
larger than 0.1, the SA/V ratios of the related tablets were larger
than 2.3mm�1. This underlines the fact that acquiring more data
is necessary for more reliable results, especially for dissolution
curves where the underlying geometrical shapes represent higher
SA/V ratios. The same argument can be made for the classification
problem. As this problem is harder to solve than the prediction of
SA/V ratios one would need at least as much data as for those.

4. Conclusion

In this study, four different approaches were pursued to use
Machine Learning to make predictions for geometric designs suit-
able as oral dosage forms. The geometry should be designed with
respect to its API content and desired release behavior. This
would allow a prescription workflow to be established for 3D
printed oral dosage forms. The approach of using the given data
to predict a geometry with the required length, width, height,
and underlying geometry such as a cylinder or hollow cylinder by
an artificial neural network was unfortunately not possible.
Therefore, a general approach was taken to predict only the
geometry without exact dimensions from the available data. It
was assumed that this would not work, since the shape should
have little to no influence on the release profile. Nevertheless, the
geometry corresponding to the dissolution curve could be pre-
dicted with an accuracy of 68.5% (training) and 44.4% (test). The
generated accuracy was higher than expected. Another approach
was to predict the required SA/V ratio for a given release profile.
This was possible with a MSE loss of 0.05. With this procedure,
the swelling behavior of the polymer can cause errors, since the
digitally generated SA/V ratio can be affected in vitro by the swel-
ling of pores and the release curves therefore do not match the
generated SA/V ratio. Thus, studies on the swelling behavior of
the polymer should be carried out in advance to ensure those
properties do not falsify the data. Another strong influencing fac-
tor is the distribution of the data, which is unfortunately unevenly
distributed due to the given constraints regarding swallowability
in this study, making it difficult to predict the appropriate geom-
etry. The scope of the study was limited to neural networks as a
model architecture. It should be emphasized, that there are a lot
of other different architectures and algorithms available. As all
four approaches were either classification or regression setups,
further studies for other algorithms such as Random Forest
Classification or Random Forest Regression are left for future
research. To take advantage of the opportunities 3D printing
offers for personalized medicine, the geometry with the desired
properties must still be created manually. Based on the SA/V ratio
prediction and the desired API content, the required surface area
and volume can be calculated, but the geometry containing these
values must be created and tested manually, which in turn takes
a lot of time and is prone to errors. To avoid having to perform
these steps for every prescription, a database could be created
with the associated surface area and volume information so that
the required form only needs to be selected and printed. To cre-
ate a working network for each formulation, much more data is
needed, which is very unusual and uneconomical for the pharma-
ceutical field. For such an approach, a collaboration between

Figure 10. Accuracies for the last epoch for classification networks. Grey: test;
green: validation; black: training (We refer the reader to the online version for
the color coded graphs).

Figure 11. Loss for SvPredictionNet. Red: validation; blue: training (We refer the
reader to the online version for the color coded graphs).
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multiple institutions that publish their geometries with associated
release data and formulations is necessary. This way it might be
possible to create a database to select the drug dosage from
geometry. For the particular formulation used, the required SA/V
ratio can be predicted via the manual route of Windolf et al. 2021
or a neural network as described in Section 3.2. In the future, a
program with a user-friendly interface could be designed, which
is connected to the geometry database and suggests geometries
for the calculated SA/V ratio and desired dosage, and the pharma-
cist or physician could select the appropriate form tailored to the
patient, which also takes into account the properties of the for-
mulation, such as the swelling behavior so that no pores can
swell and thus change the release profile by reducing the
required surface area. However, this could provide a method to
establish a prescription process of 3D printed dosage forms.
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Abstract: Individual dosing of pharmaceutics and personalized medicine have become important
with regard to therapeutic safety. Dose adjustments, biorelevant drug release and combination of
multiple active substances in one dosage form for the reduction in polymedication are essential
aspects that increase the safety and acceptance of the patient’s pharmacotherapy. Therefore, not only
innovative drug products but also new analytical methods are needed during the drug development
phase and for quality control that can simultaneously determine different active ingredients and
cover wide concentration ranges. We investigated a liquid-core waveguide UV absorbance flow cell
detector coupled to an existing HPLC-UV system. A Teflon AF 2400 capillary tubing of 20 cm length
was connected in series to the HPLC flow line and enabled a lower limit of quantification of 1 ng/mL
pramipexole (increase in sensitivity by 20 compared to common 0.9 cm flow cells). This allowed
the low-concentration of pramipexole and the higher concentrations of levodopa and benserazide
occurring during drug release to be determined in a single chromatographic run within 22.5 min.

Keywords: liquid-core waveguide; hot melt extrusion; low-dosed dosage forms; analytics of extruded
filaments; fused filament 3D printing; oral dosage form; personalized medicine

1. Introduction

Current therapy guidelines for the treatment of non-communicable diseases (e.g.,
ESC guideline on hypertension) have recently changed their recommendations based on
the latest scientific data towards a dual combination at the initiation of therapy [1]. A
rational extension of this approach is to offer such dual or multiple combinations directly
in one dosage form to increase patient adherence by reducing the number of drug products
to be taken [2]. According to the FDA, a combination product is defined as a dosage
form containing two or more drugs in a single pill [3]. Not only is the combination of
drugs of interest, but personalized medicine also focuses on individual dosing for each
patient in terms of age, weight and comorbidities. The “one-size-fits-all” approach of
APIs that have a narrow therapeutic window and therefore risk side effects with small
differences in dosage is in the process of being replaced by new approaches, e.g., 3D
printing of medicines [4]. With 3D printing it is possible to fabricate complex geometries
that incorporate multiple APIs with diverse release kinetics [5–8]. This potentially allows
various active ingredients to be combined in a single 3D printed tablet. In previous
studies, we found that even if the dose is varied, the release profile remains the same
if the surface area to volume ratio is kept constant [9]. In analyzing release kinetics of
all incorporated APIs especially during the development phase, analytical methods that
can quantify all incorporated APIs simultaneously are useful. To ensure the detection of
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a low concentration of a high-potent drug during drug release from its dosage form, a
sensitive analytical method must be selected, the dissolution apparatus can be adjusted,
or the volume of the medium in the dissolution vessel can be reduced [10–14]. Wang
et al. found that dissolution studies conducted in mini vessel led to the same results
as in a vessel prescribed by European Pharmacopeia, but the paddle speed had to be
increased [15]. Mini paddle apparatus is recommended by Klein et al. to be used for
powders, multiparticulate dosage forms and small tablets or capsules [16]. However, it is
important that the dissolution study proceeds under sink conditions to avoid influencing
the drug release behavior of the corresponding API, which would no longer be the case
with high-concentrated APIs in a combination product [17]. The combination of high-
performance liquid chromatography UV detection with mass spectrometry (MS) detection
and high dynamic range diode array detection (high dynamic range DAD) is capable of
covering a wide concentration range [18,19]. For a cost-effective and easy-to-integrate
detection system, liquid-core waveguide detection systems are used and described in
literature by several research groups. Li et al. have developed a portable setup with
extended light path that can be used to detect very low concentrations [20]. A modified
detection system compared to the detection system used in this work with a charged-
coupled device including optical fibers and a liquid-core waveguide was utilized by Kottke
et al. to detect low concentrations of desmopressin during permeation studies. However,
they used fluorescence measurements to be able to detect 9.5 ng/mL of desmopressin, a
method that was tenfold more sensitive in comparison with reference HPLC detection
systems [21]. In this study, drug preparations of three different APIs were analyzed with
substantially different dosage ranges. Levodopa (LD), the precursor to the neurotransmitter
dopamine, is used in the clinical treatment of Parkinson’s disease in a single dose with
oral administration of 25–200 mg [22]. The decarboxylase inhibitor benserazide (BZ) is
routinely administered orally in combination with levodopa in a ratio of 1:4 (BZ/LD) to
prevent peripheral degradation of levodopa [23]. This results in a dosage range between
12.5 and 50 mg for benserazide. The dopamine agonist, pramipexole, is administered at a
lower drug amount. Here, only 0.088–3.15◦ mg is required for pharmacologically efficient
drug concentrations after oral administration [24]. The combination of these three APIs
should reduce the number of tablets for Parkinson’s patients and guarantee individualized
dosing. The fluorescence detection cannot be applied as pramipexole does not show
fluorescence in aqueous medium, which leads to an exclusion of the detector selection
option. Consequently, UV measurement of pramipexole was favored, and the suitability of
detection by a liquid-core waveguide ultraviolet absorbance detection system (LCW-UV)
was investigated, which is frequently used in literature [25–32]. The extended detection
path of the LCW should result in the detection range of UV measurement being extended
into the low concentration range (minimum of 1 ng/mL pramipexole) while at the same
time also allowing APIs to be detected in the higher concentration range (maximum of
2 μg/mL levodopa) by the UV detector of the HPLC covering a difference in concentration
by a factor of 2000.

2. Materials and Methods

2.1. Experimental Procedure of Hot Melt Extrusion Runs

Poly-(ethylene-vinyl acetate)-copolymer (82:18) (EVA; Escorene® FL01418, TER Chem-
icals, Hamburg, Germany) and polyvinyl alcohol (PVA; Parteck MXP®, Merck, Darmstadt,
Germany) were used as polymer matrices. Pramipexole (P, Chr. Olesen, Denmark), lev-
odopa (Zhejiang Wild Wind Pharmaceutical, Dongyang, China) and benserazide (s.p.
quimica, s.a., Barcelona, Spain) were used as model drugs. PVA was chosen as a matrix for
pramipexole, and EVA was used for the matrix of the fixed combination of levodopa and
benserazide within one filament. Poly-(vinylpyrrolidone-vinyl acetate)-copolymer (60:40)
(VA; Kollidon VA 64®, BASF, Ludwigshafen, Germany) was incorporated into formulation
2 to act as a pore-forming agent. The composition of the two formulations is listed in
Table 1.
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Table 1. Composition of filaments.

APIs and Excipients
Concentration

in % (w/w)
Function

Formulation 1 (PVA-P):
Pramipexole 2 HCl·H2O (P) 0.5 API
Polyvinyl alcohol (PVA) 99.5 matrix

Formulation 2 (EVA-LD-BZ):
Levodopa (LD) 40 API
Benserazide HCl (BZ) 10 API
Poly (ethylene-vinyl acetate)-copolymer (82:18) (EVA) 35 matrix
Poly (vinylpyrrolidone-vinyl acetate)-copolymer (60:40) (VA) 15 pore former

All filaments were prepared by hot melt extrusion (HME) with a co-rotating twin-
screw extruder with a hot-melt extrusion die (Pharmalab HME 16, Thermo Fisher Scientific,
Rockford, IL, USA). A gravimetric feeder (K-SFS-24/6, Coperion K-Tron, Niederlenz,
Switzerland) was used for all experiments. A vent port was set between kneading zones
1 and 2 for all extrusions. An in-house manufactured die with a diameter of 1.85 mm
was used. The desired filament diameter was achieved using a belt hauled-off unit of a
winder (Brabender, Duisburg, Germany) with a belt speed of 0.8 m/min, and the filament
was pulled through a roll-system with four 360◦ air flow ring nozzles (Super Air Wipe,
Exair, Cincinnati, OH, USA) for active cooling of the melt. With a laser-based diameter
measurement module (Laser 2025 T, Sikora, Bremen, Germany), we continuously measured
and logged the filament diameter during the process with a readout rate of 1 Hz to ensure
diameter homogeneity [33] of PVA-P and EVA-LD-BZ filaments. The screw speed was
set to 20 rpm and powder feed rate was set to 2 g/min. The screw configuration and the
temperatures of the heating zones were set according to the physical properties of the
polymers for both formulations and are summarized in Table 2.

Table 2. Adjusted temperatures and screw configuration of performed extrusions.

Temperature Profile in Zones 2–10/◦C

Zone 2 3 4 5 6 7 8 9 10

PVA-P formulation 30 100 180 180 180 180 180 195 195
EVA-LD-BZ formulation 30 180 190 200 220 220 220 220 220

Screw Configuration (Die–Gear)

PVA-P/
EVA-LD-BZ formulation

die–10 CE 1 L/D–KZ 1: 5 × 60◦–3 × 30◦–5 CE 1 L/D–KZ 2: 4 × 90◦–5 × 60◦–3 × 30◦–16 CE 1 L/D–2
CE 3/2 L/D–1 L/D adapter–gear

CE = conveying element, KZ = kneading zone.

2.2. Dissolution Testing

According to European Pharmacopoeia monographs 2.9.3 and 5.17.1, release studies
were performed with the basket method (method 1) in a dissolution tester (DT 700, Erweka,
Langen, Germany) [13,34]. The baskets were 3D printed from water insoluble polylactide
acid. They had to be adapted for extruded filaments, since the mesh size of the regular
Ph. Eur. baskets is small, and the baskets were clogged by the swollen polymer of the
PVA formulation [35]. This affected the hydrodynamic medium flow around the filament.
Vessels contained 1000 mL of degassed 0.1 N hydrochloric acid at pH 1.2 at a temperature
of 37 ± 0.5 ◦C, and the baskets were stirred at 50 rpm. Dissolution tests were performed
under sink conditions of pramipexole (cs = 200 mg/mL [36]; maximum concentration
0.1 μg/mL). For the comparison of released pramipexole from PVA matrix by MS vs. LCW-
UV detection, 5 mL samples were taken from the dissolution medium after 5, 10, 15, 30, 45,
60, 90 and 120 min by a syringe. One 2.5 mL aliquot was used to fill HPLC vials for UV
measurement, and another 2.5 mL was poured into a 96-well plate for mass spectrometric
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analysis and mixed with 50 μL of internal standard (Figure 1, left side). No replenishment
was conducted, but the amount of removed liquid volume by sampling was calculated for
the corresponding subsequent sampling time point. The same dissolution testing setup
was used for the simultaneous analysis of the PVA-P filament and EVA-LD-BZ filament,
but samples were obtained by an autosampler (Vision® AutoFill™ + AutoPlus™, Teledyne
Hanson Research, Chatsworth, CA, USA). The content of P, LD and BZ was analyzed by
UV and LCW-UV detection (Figure 1, right side). To avoid oxidation processes of BZ, the
whole dissolution tester was wrapped in aluminum foil for light protection, whenever
filaments were released containing BZ [37].

Figure 1. Modified dissolution testing with 3D printed basket based on Ph. Eur. monographs 2.9.3
and 5.17.1 with manual sampling (left side) for MS and LCW measurement of single pramipexole
filaments and automatic sampling (right side) for the simultaneous content determination of three
APIs (pramipexole, benserazide and levodopa) during dissolution by HPLC-UV and LCW-UV.

The dissolution tests were also performed under sink conditions of levodopa
(cs = 12 mg/mL [38]; maximum concentration 0.1 mg/mL) and benserazide (cs = 33.5 mg/mL;
maximum concentration 0.025 mg/mL). Samples (1.5 mL) were taken by the autosampler
and were filled in HPLC vials every 5 min for the first 30 min, then every 10 min for the
next 30 min, followed by sampling at time point 90 and 120 min. After a release time of
120 min, samples were taken every 120 min until 10 h had passed. At every time point,
1.5 mL of 0.1 N hydrochloric acid was returned to the dissolution medium, and the amount
of API removed by sampling was calculated for the corresponding subsequent sampling
time point.

2.3. LC-MS/MS Quantification of Pramipexole during Dissolution

The mass spectrometric quantification of pramipexole was carried out on an Agilent
1200 Serie HPLC system (Agilent, Ratingen, Germany) coupled to a triple-quadrupole
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tandem mass spectrometer API 4000 (SCIEX, Vaughan, ON, Canada) with an electrospray
ionization (ESI) interface. Samples were injected by a CTC HTC PAL autosampler (CTC
Analytics AG, Zwingen, Switzerland) equipped with a 20 μL sample loop. Chromato-
graphic separation was achieved on a Phenomenex Synergi Hydro RP (150.0 × 2.0 mm;
4 μm) column using isocratic condition with acetonitrile and 10 mM ammonium acetate in
water as mobile phase (70/30 (v/v)). The compound specific parameters were as follows:
declustering potential of 66 V/81 V, entrance potential of 8 V, cell entrance potential of
21 V/19 V and cell exit potential of 30 V/6 V. CAD gas was set to 7 psi, while gas 1 and
gas 2 were adjusted to 32 and 45 psi, respectively. Curtain gas was 37 psi. Ion spray
voltage was set to 5.5 kV with 600 ◦C ion source temperature. Time between injections
was 2 min with retention times of 0.95 min for pramipexole and 1.1 min for talipexole.
The mass-to-charge ratio of 212.2 to 153.1 m/z for pramipexole and 304.1 to 260.0 m/z
for the internal standard talipexole was monitored utilizing multiple reaction monitor-
ing and positive ionization mode. The method was characterized by a linear range from
0.19 to 100 ng/mL (1/x2 weighing). The intra-run accuracy varied from −4.5 to 13.2%
(n = 3 per quality control level). The collected data were analyzed using Analyst 1.6.2 (Ap-
plied Biosystems/MDS SCIEX, Concord, ON, Canada) with IntelliQuan ® as the integration
algorithm without smoothing.

2.4. Chromatographic Conditions for UV and LCW-UV Measurements

For dissolution analysis, dissolution medium of pramipexole filaments was analyzed
by UV measurements. The HPLC system (Dionex, Sunnyvale, CA, USA) was equipped
with a quaternary pump (P 580 A, Dionex, Sunnyvale, CA, USA) and an autosampler (ASI-
100, Dionex, Sunnyvale, CA, USA). For the first HPLC method (method 1) analyzing only
pramipexole, a 150 × 4.6 mm column (Eurospher II 100-5 C18A, Knauer, Berlin, Germany)
with an integrated precolumn was used. The mobile phase consisted of methanol (mobile
phase B) and ammonium acetate buffer (0.05 M, pH 4). The flow rate was set to 1 mL/min,
the oven temperature was set to 40 ◦C and the injection volume was 200 μL. The gradient
was as follows: mobile phase B was increased from 5 to 95% (v/v) within the first 10 min,
held for 5 min at 95% (v/v) and decreased to 5% (v/v) again until 20 min after the sample
injection. The column was equilibrated for 3 min before the next sample was injected.
Detection was achieved by measuring the UV absorbance of the sample at 264 nm. This
UV detector is described as the reference UV detector (UV). Since the release of 88 μg
pramipexole from a drug preparation is described (1% of released drug is 0.88 ng/mL), and
thus the calibration curve must be extended, a liquid-core waveguide ultraviolet detection
system (LCW-UV) was incorporated into the HPLC flow, which is described in Section 2.5.
For the second HPLC method (method 2) encompassing all three APIs, a 250 × 4.6 mm
column (Eurospher II 100-5 C18A, Knauer, Berlin, Germany) with an integrated precolumn
was utilized (Figure 2). The same mobile phase, flow rate and column temperature were
used. The gradient was as follows: Mobile phase B was increased from 1 to 5% (v/v),
within the first min, held at 5% (v/v) for 4 min, increased from 5 to 10% (v/v) within 1 min,
held at 10% (v/v) for 4 min, increased again from 10 to 20% (v/v) within 1 min, held for
4 min at 20% (v/v), increased again from 20 to 99% (v/v) within 5 min, held for 2 min at
99% (v/v) and decreased to 1% (v/v) within 0.5 min and again until 22.5 min after sample
injection. An equilibration time of 3.5 min per run was allowed to pass before the next
sample was injected. An injection volume of 200 μL was chosen to analyze the APIs during
drug dissolution. Again, the second detector system (Section 2.5) was incorporated into
the HPLC flow for the quantification of low pramipexole concentrations. Detection was
achieved by measuring the absorbance of the sample at 264 nm using the UV detector
(BZ, LD) and the LCW-UV detector (P) (Figure 2).
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Figure 2. Inline coupling of a UV detector and LCW-UV detector for the simultaneous analysis of
pramipexole, levodopa and benserazide.

2.5. Liquid-Core Waveguide Ultraviolet Detection System (LCW-UV)

Figure 3 shows the schematic composition of the LCW-UV detection system. Two
stainless steel tees (U-428, 508 μm through hole, IDEX Health & Science, Oak Harbor,
WA, USA) were applied to pass the eluent from the HPLC through a 20 cm liquid-core
waveguide (LCW, Teflon AF 2400, RI = 1.29, dinner = 200 μm, douter = 813 μm, Biogeneral,
CA, USA). A UV-LED (LED33UV270-6060-100, LG Innotek, Seoul, Korea) was chosen as the
light source providing a measured emission maximum at 275 nm. The light was guided into
tee 1 at the pigtail end of an optical fiber (dinner = 600 μm, FDP600660710, Laser Components
GmbH, Olching, Germany). To avoid breakage of the fiber, the cladding of the fiber was not
removed and the front side was optically polished together with the cladding. At the same
time, the polymer cladding ensured sufficient tightness of the flow cell. Fluoropolymer
sleeves (NanoTight Sleeve Green, dinner = 838 μm, douter = 1588 μm, IDEX Health & Science,
Oak Harbor, WA, USA) were used to match the dimensions between the LCW, the optical
fibers and the tees.

Figure 3. Assembly of the implemented liquid-core waveguide ultraviolet detection system consisting
of a UV LED (absorption maximum: 275 nm), two optical fibers (OFs 1 and 2), a 20 cm liquid-core
waveguide (LCW), two tee pieces and a charge-coupled device detector.

For detection, the light was collected by a second optical fiber connected to tee 2 and
guided into a spectrometer (Kymera 328i B2 equipped with Newport diffraction grating
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600 L/mm, blaze 300 nm, Oxford Instruments, Abingdon, UK), assembled with a charge-
coupled device detector (CCD, iDus DV420A BU2, Oxford Instruments, Abingdon, UK). For
spectra acquisition, the exposure time was set to 0.03 s, and the number of accumulations
for each spectrum was set to 16, resulting in an acquisition rate of 2.08 Hz. The readout
mode was adjusted to full vertical binning, the vertical pixel shift was 16.25 μs and the
readout rate was 100 kHz.

2.6. Mathematical Description

The definition of absorbance is:

A = log
(

I0

I

)
= ε × b × c (1)

A is the absorbance, I0 is the incident intensity, I transmitted intensity, ε is the molar
absorptivity, b is the path length and c is the molar concentration [39]. By increasing
the light path b using a liquid-core waveguide, the absorbance A of pramipexole was
increased, which was particularly important to be able to detect the low concentrations
during dissolution testing.

Thus, in the first step, the LCW-UV setup was compared with an established method
(mass spectrometry) for drug release of low-dosed filaments. To evaluate the similarity
of the release curves measured by two different analytical methods, the mean dissolution
time (MDT) and the similarity factor (f 2-value) were calculated [40,41].

MDT =
ABC
c∞

=
∑∞

i=0

[
(ci+1 − ci)× ti+ti+1

2

]
c∞

(2)

ABC stands for the area between the curves and is calculated via the trapezoidal
equation with c as the concentration of the API released over time t and c∞ as the initial
drug load of the filament.

f2 = 50 × log

{[
1 +

1
n

n

∑
t=1

(Rt − Tt)
2

]
× 100

}
(3)

In this equation, Rt and Tt stand for the mean released amounts of the API in % at
time point t of the reference (MS result) and the test method (LCW-UV result) and n for the
number of time points. A f2-value around 100 is desired, which indicates that the curves
are identical. A value of 50 or more is accepted, which indicates that the values differ by a
maximum of 10%. Values below 50 indicate that the curves can no longer be considered
similar [34].

3. Results and Discussion

3.1. Spectroscopic Evaluation of LCW-UV Measurements

A small range of the rising slope of the UV LED was used for the absorbance measure-
ment. The grating of the spectrometer was adjusted so that the CCD detector was in satu-
ration from 268.5 nm upwards. The evaluation was performed between 262 and 268 nm.
With these settings, the lowest LLOQ could be achieved. The raw spectrum of the blank
(pure mobile phase) is displayed in Figure 4, where the detector depicts the highest signal,
since the eluent shows hardly any absorbance at the evaluated wavelength range. As the
concentration of pramipexole increases, the signal intensity decreases because the API
is absorbing light originating from the UV-LED. The corresponding signals in the peak
maximum of a concentration series of 5–100 ng are also shown Figure 4. To obtain a
chromatogram from raw data of the measured intensity, spectra were integrated between
262 and 268 nm and evaluated with respect to the measurement time. The obtained peaks
of pramipexole can be identified in the chromatogram obtained by LCW-UV measurement
after 8.9 (method 1) and 19.3 min (method 2). These settings were consequently used for
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spectroscopic evaluation of LCW-UV detection systems for calibration curves and for the
quantification of pramipexole during drug release.

Figure 4. Measured intensity of a blank sample and of the peaks of various concentrations of
pramipexole (5–100 ng/mL) with highlighted integration range between 262 and 268 nm (grey).
Resulting pramipexole peaks (100 ng/mL) after integration for methods 1 and 2.

3.2. MS and LCW-UV Measurement in Comparison

For mass spectrometric measurements of pramipexole, an internal standard with a
known concentration was used, which served to give a ratio of the signal intensity. Thus, the
ratio of the areas of pramipexole and talipexole (area ratio P/T) was used for the calibration
curve obtained by MS measurements. A linear range from 0.19 to 100 ng/mL (Figure 5B)
was found; however, concentrations below 1 ng/mL were not relevant for the release study,
since a higher concentration of pramipexole is already reached in the vessel after the first
sample draw after 5 min. UV detection was able to quantify a concentration of 0.05 μg/mL
(lower limit of quantification (LLOQ): 50 ng/mL with an S/N = 11) pramipexole, which
for samples containing 88 μg pramipexole in 1000 mL release volume means that the
release curve could only be described after a drug release of more than 56% (method 1).
Thus, by using the LCW-UV detection system, the linear range of the UV investigation
was extended, and a concentration of 2.5 ng/mL could be quantified (LLOQ: 2.5 ng/mL
with S/N = 10). Applying the LCW-UV measurement, the detection limit was improved
by a factor of 20, resulting in the ability to describe the drug release curve of low-dosed
pramipexole preparations after a drug release of 2.5 ng/mL (2.8% API release). This
enhancement of the detection limit only results from the extended light path evoked
from the LCW, which is described by the Beer–Lambert law Equation (1). However, the
measurements showed that the LCW has an upper limit of quantification at 100 ng/mL.
Therefore, concentrations of pramipexole during drug release between 2.5 and 100 ng/mL
(Figure 5A) can be determined by LCW-UV measurements, and concentrations above
100 ng/mL would need to be quantified by UV measurements. Since both methods have an
overlapping linear range between 50 and 100 ng/mL, the evaluation of these concentrations
of pramipexole could be depicted by both detection methods. After the calibration curve
ranges of both methods were established, a drug release study was performed as described
in Section 2.2. The dissolution profile of 0.5% (w/w) pramipexole filaments, which were
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manufactured by HME (Section 2.1) and were collected in equilibrium condition for drug
content [42], resulting from dissolution testing in 1000 mL of 0.1 N HCl, are shown in
Figure 6.

 

Figure 5. Calibration curve of LCW-UV detection system (A) of pramipexole (2.5–100 ng/mL) and
calibration curve of MS analysis (B), where the ratio of the areas of pramipexole and talipexole (area
ratio P/T) were plotted against the concentration of pramipexole (0.19–100 ng/mL).

Figure 6. Release curve of 0.5% (w/w) pramipexole filaments (m = 17.61 mg) determined by MS and
LCW-UV measurement (n = 3, x ± SD).

The curves indicated that the results for MS and the LCW-UV result in a comparable
dissolution profile. For MS results, the MDT is 20.38 min, and the MDT of the dissolution
curve obtained by LCW-UV results is 19.73 min (Equation (2)). This results in a minimal
discrepancy of the MDT in 33 s, which appears negligible. Since the calculated f 2-value
corresponds to 92, it was assumed that the analysis with LCW-UV would show similar
results to the investigation with an established method for low concentrations of pramipex-
ole during release. With these results, it was shown that the drug release of pramipexole
from the PVA matrix can be appropriately described by the LCW-UV. In the next step,
a method was developed that can detect both the low pramipexole concentrations and
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the higher concentrated APIs during drug release that would all be incorporated in a
polymedication in an ongoing study. Following the approach of Wollmer and Klein, who
quantified levodopa and benserazide with two other API, a new chromatographic method
was developed [43].

3.3. Simultaneous Quantification of Levodopa, Benserazide and Pramipexole in Dissolution Testing

For the quantitative evaluation of the amounts of LD, BZ and P in dissolution studies,
a new HPLC method was developed that enabled separation and quantification of all three
APIs (method 2, described in Section 2.4). Levodopa eluted first at a retention time (Rt) of
7.1 min with a peak width of 0.5 min, followed by benserazide (Rt: 10.9 min) with a peak
with of 1.5 min and pramipexole (Rt: 19.3 min) with a peak width of 0.4 min (Figure 7A).

 

Figure 7. HPLC chromatogram using UV detection (A) and LCW-UV detection (B) of released
levodopa (1), benserazide (2) and pramipexole (3) during dissolution study.

The extended flow line of the LCW-UV did not result in an additional measurable dead
time (Figure 7B), but the peak widths increased greatly due to the long light path, particu-
larly for levodopa and benserazide, which emphasizes the importance of the separation of
both substances from pramipexole by more than 5 min. In the chromatogram of the HPLC
run obtained by UV detection, the peak of levodopa shows a narrow peak width. In the
chromatogram resulting from LCW-UV measurements, the elution of levodopa is shown as
a peak splitting signal. The peak shown negatively in the chromatogram indicates that for
a short time more light is detected, but this is caused by saturation of the signal between
262 and 268 nm. Quantitative evaluation of levodopa is not possible using the LCW-UV
method but is performed using the UV detector integrated with the HPLC. For the quantita-
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tive evaluation of benserazide, the UV detector is more suitable than the new implemented
detector. The calculation of the LLOQ of pramipexole is involved the measurements of
the UV and LCW-UV detector. By calculating the S/N, the LLOQ (S/N = 10) resulted in a
concentration of 20 ng/mL (UV) and 1 ng/mL (LCW-UV). Compared to the first HPLC
method, the LLOQ was subsequently lower for both LCW-UV and UV detection due to
the focusing of pramipexole by the stepwise gradient of the second HPLC method. Again,
an improvement of the quantification limit of the LCW-UV detection compared to UV
detection after applying HPLC method 2 was achieved by a factor of 20. Calibration curves
were also successfully established for LD (0.01–0.12 mg/mL) and BZ (0.005–0.03 mg/mL)
by UV measurements. Figure 8 shows the resulting linear ranges of the three APIs.

 

Figure 8. Calibration curve of pramipexole measured with the help of the LCW-UV detection system
(1–100 ng/mL); calibration curves of benserazide (5–30 μg/mL), and levodopa (10–1200 μg/mL)
both examined by UV detection.

After the identification of the calibration curves, a second drug release study was
performed as described in Section 2.2. Attempts were again made to represent the real dose
for pharmacotherapy of the respect API, so the filament amount was taken to examine 88 μg
of pramipexole, 25 mg of benserazide and 100 mg of levodopa. Since the filament length
of the EVA-LD-BZ filament exceeded the size of the basket, the filament was cut into four
shorter pieces. Thus, five filaments (one PVA-P filament stick, four EVA-LD-BZ filament
sticks) were placed in the baskets. The dissolution profile of 0.5% (w/w) pramipexole
filaments and filaments containing 40% (w/w) levodopa and 10% (w/w) benserazide are
shown in Figure 9. Both the drug release of pramipexole and benserazide can be described
according to first order kinetics. Within 80 min, 100% of the pramipexole was released from
the PVA matrix and could be categorized as unmodified drug release. For benserazide,
100% of the drug was released from the insoluble EVA matrix after 180 min. For the third
API, levodopa, the drug release from the EVA matrix can be described by Higuchi (square
root) kinetics since the diffusion distance to be passed by the API through the matrix
does not remain constant but increases steadily. The authors assume that levodopa and
benserazide are not homogeneously distributed in the matrix consisting of VA and EVA,
leading to the different drug release behaviors of LD and BZ. It is further speculated that the
pore former VA might be the reason that the affinity of the distribution differs for the two
API. This assumption would lead to the conclusion, that benserazide would have a higher
affinity for VA than for EVA. In addition, the slightly better water solubility of BZ may also
lead to the faster release. Further dissolution studies and formulation development will be
performed as part of an ongoing study to obtain the required release kinetics. However,
this study showed that all three APIs can be detected during drug release.
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Figure 9. Release curve of 0.5% (w/w) pramipexole filaments (m = 17.51 mg) and levodopa/ benser-
azide (40/10% (w/w)) filaments (m = 250.7 mg) determined with LCW-UV (P) and UV (LD, BZ)
measurement (n = 6, x ± SD).

4. Conclusions

In this study, an LCW was applied as a flow cell to increase the light path using
total internal reflection. For pramipexole, the LLOQ was improved by a factor of 20 with
LCW-UV detection compared to conventional UV detection. With the help of this method,
concentrations of 1–100 ng/mL, which occur during drug release of low-dosed pramipexole
preparations, were detected simultaneously with two other released higher-dose APIs by
UV detection. The calculated f 2-value for comparison of LCW-UV vs. LC-MS/MS was
>90, indicating that similar results for both technologies were obtained. The MDT was
comparable for both methods (20 ± 0.4 min). The new method offers a promising alternative
to expensive and time-consuming analytical technologies and can be easily integrated into
existing HPLC systems. Especially during the development phase of individualized drug
preparations and drug products of levodopa, benserazide and pramipexole, this analytical
method can provide fast results after dissolution studies. The integration of the LCW-UV
detection system can be used for various formulated API–polymer combinations and also
drug products, e.g., 3D printed tablets, where the API dosing differs substantially regarding
therapeutic regimens.
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API active pharmaceutical ingredient
BZ benserazide
EVA poly (ethylene-vinyl acetate)-copolymer
DAD diode array detection
HME hot melt extrusion
HPLC high-performance liquid chromatography
LCW liquid-core waveguide
LD levodopa
LLOQ lower limit of quantification
MDT mean dissolution time
MS mass spectrometry
P pramipexole
PVA polyvinyl alcohol
SD standard deviation
S/N signal-to-noise ratio
UV ultraviolet
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Abstract: Therapy for Parkinson’s disease is quite challenging. Numerous drugs are available for
symptomatic treatment, and levodopa (LD), in combination with a dopa decarboxylase inhibitor (e.g.,
benserazide (BZ)), has been the drug of choice for years. As the disease progresses, therapy must be
supplemented with a dopamine agonist (e.g., pramipexole (PDM)). Side effects increase, as do the
required dose and dosing intervals. For these specific requirements of drug therapy, the 3D printing
method fused deposition modelling (FDM) was applied in this study for personalized therapy. Hot
melt extrusion was utilized to produce two different compositions into filaments: PDM and polyvinyl
alcohol for rapid drug release and a fixed combination of LD/BZ (4:1) in an ethylene-vinyl acetate
copolymer matrix for prolonged drug release. Since LD is absorbed in the upper gastrointestinal
tract, a formulation that floats in gastric fluid was desired to prolong API absorption. Using the
FDM 3D printing process, different polypill geometries were printed from both filaments, with
variable dosages. Dosage forms with 15–180 mg LD could be printed, showing similar release rates
(f2 > 50). In addition, a mini drug delivery dosage form was printed that released 75% LD/BZ within
750 min and could be used as a gastric retentive drug delivery system due to the floating properties
of the composition. The floating mini-polypill was designed to accommodate patients’ swallowing
difficulties and to allow for individualized dosing with an API release over a longer period of time.

Keywords: FDM 3D printing; polypill; Morbus Parkinson; personalized medicine; additive
manufacturing; gastro retentive drug delivery

1. Introduction

Worldwide, about 9% of the world’s population is older than 65 years. Over the next
few decades, the UN expects the proportion of older people to continue to rise significantly,
so that by 2100 almost 23% of the population will be at least 65. In the EU, the aging process
is already more advanced; in 2020, more than 20% of the EU population was 65 years
and older [1–3]. Due to the increase in susceptibility to disease with age, approximately
50% of Rx-medications are prescribed to patients older than 65 years [4–8]. The average
geriatric patient (≥65 years) takes 8.5 tablets per day at different times [3]. This can lead
to complications between the different drugs with potential interactions, but also to a
decrease in medication adherence, as certain dosing times and intervals are not adhered to
or administration is forgotten [9,10]. To promote patient adherence, community pharmacies
frequently offer to blister tablets in pouches or place them in medication boxes for daily
use [7]. Also, pharmaceutical manufacturers are trying to produce tablets that contain
multiple active pharmaceutical ingredients (APIs) in fixed dosages that are often prescribed
together [11,12]. For example, several APIs are prescribed for high blood pressure or
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cardiovascular diseases, and these are now in just one tablet for ingestion (e.g., Vocado®

HCT, Berlin-Chemie AG, with olmesartan, amlodipine and hydrochlorothiazide). Another
disease that requires the administration of multiple tablets is Parkinson’s disease. So far,
the disease can only be treated symptomatically and must be tailored very precisely to the
patient, since here effect and side effect go hand in hand, as both too low and too high
dopamine levels can lead to symptoms [13–15]. Parkinson’s disease is the second most
common neurodegenerative disease. On average, patients are diagnosed with Parkinson’s
at around 60 years of age. However, the onset is probably preceded by decades of changes
in the body. The number of patients worldwide has increased from 2.5 million in 1990 to
6.1 million in 2016. The main cause is the increasing aging of the population. However, the
incidence of the disease has also increased by more than 20% within individual age groups
during this time [16,17]. Parkinson‘s disease is characterized by progressive degeneration
of dopaminergic neurons in the substantia nigra [18–22]. This results in an imbalance in the
transmitter system with disinhibition of cholinergic neurons and increased glutamatergic
activity (dopamine deficiency and excess of acetylcholine). This results in inhibition of
movement. Due to the lack of dopamine, akinesia and bradyphrenia develop, rigor and
tremor are consequences of the disinhibited cholinergic system. The disease advances in a
progressive manner, showing a stepwise course associated with various motor, behavioral,
and psychological disabilities. Therapy begins early with the diagnosis. Suitable APIs and
API-classes are: levodopa (LD) (always in combination with dopa decarboxylase inhibitors
(DDI, e.g., benserazide, carbidopa)), dopamine agonists (DA, e.g., pramipexole, ropinirole),
monoamine oxidase B (MAO-B) inhibitors (selegiline, rasagiline), cathechol-O-methyl
transferase (COMT, entacapone, tolcapone) inhibitors, N-methyl-D-aspartate (NMDA)
agonists (e.g., amantadine), and anticholinergics (biperidine). For patients <70 years of
age (biological age), DA are the drug of choice. In patients >70 years, LD combined with
DDI is the preferred therapy [23,24]. As the disease progresses, however, it becomes more
difficult to control symptoms by taking tablets alone [21,25–28]. The effect of the medication
then sets in increasingly later and does not last as long: The optimal range of action in
which a drug is available in the desired concentration in the body and has the intended
effect decreases. Phases with good mobility (ON phases) and with under-mobility (OFF
phases) thus become more and more prominent. Non-motor symptoms such as behavioral
changes or depression may also become more apparent [24,29,30]. That is why the therapy
of Parkinson’s patients is constantly adapted and rarely remains a monotherapy. In the
later course, DA and LD are often combined. As patient suffering increases, pharmaceutical
manufacturers are trying to develop dosage forms that can alleviate suffering. Thus, there
are intestinal pumps (Duodopa®, Lecigon®, [31–33]), transdermal therapeutic systems
(TTS, Neupro®), orodispersible films and tablets (ODF, ODT [34,35]), tablets, capsules, and
floating dosage forms (Madopar® HBS [36,37]) for therapy on the market or in clinical
trials. Various research groups are also working on improved therapy [38]. Accordion
Pill® is one of the new innovative dosage forms [39]. It contains LD and carbidopa (DDI)
in a novel drug delivery system with combined immediate release (IR) and sustained
release (SR) kinetics. The design allows gastric retention and thus improved API uptake
for Parkinson‘s patients. In another approach, nanoparticles are being investigated as oral
and nasal dosage forms, as well as a LD powder inhaler [40–44]. Other research groups test
microspheres, liposome nanocapsules, and niosomes loaded with DA for the treatment of
Parkinson’s disease. The lipophilic formulation is expected to improve transport through
the blood-brain barrier to achieve dose reduction, thereby reducing side effects [45–47].

As Fused Deposition Modelling (FDM) 3D printing is currently being investigated for
many drugs for personalized medicine [48–59], some research groups are also interested
in printing individual drug dosage forms for Parkinson’s patients with tailored dosages
and release profiles [48,49,60–63]. The layered structure of the geometries from FDM 3D
printing and semi-solid 3D printing allows very precise dosage and adjustment of the dose.
This allows the required dose to be administered without triggering side effects, even for
APIs with a small therapeutic range [63,64]. FDM 3D printing, also called fused filament
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fabrication, requires a filament, which is previously produced by hot-melt extrusion (HME)
from a mixture of API and polymer as matrix. By simply changing the filament during
printing, FDM 3D printing enables the use of multiple APIs and polymer matrices in
one tablet during one manufacturing step. This offers the advantage of also being able
to combine APIs that are incompatible with each other in a combined formulation, as
well as being able to individually adjust the release properties of the APIs due to the
polymer matrix and surface area to volume (SA/V) ratio [65,66]. For example, Khaled et al.
developed a 3D printed polypill with five different drugs in various compartments and
two different release profiles for cardiovascular therapy [67].

In our study, we aimed to develop a 3D printed polypill-dosage form containing three
APIs with different release kinetics for the therapy of Parkinson’s disease: pramipexole
(PDM), levodopa (LD), and benserazide (BZ). In addition, the dosage form should be
adapted to the requirements of Parkinson’s patients and thus be easy to swallow, individ-
ually dosed, and have the longest possible gastric residence time (GRT) to saturate the
transporters in the upper small intestine section with LD over a long period of time to
reduce side effects and ON-OFF fluctuations. Levodopa is a precursor of dopamine and
is used in the treatment of movement disorders in Parkinson’s disease and restless legs
syndrome. The initial dose is 100 mg LD once or twice daily combined with 25 mg BZ. A
dose increase should be made every 3rd– 7th day, until a maximum daily dose of 800 mg
LD is reached. LD and BZ are dosed in a 4:1 combination. PDM is a dopamine agonist. The
initial dose is 0.26 mg pramipexole per day (corresponds to 0.375 mg PDM), the lowest
dose of one tablet is 0.088 mg. The daily dose may be increased by 0.52 mg at weekly
intervals, to a maximum dose of 3.15 mg per day (corresponds to 4.5 mg PDM) [23]. For
individual dosage and adjusted release rate, the FDM 3D printing process was used. The
DA PDM should have a fast release and the combination LD/BZ should display sustained
release from the dosage form. Therefore, PDM was processed by HME in a polyvinyl
alcohol (PVA)-filament and the combination LD/BZ in an ethylene-vinyl acetate-copolymer
(EVA)-filament. The dosage form design should be adjusted for the release rate with respect
to the absorption window in the upper jejunum via the SA/V ratio.

2. Materials and Methods

2.1. Materials

For formulation development, various sustained release (SR) polymers were first
screened using the vacuum compression molding (VCM) method (Table 1).

Table 1. SR-polymers used for VCM-formulation development (MW, molecular weight; MFI, melt
flow index).

Polyvinyl Alcohol
(PVA)

Hydroxypropyl
Cellulose
(HPC H)

Hydroxypropyl
Cellulose

(HPC SSL)

Ethylene Vinyl
Acetate (EVA)

(72:28)

Hydroxypropyl
Methylcellulose

Acetate Succinate
(HPMC-AS)

Manufacturer

Parteck MXP®,
87–89% hydrolysis

grade, MW:
approx. 32,000 Da,
Merck, Darmstadt,

Germany

MW: 1,000,000 Da,
Nisso Chemical

Europe,
Düsseldorf,
Germany

MW: 40,000 Da,
Nisso Chemical

Europe,
Düsseldorf,
Germany

Escorene UL
02528®, MFI: 25
g/10 min, TER

Chemicals,
Hamburg,
Germany

Aquasolve®, MW:
75,100 Da,
Ashland,

Wilmington, DE,
USA

After formulation development, the polypill was printed with two different filaments,
manufactured by hot-melt extrusion (HME). The composition of the filaments is shown in
Table 2.
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Table 2. Formulations used for the polypill.

Filament 1

API and Excipients % Function Manufacturer/Source

Pramipexole 2 HCl * H2O (PDM) 5.0 API 99.5%, Chr. Olesen,
Gentofte, Denmark

Mannitol 10.0 plasticizer Parteck M®, Merck,
Darmstadt, Germany

Polyvinyl alcohol (PVA) 84.0 polymer Parteck MXP®, Merck,
Darmstadt, Germany

Fumed silica 1.0 glidant Aerosil® 200 VV Pharma,
Evonik, Essen, Germany

Filament 2

APIs and Excipients % Function Manufacturer/Source

Levodopa (LD) 40.0 API
99.6%, Zhejiang Wild Wind
Pharmaceutical, Dongyang,
Zhejiang Prov., China

Benserazide (BZ) 10.0 API 99.8%, BioPharma Synergies,
Barcelona, Spain

Vinylpyrrolidone-vinyl acetate
copolymer 60:40 (PVP-VA) 15.0 polymer Kollidon VA 64®, MW: 40,000 Da,

BASF, Ludwigshafen, Germany

Ethylene-vinyl acetate copolymer
82:18 (EVA) 34.5 polymer

Escorene® FL01418, MFI:
14 g/10 min, TER Chemicals,
Hamburg, Germany

Fumed silica 0.5 glidant Aerosil® 200 VV Pharma,
Evonik, Essen, Germany

LD, BZ and PDM exhibit good water solubility (cs (LD) ≥ 12 mg/mL, cs
(BZ) ≥ 10 mg/mL, cs (PDM) ≥ 200 mg/mL [68–70]) and thus belong to the biopharmaceu-
tical classification system (BCS) class I. As HME and FDM 3D printing are heat intensive
processes, care was also taken to ensure that the process temperatures were below the
decomposition temperatures (260–330 ◦C) [62,71–74]. Due to the high water solubility of
the drug substances, the dissolution is governed solely by the polymer properties and not
by their solid-state properties.

2.2. Methods
2.2.1. Vacuum Compression Molding

To compare the release profiles of different sustained release (SR) polymers under
the same conditions, molten platelets were prepared with vacuum compression molding
(VCM, MeltPrep GmbH, Graz, Austria) technology [75]. The resulting platelets had the
same surface area (SA) and volume (V), so that the SA/V ratio did not influence the release
profile. For this purpose, powder mixtures of different SR polymers with 33% LD each were
prepared so that there was 100 mg LD in each VCM-sample (300 mg). The physical mixture
of SR polymer and LD was filled into the sample holder, which was connected to a vacuum
source. A piston was pressed onto the sample, which was melted on the hot plate until
the sample was homogeneously mixed. The process settings used are shown in Table 3.
Afterwards, the VCM-platelet was cooled and removed from the holder. The dimensions
of the resulting VCM-platelet were 20 mm in diameter and 1.5 mm in height (Figure 1).

Table 3. VCM-Process settings for different SR-polymers.

PVA HPC H HPC SSL EVA (72:28) HPMC-AS

Heating temperature/◦C 210 170 170 120 210
Heating time/min 7 7 8 7 7

Mass/mg (MV) 307 310 308 311 310
SA/V ratio/mm−1 1.5 1.5 1.5 1.5 1.5
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Figure 1. VCM platelets of different SR polymers.

2.2.2. Hot-Melt Extrusion for Filament Fabrication

All filaments were prepared by HME with a co-rotating twin-screw extruder (Phar-
malab HME 16, Thermo Fisher Scientific, Rockford, IL, USA). A gravimetric feeder (K-SFS-
24/6, Coperion K-Tron, Stuttgart, Germany) was used for all experiments. An in-house
manufactured die with a diameter of 1.85 mm was used. The desired filament diameter
was achieved using a belt haul-off unit of a winder (Model 846700, Brabender, Duisburg,
Germany) with a belt speed of 0.8 m/min and the filament was transported through a roller
system with four 360◦—air flow ring nozzles (Super Air Wipe™, Exair®, Cincinnati, OH,
USA). With the help of a laser-based diameter measurement module (Laser 2025 T, Sikora,
Bremen, Germany), the filament diameter was detected and logged during the process with
a readout rate of 1 Hz to ensure the production of filaments with low diameter fluctuations.
For extrusions with EVA, the screw speed was set to 20 rpm and powder feed rate was
set to 2 g/min. The screw configurations and the temperatures of the heating zones are
summarized in Table 4 and also described in previous publications [60,61,76].

Table 4. Extrusion parameters with adjusted temperatures during extrusion and screw configuration
of performed extrusions.

Temperature Profile in Zone 2–10 [◦C]

2 3 4 5 6 7 8 9 10

PDM-PVA filament 20 20 100 180 180 180 180 195 195
LD/BZ-EVA filament 20 20 100 100 100 100 100 100 100

Screw Configuration (Die-Gear)

PVA/EVA filaments
die–10 CE 1 L/D–KZ 1: 5 × 60◦–3 × 30◦–5 CE 1 L/D–KZ 2: 4 × 90◦–5 × 60◦–3 × 30◦–16 CE 1 L/D–2

CE 3/2 L/D–1 L/D adapter–gear
CE = conveying element, KZ = kneading zone

2.2.3. 3D Printing Process of the Polypill-Geometries

To achieve various dosages and release profiles, the geometries were designed with
the computer-aided design (CAD) program Fusion360® (Autodesk, San Rafael, CA, USA)
with focus on the volume and surface area to volume (SA/V) ratio. Afterwards, the
generated stl-files were transferred to the slicing program PrusaSlicer® (Prusa research,
Prague, Czech Republic). The individual parts of the geometries were assigned to the
respective filament. The layer height and extrusion width were adjusted to generate the
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desired height and width of the geometry. The G-code was sent to a Prusa 3D printer (Prusa
i3 Mk3, Prusa research, Prague, Czech Republic), which printed the objects defined in the
data file (Figure 2). The multi material unit (MMU) from Prusa® was used for printing
the polypill. A cleaning tower was printed between filament changes so that the previous
filament could be washed out of the nozzle and the following used filament was not
contaminated. The best results were obtained with the following temperatures: PDM-PVA
filament: 185 ◦C print temperature and 70 ◦C bed temperature, LD/BZ-EVA-filament:
220 ◦C print temperature and 70 ◦C bed temperature. Cooling during printing was turned
off, otherwise the layers would not adhere to each other. The objects were printed one
by one. The printing speed was set to 10 mm/s because the geometries had little contact
area with the print bed due to their small size and quickly detached, interrupting the
printing process.

 

Figure 2. Printed polypills in various designs.

2.2.4. Dissolution Tests of the Polypills

The dissolution tests for the polypill (n = 3) were performed according to European
Pharmacopoeia monographs 2.9.3 and 5.17.1 [77,78]. A modified basket apparatus was
used for the dissolution apparatus (DT 700, Erweka, Langen, Germany) [61,63]. Adapted
baskets were 3D printed with water insoluble polylactide acid filament (PLA, Bavaria-
Filaments, Freilassing, Germany) with a mesh size of 3 mm and the same outer dimensions
as the regular baskets described in the European Pharmacopoeia. This adjustment was
necessary because the 3D printed tablets clogged the small meshes of the original Erweka
baskets (0.36–0.44 mm) with swollen polymer, affecting the hydrodynamics around the
printed tablet. The use of the modified baskets prevented this blockage. In addition, a
3D printed PLA-plate with a mesh size of 3 mm was clipped into the basket above the
floating dosage form so that it could not stick to the stirrer and thus distort the release
profiles. As dissolution medium degassed 0.1 N hydrochloric acid (HCl) was used. The
volume was 1000 mL, the stirring speed was set to 50 rpm and the temperature was set to
37 ± 0.5 ◦C. The dissolution tests were performed under sink conditions [63,76]. Samples
were drawn using an autosampler (Vision® AutoFill™ + AutoPlus™, Teledyne Hanson
Research, Chatsworth, CA, USA). At the set time point, 5 mL were withdrawn from the
vessel, 3.5 mL were used to wash the tubes before sampling, and 1.5 mL were transferred
directly to a HPLC vial. For polypill design (PP) 1-PP3, the first sample was drawn after
15 min, then after 30 min, and subsequently every 30 min until 180 min. Afterwards, a
sample was taken every hour until 360 min, then every 2 h until 600 min. For PP3 additional
samples were taken after 600 min every 5 h until 50 h. For the mini tablet designs MiniTab
and MiniHC, the first sample was taken after 10 min, then every 10 min until 60 min,
followed by every 30 min to 120 min, then after 1 h to 240 min, and every 2 h to 600 min.
Subsequently, samples were taken every 5 h to 1500 min.

2.2.5. HPLC Method: Chromatographic Conditions for Simultaneous Quantification of
Levodopa, Benserazide and Pramipexole

The following method is described in more detail in [76]. High performance liquid
chromatography (HPLC) analysis was used to separate all three APIs (PDM, LD, BZ). The
HPLC (Dionex, Sunnyvale, CA, USA) was equipped with a quaternary pump (P 580 A,
Dionex, Sunnyvale, CA, USA) and an autosampler (ASI-100, Dionex, Sunnyvale, CA, USA).
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For the HPLC method, a C18-column (Eurospher II 100-5, Knauer, Berlin, Germany) with
integrated precolumn was used. The eluent consisted of methanol (mobile phase B) and
ammonium acetate buffer (0.05 M, pH 4). The flow rate was set to 1 mL/min and the
oven temperature for tempering the column to 40 ◦C. The gradient was as follows: mobile
phase B was increased from 1 to 5% (v/v), within the first min, held at 5% (v/v) for 4 min,
increased from 5 to 10% (v/v) within 1 min, held at 10% (v/v) for 4 min, increased again
from 10 to 20% (v/v) within 1 min, held for 4 min at 20% (v/v), increased again from 20 to
99% (v/v) within 5 min, held for 2 min at 99% (v/v) and decreased to 1% (v/v) within 0.5
min, again until 22.5 min after sample injection. An equilibration time of 3.5 min per run
was allowed to pass before the next sample was injected. An injection volume of 200 μL
was chosen to analyze the APIs. Detection was achieved by measuring the UV absorption
of the sample at 264 nm with the help of the HPLC UV-detector [77].

2.2.6. Density Measurements with Helium Pycnometer

To determine the true density of the filaments and printed tablets, measurements were
made using a helium pycnometer (AccuPyk 1330, Model 133/00010/10, Micromeritics,
Norcross, GA, USA). The analysis conditions were 10 cycles with a purging filling pressure
of 134.55 kPa with Helium. 5 measurements per sample were performed in a 1 cm3 chamber.

2.2.7. Comparison of Release Profiles
Mean Dissolution Time

The Mean Dissolution Time (MDT), expressed in units of time, was used to com-
pare the curves and to categorize them [61,79,80]. The MDT was calculated according
to Equation (1).

MDT =
ABC
c∞

=
∑∞

i=0

[
(ci+1 − ci)× (ti+ti+1)

2

]
c∞

(1)

The quotient of the ABC (area between the curves) and c∞, the initial drug load of the
dosage form results in the MDT. Via the trapezoidal equation, ABC is calculated with ci as
the concentration of the API released over time t. Values up to 100% API release were used,
since the ABC does not change afterwards.

Similarity Factor

In addition, the similarity factor was used to compare the release curves. Equation (2)
was used to perform the calculation [61,79,81,82].

f2 = 50 × log

{[
1 +

1

n ∑n
t=1

(Rt − Tt)
2
]−0.5

× 100

}
(2)

Rt represents the API in % at time point t for the reference and Tt the API in % at time
point t for the test product. The factor n summarizes the considered number of time points.
Since the f2 value is sensitive to the number of measurement points, the number of the
considered values was constantly limited to 12 time points. An f2 value of 100 results if
the dissolution curve of the test product is completely identical to the reference curve. The
measured values may deviate from the reference by a maximum of 10%, resulting in f2

values between 50–100. If the achieved f2 value is below 50, the dissolution profiles differ
strongly, and they are not considered similar.

3. Results and Discussion

3.1. Polymer Selection for Levodopa

To increase Parkinson’s patients’ adherence to their therapy, the LD/BZ combination
should be released slowly over 12–24 h so that dosing intervals increase, and ON-OFF
fluctuations decrease. The PVA-formulation with PDM has already been developed for
previous studies [60,61,63]. To find a suitable SR polymer for the LD/BZ combination,
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VCM-platelets were prepared with a drug loading of 33% (w/w) LD and established SR
polymers: PVA, HPC H, HPC SSL, EVA and HPMC-AS. All VCM-platelets had the same
SA/V ratio and could thus be compared based on their dissolution properties (Figure 3).

Figure 3. Dissolution profiles of LD from SR-polymer-VCM platelets (33% (w/w) LD-loading);
modified basket apparatus, 1000 mL 0.1 N HCl, 50 rpm, 37.0 ± 0.5 ◦C. x ± s; n = 3.

The aim was to achieve prolonged release with a constant dissolution rate of the
API. This target was set regarding the prolonged gastrointestinal passage in Parkinson’s
patients [83,84] and the resorption window of levodopa in the small intestinal tract via large
neutral amino acid (LNAA) transport carrier [85,86]. To achieve continuous availability
of LD/BZ in the body, the dosage form should release a constant amount of LD/BZ and
saturate the transporters for as long as possible so the “wearing off” phenomenon at the
end of dose interval is decreased [87–89]. To ensure a constant release, the tablet should
release 75% within 12 h, so that a constant API exposition is realized within the desired time
frame. Using the VCM-platelets, it was determined that PVA, HPC H and HPC SSL would
not be considered because they released the API too fast (HPC SSL 75% LD in 25 min, PVA:
75% LD in 33 min, and HPC H 75% LD in 133 min) based on their high hydrophilicity,
the formation of a hydrocolloid matrix, and swelling, as well as eroding properties of the
matrix so that the API can be solubilized faster. The final formulation including BZ should
have 50% drug-loading and thus become even more hydrophilic, so that the API release
will be faster than the VCM-API release. The API release of HPMC-AS, on the other hand,
was too slow (25% LD in 63 h), so the decision was made for the SR polymer EVA (50% API
in 75 h). In addition, EVA has a lower density (0.95 g/cm3) than water and 0.1 N HCl
(gastric fluid), so this property can be exploited for a floating, gastro-retentive drug delivery
dosage form [86].

3.2. Formulation Development with EVA

First, a formulation containing 40% LD and 60% EVA was extruded (F1, Table 5).
However, the API release was too slow, even with a high SA/V ratio of 3 mm−1 (Figure 4),
and the printing process of the filament was difficult, because of the high flexibility of the
filament. Therefore, the formulation was changed. PVA was added in equal parts with EVA
as hydrophilic polymer (F2). Nevertheless, the flexibility of EVA with a VA content of 28%
was too high, so that the printability was poor, the printed objects were not reproducible,
and the printing process repeatedly stopped because the filament clogged the nozzle. Drug
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release was faster than in F1, but still not suitable. Therefore, the EVA polymer with a VA
content of 28% was replaced by EVA with a VA content of 18% (F3). The same excipient
combination with other quantification was now extruded and printed with EVA (18% VA).
Drug release was much faster than with formulation F2, but the dosage form disintegrated
within a few minutes, so no gastro-retentive drug delivery form can be developed with
this composition. Therefore, the EVA content was increased, PVA was replaced by PVP-VA,
and mannitol was added, as the filament otherwise became too brittle (F4).

Table 5. Formulation development of SR LD-EVA formulation.

F1 F2 F3 F4

LD/% 40 10 10 10
EVA (72:28)/% 60 44.5 - -
EVA (82:18)/% - - 25 39.5

PVA/% - 44.5 64 -
Mannitol/% - - - 10
PVP-VA/% - - - 39.5

Fumed Silica/% - 1 1 1

Figure 4. Dissolution of LD from F1, F2, F3 and F4; modified basket apparatus, 1000 mL 0.1 N HCl,
50 rpm, 37.0 ± 0.5 ◦C. x ± s; n = 3.

All formulations show a burst in the first few minutes. Subsequently, the API is
released constantly over time until approximately 80% of LD has been released. Thereafter,
the release of LD is slower and results in a plateau. The release profile can be described
with Higuchi’s square root-of-time kinetics [90–92]. First, the API, which is on the surface
of the dosage form, is dissolved. The larger the surface, the more API goes directly into the
solution. This results in what is known as a burst. The API is then released from the matrix.
In the inert matrix, depending on the diffusion path, the amount of dissolved API remains
constant over time. After a certain time, the diffusion paths for the API become longer and
longer and less API is released over time until the plateau at 100% is reached.

The formulations F3 and F4 result in a fast release profile (50% released API in 60 min,
75% released API in 125 min), which may be advantageous when the dosage form is
not gastro retentive, and the API must be fully released prior to small intestinal passage.
However, since F3 dissolves and does not retain an inert matrix, F4 was used as orientation
for the fixed-combination formulation. Formulations F1 and F2 released the API much
more slowly (F1: 25% released API in 960 min; F2: 75% released API in 1200 min) and were
thus not developed further.
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From the obtained results, it could be concluded that the fixed-combination formu-
lation should contain more than 25% EVA for the tablet to remain durable. In addition,
PVP-VA was identified as a good pore former and stiffness enhancer for better printabil-
ity. Since the desired release profile of the fixed combination should still be slower than
displayed by F4, the amount of EVA could be increased.

3.3. Formulation Development for Fixed Combination LD/BZ

Based on the previously found formulation with 10% LD, different fixed combinations
(FC) were now extruded. The EVA content was set above 30% to produce an inert, non-
disintegrating matrix (Table 6). The API proportions were fixed, as they are dosed in a 4:1
ratio (LD:BZ). The maximum dose is 200 mg LD per tablet, which is equivalent to a 500 mg
tablet at 40% content, which should be swallowable by patients and designable so that the
dimensions of the dosage form are similar to those of tablets on the market. The PVP-VA
content varied from 5–20%. The filaments with 20% PVP-VA (FC4) were too brittle and
broke directly during cooling after HME, so that they could not be used for printing. The
density measurements also reflect the EVA content. The higher the content of EVA in the
filament, the lower the density.

Table 6. Formulation development of LD/BZ fixed combination (FC) formulation.

FC1 FC2 FC3 FC4

LD/% 40 40 40 40
BZ/% 10 10 10 10

EVA (82:18)/% 44.5 39.5 34.5 29.5
PVP-VA/% 5 10 15 20

Fumed Silica/% 0.5 0.5 0.5 0.5
Density/g/cm3 1.15 1.16 1.17 -

After extrusion, parts of the filaments were used for dissolution tests to assess which
formulation was most likely to reproduce the desired release profile (SA/V: 2.3 mm−1).
Parallel quantification of LD and BZ is challenging, and the development of a suitable
analytical method to quantify the APIs simultaneous in the presence of PDM is described
in another publication [76]. As other publications have already shown, the release profiles
of BZ and LD are comparable [93–97]. To simplify the analyses in the present study, the
release profile of LD is also used as a surrogate for BZ release (Figure 5).

Figure 5. Dissolution of LD/BZ from FC1, FC2, and FC3; modified basket apparatus, 1000 mL 0.1 N
HCl, 50 rpm, 37.0 ± 0.5 ◦C. x ± s; n = 3.
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Also with these formulations, the release starts with a burst effect. Subsequently, the
release of the APIs is more uniform. The diffusion paths within the filament strand are very
short (Ø 1.75 mm), so that the decrease in the release rate towards the end is small.

The formulations FC 1+2 release the APIs too slow (FC 1: 50% API in 1260 min, FC
2: 50% API in 780 min), whereas FC 3 shows the fastest release course and displays the
desired course (50% API in 290 min, 75% API in 720 min, 100% API in 1440 min).

3.4. Design and Dissolution of Polypill Tablet Variations

With the final LD-EVA filament formulation (FC3), and the beforehand developed
PDM-PVA filament, different geometries with various PDM and LD/BZ contents were
printed and released. The selected doses were adjusted to the dosages in available
market preparations.

First, a simple polypill design was chosen (PP1) to observe the release behavior of the
printed formulation (Figure 6 left). A cylinder with a diameter of 10 mm was selected as
geometry, which should therefore also be easy to swallow (Figure 6 right). A LD/BZ dose
of 50/12.5 mg was targeted, which corresponds to the lowest dose of tablets available on
the market, as well as a PDM dose of 3.5 mg (Table 7). The release rate was calculated for
the linear section of the profiles, after the burst until the end of the measurement (LD/BZ),
or until the plateau was reached (PDM).

Figure 6. (Left): release profile of PP1; modified basket apparatus, 1000 mL 0.1 N HCl, 50 rpm,
37.0 ± 0.5 ◦C, x ± s; n = 3. (Right): Image of PP1: red: PDM-PVA, blue: LD/BZ-EVA.

Table 7. Structure and release properties of PP1.

LD/BZ PDM

SA/V total/mm−1 1.2
SA/V/mm−1 1.6 2.4
mg API/mg 50.0/12.5 3.5

% API in 600 min 22 100
t75%/min n.d. 140

MDT/min n.d. 97
release rate/%/min 0.03 0.33

The geometry has a total SA/V ratio of 1.17 mm−1. As the PDM-PVA formulation
dissolves over time, the SA of the insoluble LD/BZ formulation increases to 1.65 mm−1.
The release of PDM can be described by the Peppas Sahlin equation [61]. The formulation
releases the API by diffusion and erosion due to the formation of a hydrocolloid matrix [98].
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Due to the layered structure of the FDM printed geometry, the medium can easily penetrate
the cylinder and release the API from the individual strands. The formulation begins to
swell and dissolve over time. The API can release through the layers and dissolve directly
due to its good solubility. After 140 min, 75% PDM was released, and thus the dissolution
profile can be categorized as prolonged release. The combination of LD/BZ is released
very slowly from the SR polymer. The matrix is inert, and the APIs can only enter solution
by diffusion. After 600 min, just 22% LD/BZ is released. The density of the entire PP1 is
1.18 g/cm3. Due to the low EVA density and most probably included pores, the buoyancy
of the polypill is maintained (Figure 7). While the PDM-PVA layer (density 1.3 g/cm3)
dissolves over time, the remaining EVA-based part retains the floating property.

 
Figure 7. Floating properties of PP1 in 300 mL 0.1 N HCl, 37 ± 0.5 ◦C.

To increase the dose, a hollow cylinder-geometry (PP2) was designed that is built
up in three layers, with a total SA/V ratio of 0.9 mm−1 (Table 8). The SA/V ratio was
kept similar to PP1 to see if it is possible to increase the dose without strongly affecting
the overall release. This is of particular importance for personalized therapy [63]. The
PDM filament was printed between two LD/BZ-EVA hollow cylinder layers, so that these
two hollow cylinders can detach from each other after a while due to the solubility of
PDM-PVA-compartment and further increase the SA of the geometry during release to a
SA/V ratio of 1.3 mm−1 (Figure 8).

Table 8. Structure and release properties of PP2.

LD/BZ PDM

SA/V total/mm−1 0.9
SA/V/mm−1 1.3 2.6
mg API/mg 83/20.75 3.5

SA/V/mm−1 1.2 -
mg API/mg 97/24.25 -

%API in 600 min 21 100
t75%/min n.d. 310

MDT/min n.d. 187
release rate/%/min 0.02 0.20
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Figure 8. (Left): release profile of PP2; modified basket apparatus, 1000 mL 0.1 N HCl, 50 rpm,
37.0 ± 0.5 ◦C, x ± s; n = 3. (Right): Image of PP2: red: PDM-PVA, blue: LD/BZ-EVA.

Compared to PP1, PDM is released more slowly here. This is due to the enclosed
SA of the two LD/BZ hollow cylinders. The LD/BZ release curve is very similar to PP1
(f2: 87.5). Here, 21% API is also released in 600 min. Due to the small outer SA of the
PVA formulation in contact with the medium (24% of the SA), the separation of the layers
could not proceed as quickly as desired, so that the increase in SA due to the separation
of the hollow cylinders occurred late and thus did not lead to a faster API dissolution. In
addition, it was observed that during printing of the PVA layer, EVA residues were still
present in the print head, which were rinsed out despite the intermediate cleaning step
and thus contaminated the PVA layer with EVA. The total density of the PP2 is 1.1 g/cm3.
Despite the large shape, the dosage form floats on the medium, again most likely because
of air entrapped in the structure (Figure 9). If the PDM-PVA layer between the LD/BZ-
EVA-hollow cylinders dissolves, both parts (hollow cylinders with LD/BZ-EVA) float on
the surface of the medium.

 
Figure 9. Floating properties of PP2 in 300 mL 0.1 N HCl, 37 ± 0.5 ◦C.

In another polypill design (PP3), the PDM dose was changed. The total SA/V ratio
was kept similar to PP1 and PP2. PP3 design was a hollow cylinder, this time with a
small cylinder as inlay printed with the PDM-PVA filament (Figure 10). PDM-PVA was
low-dosed with 1.5 mg and LD/BZ-EVA had a content of 50/12.5 mg (Table 9).
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Figure 10. (Left): release profile of PP3; modified basket apparatus, 1000 mL 0.1 N HCl, 50 rpm,
37.0 ± 0.5 ◦C, x ± s; n = 3. (Right): Image of PP3: red: PDM-PVA, blue: LD/BZ-EVA.

Table 9. Structure and release properties of PP3.

LD/BZ PDM

SA/V total/mm−1 1.1
SA/V/mm−1 1.3 2.0
mg API/mg 50.0 / 12.5 1.5

% API in 600 min 33 75
t75%/min 2100 600

MDT/min 1130 360
release rate/%/min 0.03 0.11

To represent the complete release profile, the time of the dissolution test was extended
to 3000 min. In this design, PDM was released very slowly. Despite a comparable SA/V
ratio to PP1 and PP2, only 75% PDM was released within 600 min. The SA in contact
with the medium was limited to 50%, so the SA in the complete design was reduced by
the hollow cylinder from the EVA formulation. In addition, a filament change had to be
performed for every single layer in this geometry, which again resulted in carryover of
EVA into the PVA layers. For the LD/BZ-EVA formulation, a constant drug release after
the burst could be realized with this design. With a release rate of 0.03% API/min, the
release profile is comparable to PP1 and PP2, which was desired with the choice of SA/V
ratio (f2: 60.1). The total density of the PP3 is 1.1 g/cm3. It also floats on the surface of the
medium and maintains this property over the time of release.

With these geometries, it is possible to achieve a prolonged gastro-retentive API
release for various dosages, which allows a larger time interval for drug absorption. In
addition, due to the different geometric forms but comparable SA/V ratios, it is possible
to vary the dosages from 50/12.5 mg–200/50 mg LD/BZ but keep the release profile
similar (f2 > 50). However, the release profile of the LD/BZ combination is very slow
(75% LD/BZ in 2100 min). For patients who need to respond more specifically to LD/BZ
spikes, a 24 h ingestion-interval is not an option. In addition, the selected tablet sizes are
not advantageous for patients with swallowing difficulties. Therefore, the possibility of
printing mini tablets was also investigated in this study.

3.5. Design and Dissolution of Polypill Mini Tablet Variations

With mini tablets, the dose can be finely adjusted by the patient himself by the selected
number of mini tablets. Since the diameter is ≤5 mm, these dosage forms are easy to
swallow [99,100].
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First, a mini tablet (MiniTab) was printed with the dimensions of 4 mm in diameter
and 3.6 mm in height (Figure 11 and Figure S1, Supplementary Material). The dose of
LD/BZ was reduced to 15/3.75 mg per mini tablet, so the patient can adjust the desired
LD/BZ dose in 15/3.75 mg steps by the number of tablets (Table 10). The dose of PDM
was set to 0.375 mg, which represents the smallest dose in market preparations for SR.
Therefore, the therapy can be adapted in small discreet steps.

Figure 11. (Left): release profile of polypill design MiniTab; modified basket apparatus, 1000 mL
0.1 N HCl, 50 rpm, 37.0 ± 0.5 ◦C, x ± s; n = 3. (Right): Image of MiniTab: red: PDM-PVA, blue:
LD/BZ-EVA.

Table 10. Structure and release properties of MiniTab.

LD/BZ PDM

SA/V total/mm−1 2.1
SA/V/mm−1 1.6 4.4
mg API/mg 15/3.75 0.375

% API in 600 min 22.7 100
t75%/min n.d. 40

MDT/min n.d. 26
release rate/%/min 0.02 0.80

The release of PDM is fast (100% PDM in 60 min). The small cylinder can be well
covered by the medium, so that the API is quickly released from the matrix and the PDM-
PVA cylinder can be well dissolved. The release of LD/BZ is again comparable to PP1-PP3
(f2: 80.3). 23% API was released in 600 min, and the release rate is 0.02% API/ min. With
the MiniTab design, it would therefore be possible to reproduce the same release rate as
with PP1-PP3, but the dose can be individually adjusted in small steps. In addition, PDM is
released much faster with this form, so that any OFF phases of the patient can be treated
quickly. Due to the low density (1.1 g/cm3), as well as the low volume likely in combination
with entrapped air, this dosage form also floats on the surface of the medium and can thus
be used as a gastro-retentive dosage form.

To increase the release rate of the LD/BZ combination, a SA/V ratio of 4.7 mm−1 was
targeted with the next design. Therefore, a mini-hollow cylinder (MiniHC) with a dose of
10 mg LD and the appropriate SA/V ratio was printed. The interior was filled with a cross
of PDM-PVA (Figure 12, Figures S2 and S3). This design allows for maximum circulation
of the medium around both formulations. In addition, the dose of PDM can be varied by
the height of the cross, or with a different design, which can be inserted into the hollow
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cylinder. The variation in height was tested with two different PDM-doses (Table 11).
Figure 12 shows the release of MiniHC with cross with 0.4 mg PDM (MiniHCwC1, Top)
and bottom shows the release of MiniHCwC2 with 1.5 mg PDM.

Figure 12. (Left): release profile of MiniHCwC 1 (top) and 2 (bottom); modified basket apparatus,
1000 mL 0.1 N HCl, 50 rpm, 37.0 ± 0.5 ◦C, x ± s; n = 3. (Right): Image of MiniHCwC1 + 2: red:
PDM-PVA, blue: LD/BZ-EVA.

Table 11. Structure and release properties of MiniHC with a cross.

LD/BZ 1 + 2 PDM 1 PDM 2

SA/V total/mm−1 - 4.7 with LD/BZ 3.7 with LD/BZ
SA/V/mm−1 4.7 4.6 2.9
mg API/mg 10/2.5 0.4 1.5

% API in 600 min 65 100 100
t75%/min 750 20 60

MDT/min 363 14 28
release rate/%/min 0.07 1.88 0.95
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The LD/BZ release shows the same dissolution profile in both MiniHC versions. First,
a burst is seen; then, the API is released continuously over time at a rate of 0.07% API/
min. Due to the low wall thickness of the HC (1 mm) and the resulting short diffusion
pathways for the APIs, the release profile remains constant over a long time and the release
rate hardly decreases towards the end. With a released API fraction of 75% LD/BZ in
750 min, this release profile corresponds to the initially desired course. The PDM release
is faster and differs in both variations. This was expected due to the various SA/V ratios.
The printed cross with 0.4 mg PDM (PDM1, Table 11) has almost twice the SA/V ratio than
the cross with 1.5 mg PDM (PDM2). Thus, the MDT is half as big, and the drug is released
faster. This design makes it possible to insert various designs of other filaments, various
SA/V ratios, and APIs, and to combine different release profiles. The inserted geometries
can also be printed and inserted individually, independently of the outer hollow cylinder,
so that there is no cross-contamination or mixing of the filaments. The floating property
of the formulation allows prolongation of the GRT, a continuous release of the API and
thus a saturation of the amino acid transporters in the upper small intestine section with
LD (Figure 13). The small diameter and height, as well as the flexibility of the structure
facilitate the swallowing of the 3D printed form for the Parkinson’s patients. This allows
the therapy to be individually adapted to the patient.

Figure 13. Floating properties of MiniHCwC in 300 mL 0.1 N HCl, 37 ± 0.5 ◦C.

4. Conclusions

In this study, the first printed oral dosage form with PDM/LD/BZ was developed.
VCM was used as another new technology that is very useful to study the release properties
of polymers without the influence of SA/V ratio. HME was used to prepare a fixed-
combination of two drugs, and the FDM 3D printing process allowed the filament with the
fixed-combination to be combined with another drug-loaded filament in variable dosages.
In addition, the FDM 3D printing process enables variation of the SA/V ratio through the
variety of possible geometries, as well as the incorporation of different layers and pores,
all of which have an impact on the drug release process. Thus, not only the dose but also
the onset and duration of the effect can be influenced. This approach makes it possible to
address the individual needs of Parkinson’s patients, titrating the dose and increasing or
decreasing it in small steps as needed. In this study, it was possible to increase the LD/BZ
dose from 15–180 mg LD (3.75–107 mg BZ) and achieve a similar release profile (f2 > 50). In
addition, mini tablets and mini hollow cylinders were printed, which might be easier for
Parkinson’s patients to swallow and can be varied in number for ingestion so that the dose
can be adjusted to the situation and the daily dose, to respond to ON-OFF-phenomena.
Furthermore, the formulation has a low density, resulting in a floating property, which was
used to prolong GRT. For drugs that are absorbed in the upper part of the small intestine,
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this increases the time of API absorption, and thus the medicine intake interval is increased.
This improves patient adherence to their therapy.

The choice of polymer resulted in a very slow release; further studies may test whether
the results can be achieved with other polymers. In addition, the polypill was prepared only
with well water-soluble APIs. It would also be interesting to see how such a combination
behaves with APIs of different BCS classes.

Supplementary Materials: The following supporting information ca be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14050931/s1, Figure S1: Dimensions of MiniTab:
4.93 mm in diameter, deviation of 0.07 mm to the CAD model; Figure S2: Dimensions of MiniHCwC:
6.03 mm in diameter, deviation of 0.03 mm to the CAD model; Figure S3: Images of MiniHCwC1 (left)
and MiniHCwC2 (right).
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Abstract: Falsified medicines are a major issue and a threat around the world. Various approaches are
currently being investigated to mitigate the threat. In this study, a concept is tested that encodes binary
digits (bits) on the surface of Fused Deposition Modelling (FDM) 3D printed geometries. All that
is needed is a computer, a FDM 3D printer and a paper scanner for detection. For the experiments,
eleven different formulations were tested, covering the most used polymers for 3D printing in pharma:
Ethylene-vinyl acetate (EVA), polyvinyl alcohol (PVA), polylactic acid (PLA), Hypromellose (HPMC),
ethyl cellulose (EC), basic butylated-methacrylate-copolymer (EPO), and ammonio-methacrylate-
copolymer type A (ERL). In addition, the scanning process and printing process were evaluated.
It was possible to print up to 32 bits per side on oblong shaped tablets corresponding to the dimensions
of market preparations of oblong tablets and capsules. Not all polymers or polymer blends were
suitable for this method. Only PVA, PLA, EC, EC+HPMC, and EPO allowed the detection of bits
with the scanner. EVA and ERL had too much surface roughness, too low viscosity, and cooled
down too slowly preventing the detection of bits. It was observed that the addition of a colorant or
active pharmaceutical ingredient (API) could facilitate the detection process. Thus, the process could
be transferred for 3D printed pharmaceuticals, but further improvement is necessary to increase
robustness and allow use for more materials.

Keywords: FDM 3D printing; traceability; blind-watermarking; anti-counterfeiting; falsified medicine;
personalized medicine

1. Introduction

A global threat to healthcare is falsified and substandard medicine. Worldwide, an es-
timated 10% of medicines on the market are falsified [1–8]. In developing countries, the per-
centage of falsified and substandard drugs is higher, at about 10–30% [3,9–16]. Particularly
at risk of counterfeiting are those drugs that are expensive or promise high sales. In develop-
ing countries, these are often antibiotics, viral drugs, or malaria preparations [14–17]. In rich
countries, falsified medicines of new and expensive so-called “lifestyle pharmaceuticals”
are most common, for example, hormones, steroids, and antihistamines [18]. Falsified drugs
usually contain no active pharmaceutical ingredient (API), the wrong API or the wrong
amount of API, and thus lead to no effect in the best cases [19]. However, they can also cause
allergies and other side effects or even death [17,20]. For example, falsified vaccines do not
contain an effective component and cannot protect patients from disease [21]. Counterfeited
and falsified pharmaceuticals and medical devices are also currently a major issue during
the SARS-CoV-2 pandemic. Falsified COVID-19 vaccines, fake masks, hand sanitizers,
and self-test kits are sold to private persons, hospitals, and community pharmacies [22–25].
To prevent and trace these crimes, various systems have been integrated and are further
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developed [17,26–30]. Since February 2019, for EU Member States, pharmaceuticals must
correspond to the requirements of the Commission Delegated Regulation 2016/161 [31]
and Directive 2011/62/EU [32]. Pharmaceuticals marketed in the EU must be serialized
and equipped with tamper-evident or tamper-resistant function (manipulation-safe sealing
of packaging carton) [33]. This sealing contains a unique 2D barcode which includes the
batch, serial and national identification number, expiry date, and product information [34].
In addition, it is sometimes possible to identify falsified medicines visually (e.g., packaging,
labelling, dosage units, watermarks, holograms), physically (discoloration, microscopical
investigations of the surface, evaluation of disintegration), or chemically (API assay via
spectroscopic, spectrometric, or chromatographic measurements) [30,35].

However, a new traceability-system is needed for personalized medicine, which is not
or will likely not be produced industrially on a large scale, but individually in compound-
ing centers, community pharmacies, or hospitals in small or on-demand batches [36–41].
These tailored medicines would be produced in the absence of serialized/anti-counterfeit
packaging. Therefore, it would be highly advantageous if the traceability system is di-
rectly included in or on the dosage form. For oral dispersible films (ODF), Edinger et al.
investigated a QR Code traceability system, which is printed with an ink-jet printer on a
previous manufactured ODF [42]. In another study, a laser-based technology was used
to mark an individual QR code on the surface of a tablet [30]. Rui et al. ink-jet printed
fingerprint characters on the surface of tablets, which are detectable by pictures with
regular smartphones [43].

Currently, a lot of research is being done on 3D printed dosage forms, as they enable
low-cost, personalized drug therapy, especially the fused deposition modelling (FDM)
method [37,44–52]. With this technique, a drug-loaded filament is conveyed through a
heated nozzle on a print bed and the previous designed object is built layer-by-layer. The re-
quired filament is previously manufactured via hot-melt extrusion (HME). This type of
individual dosage form is particularly interesting for developing countries. Production
is inexpensive and the dosage can be flexibly adjusted so that a larger part of the pop-
ulation can be supplied with medicine. This could counteract the circumvention of the
health care system and the purchase of drugs on the black market. However, commercial
FDM 3D printers are available for anyone to purchase, and the process is easy to learn,
so counterfeiting can be expected with this innovative dosage form as well. That is why
various research groups are currently working on different ways to avoid counterfeit.
Trenfield et al. developed a track-and trace system for 3D printed oral dosage forms with a
combined 2D printing technology for printed QR codes and data matrices on the surface of
“printlets” [39]. It was possible to scan these codes with a smartphone device.

In this proof-of-concept study, the blind-watermarking concept developed by
Delmotte et al. [53] was transferred to FDM 3D printed oral dosage forms. In this method,
binary digits (bits) are inserted on the flat sides of the object via a variation of the layer thick-
ness. The bits are inserted into the previously created G-Code using a self-programmed
C++ script. The insertion of individual blind-watermarking bits is intended to implement
a security system that will prevent falsifying the drug. The change of the layer thickness
has no influence on printing time, appearance, weight, or API content of the dosage form.
In addition, no other equipment is needed for the implementation, except for a FDM
3D printer. A simple paper scanner is used to detect the bits as well as a Python script.
The concept was tested by the research group on large non-pharmaceutical objects printed
with polylactic acid (PLA). This traceability approach could improve the safety of 3D
printed tablets, as the process could be established in community pharmacies and hospitals,
requiring no equipment other than a FDM 3D printer and a paper scanner. In our study,
oblong shaped tablets were designed, and it was examined whether bits could also be
inserted on these geometries. Various materials were tested that could be considered for
FDM printed oral dosage forms, in some cases also containing API. Different dimensions,
variable number of bits, scanning methods, and two layer heights were tested.
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2. Materials and Methods

2.1. Materials

The transfer of the blind-watermarking concept of Delmotte et al. [53] was first tested
with commercial polylactic acid filaments (PLA, Bavaria filaments, Freilassing, Germany).
After the geometries and G-Codes were created with the desired number of bits, self-
extruded pharmaceutical filament compositions were tested (Table 1). These filaments
differed in appearance, in color, in roughness, and in their melt viscosity.

Table 1. Composition of the filaments used.

Filament Materials Concentration/% Manufacturer/Source

PLA Polylactic acid (PLA) 100 Bavaria filaments, Freilassing, Germany

PVA Polyvinyl alcohol (PVA) 100 Parteck MXP®, Merck, Darmstadt, Germany

PVA + PZQ [37]
Polyvinyl alcohol (PVA) 95 Parteck MXP®, Merck, Darmstadt, Germany

Praziquantel (PZQ) 5 Bayer AG, Leverkusen, Germany

PVA + PDM [37]

Polyvinyl alcohol (PVA) 84 Parteck MXP®, Merck, Darmstadt, Germany
Mannitol 10 Parteck M®, Merck, Darmstadt, Germany

Pramipexole 2 HCl*H2O (PDM) 5 Chr. Olesen, Gentofte, Denmark

Fumed silica 1 Aerosil® 200 VV Pharma,
Evonik, Essen, Germany

PVA + Triam [54]
Triamcinolone acetonide (Triam) 5 Farmabios, Gropello Cairoli, Italy

Polyethylene glycol 300 10 Polyglycol 300, Clariant,
Pratteln, Switzerland

Polyvinyl alcohol (PVA) 85 Parteck MXP®, Merck, Darmstadt, Germany

PVA + colorant

Polyvinyl alcohol (PVA) 84 Parteck MXP®, Merck, Darmstadt, Germany
Mannitol 10 Parteck M®, Merck, Darmstadt, Germany

Methylene blue 5 Spectrum Lab Products, Gardena, CA, US

Fumed silica 1 Aerosil® 200 VV Pharma,
Evonik, Essen, Germany

EPO + API
Basic butylated-methacrylate-

copolymer (EPO) 80 Eudragit E PO®, Evonik, Essen, Germany

Pramipexole 2 HCl*H2O (PDM) 20 Chr. Olesen, Gentofte, Denmark

EC Ethyl cellulose (EC) 100 Aqualon® N10, Ashland, KY, US

EC + HPMC [55]

Ethyl cellulose (EC) 72.93 Aqualon® N10, Ashland, KY, US

Hypromellose (HPMC) 16.67 Metolose 60SH 50, Shin Etsu Chemical,
Tokyo, Japan

Triethyl citrate 10 Citrofol AI Extra, Jungbunzlauer,
Basel, Switzerland

Fumed silica 0.4 Aerosil® 200 VV Pharma, Evonik,
Essen, Germany

EVA + PVA

Ethylene-vinyl acetate copolymer
82:18 (EVA) 25 Escorene® FL01418, TER Chemicals,

Hamburg, Germany
Polyvinyl alcohol (PVA) 65 Parteck MXP®, Merck, Darmstadt, Germany

Mannitol 10 Parteck M®, Merck, Darmstadt, Germany

EVA + PVP-VA + API

Ethylene-vinyl acetate copolymer
82:18 (EVA) 35 Escorene® FL01418, TER Chemicals,

Hamburg, Germany
Vinylpyrrolidone-vinyl acetate

copolymer 60:40
(PVP-VA)

15 Kollidon VA 64®,
BASF, Ludwigshafen a. R., Germany

Levodopa 40 Zhejiang Wild Wind Pharmaceutical,
Dongyang, China

Benserazide 10 BioPharma Synergies, Barcelona, Spain

ERL + API [56]

Anhydrous Theophylline 30 BASF, Ludwigshafen a. R., Germany
Ammonio-methacrylate-copolymer

type A (ERL) 62.6 Eudragit® RL PO, Evonik, Essen, Germany

Stearic acid 7 Baerlocher, Lingen, Germany

Fumed silica 0.4 Aerosil® 200 VV Pharma,
Evonik, Essen, Germany
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2.2. Methods
2.2.1. Hot Melt Extrusion

The self-extruded filaments were prepared by hot-melt extrusion (HME) [37,44,52,54,55].
A co-rotating twin-screw extruder (Pharmalab HME 16; Thermo Fisher Scientific, Waltham,
MA, USA) was used with an in-house manufactured die (1.85 mm diameter) to produce
filaments with a diameter of 1.75 mm. A haul-off unit of a winder (Model 846700, Braben-
der, Duisburg, Germany) was used to achieve the required filament diameter. This was
controlled with a laser-based diameter measurement module (Laser 2025 T, Sikora, Bremen,
Germany) with a readout rate of 1 Hz.

2.2.2. Creation of Geometries, G-Codes and Bits

Different oblong tablets were designed with various lengths and heights to investigate
what sizes are necessary for a certain number of bits and how many bits can fit on a large
oblong tablet. Since bits are generated only on straight, flat sides and can thus be scanned
with a 2D scanner, the oblong design was selected. For the design, the computer-aided
design (CAD) software Fusion360® (Autodesk, San Rafael, USA) was chosen. For generat-
ing the G-Code, PrusaSlicer® (2.2.0, Prusa Research, Prague, Czech Republic) was used.
In the settings, the temperature, speed, and layer height were adjusted (Section 2.2.4).
The extrusion width was set to 0.4 mm and the variable layer thickness option disabled,
so the C++ script for bit-generation could insert the layer thickness changes to encode the
bits. In addition, care was taken to ensure that each new layer starts at the same position
and the resulting seam is not in the watermarked patch. In the C++ script for bit-insertion,
the length of the flat tablet-side for the bits was set (Figure 1, green + red) as well as the
number of bits per line, number of bits in height, and number of parity bits. Subsequently,
a G-Code with the desired number of bits and parity-bits was created and inserted in the
G-Code of the tablet geometry.

 

Figure 1. Detail from the watermark-embedding process. The side length (green + red) is recognized
without the roundings and is encoded with bits.

2.2.3. Watermark Embedding

For the blind-watermarking method, the layer thickness is locally modified, which
results in a pattern on the surface of the 3D printed object. Normally, the layer thickness
of a FDM 3D print is constant with little noise. For embedding the watermark, a number
of bits is selected, as well as the number of separating layers between the bits. The code
is formed by the interaction of two layers, which in sum always have the same thickness.
If the lower layer becomes thinner (1 − a) to encode a 0, the upper layer compensates
this with 1 + a layer thickness. If the lower layer is thicker with 1 + a, to encode a 1,
the upper layer balances this again with 1 − a layer thickness. Thus, despite the differences
in thickness between the layers above and below, the result is an even layer so that the code
is clearly recognizable (Figure 2). As a minimum distance between encoding bit layers,
two separating layers were selected. It was avoided to insert the blind-watermark too close
to the bottom or top of the tablet, because the tablets often stuck to the print bed or because
the printing precision was insufficient in these layers. Therefore, the bits were only encoded
at least four layers above the print bed and at least four layers below the top of the tablet.
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Figure 2. Scheme of the watermark embedding parameters and procedure. Adapted from the
illustration in the original publication [53], IEEE, 2020.

2.2.4. 3D Printing Process

The oblong tablets were printed with a FDM 3D Printer Prusa i3MK3 (Prusa Research,
Prague, Czech Republic). The settings of the printing process were adjusted for each
filament (Table 2). Print settings were determined manually to enable the best possible print
image. In most cases, the best results were achieved at the lowest possible temperatures.
If the printing temperature was too low, the nozzle became clogged, and no molten filament
flowed through it. If the temperature was too high, the surface of the tablet became uneven.
For EVA and PVA/PVA + PZQ filaments, higher temperatures had to be used because
the layers adhered poorly to each other. At higher temperatures, they were better bonded.
EVA filaments were very flexible, and the conveying wheels in the print head could not
be used fully to transport the filament through the nozzle, otherwise the filament would
wrap around the conveying wheels after a few minutes. The necessary transport to the
nozzle could only be ensured by a high printing temperature, as this caused the filament
to melt faster and offer less resistance. For a fast cooling of the printed object, the fan was
activated. The printing speed was set to 10 mm/s, which is very low for FDM 3D printing.
However, for the materials used and following the recommendation of Delmotte et al. [53],
a low printing speed should reduce artifacts.

Table 2. Settings of the 3D printing process.

Filament Bed Temperature/◦C Nozzle Temperature/◦C

PLA 60 215
PVA 90 190

PVA + PZQ 90 188
PVA + PDM/colorant 60 188

PVA + Triam 60 190
EPO + API 45 176
ERL + API 55 180

EC 60 180
EC + HPMC 63 180
EVA + PVA 50 220

EVA + PVP-VA + API 50 220

2.2.5. Scan and Detection

To detect the bits, the printed oblong tablets (n = 3) were placed with the flat side on
a paper scanner (Epson Expression Premium XP-610, Suwa, Nagano Prefecture, Japan)
and scanned with the parameters shown in Table 3. The resolution was set to 1200 dpi.
Higher resolution settings did not result in better scans and detectability but increased
the processing time of the analytical computer script. During scanning, the tablets were
covered with a black box so that the process would not be disturbed by room light and the
scanning light would not be reflected.
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Table 3. Settings of the scanning process.

Filament Brightness Contrast

PLA −19 31
PVA −100 30

PVA + PZQ −100 55
PVA + PDM −19 70

PVA + colorant −50 25
PVA + Triam −100 50
EPO + API −100 60
ERL + API −100 40

EC −45 40
EC + HPMC −80 55
EVA + PVA −70 40

EVA + PVP-VA + API −70 40

Afterwards, the scanned files were analyzed with a self-programmed Python script
for detection. A region of interest surrounding the watermark area is defined and the
script runs an algorithm to extract the encoded bits by determination of layer thickness
variations. A more detailed description of the algorithm can be found in Delmotte et al. [53].
Afterwards the result is displayed (Figure 3).

  

Figure 3. Example of the detection process (EC + HPMC); form left to right: scanned 3D printed
oblong tablet with region of interest, detected watermark-patch and result of the bit detection.

2.2.6. Melt Viscosity Measurements

To be able to describe the print behavior of the polymers and blends used, the rheo-
logical properties were investigated (n = 1). The viscosity was measured with a Modular
Advanced Rheometer System (HAAKE MARS 60, Thermo Fisher Scientific, Waltham, MA,
USA). Samples of 500 mg each were weighed in. The gap was adjusted to 1 mm and
an angular speed of 6.3 rad/s was set. A temperature range was scanned to be able to
follow the viscosity curve of the polymers. This range covered the print temperature used.
The data was recorded with HAAKE RheoWin (4.87.0006, Thermo Fisher, Waltham, MA,
USA) with a frequency of 1 Hz. For the measurements, the API was replaced with mannitol
to reduce the toxicity profile of the mixtures.

3. Results and Discussion

3.1. Minimum and Maximum Size of Oblong Shaped Tablets

The blind-watermarking system can, in its current version, only modify straight and
flat surfaces. No bits can be implemented on rounded surfaces. Additionally, the long side
must have a certain length so that the script can recognize the side and insert a desired
number of bits. As a security measure, parity bits are inserted to recognize errors in the
detected bits. The minimum bit count is four bits per site (2 × 2) with four parity bits
(Table 4). In the original publication [53], a layer height of 0.2 mm was recommended.
With this most simple setup, 16 different combinations are possible (24) for information
deposit, and the required length was calculated to be 12 mm (Figure 4).
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Table 4. Minimum bit insertion per side (parity bits marked in grey).

0 1 1

1 1 0

1 0 1

 

Figure 4. Pictured G-Code (left) and scanning image of 3D printed oblong tablet with 4 bits + 5 parity
bits per side (right). Oblong tablet size: 12 mm length, 4 mm height, 4 mm width.

Subsequently, it was determined how many bits fit on an oblong shaped tablet of
maximum size, which will still meet the criteria for swallowability. For this purpose,
market preparations with large oblong tablets or capsules were examined regarding their
size and the dimensions were adopted [57]. The largest oblong tablets have a length
of 23 mm, a height of 6 mm and a width of 8 mm (e.g., Amoxicillin Sandoz 1000 mg:
23 mm × 8 mm × 6 mm; Furobeta® 500 betapharm Arzneimittel GmbH: 23 × 8 × 6 mm;
Rosuvastatin/Amlodipin-ratiopharm® capsules 23 × 8.1 mm). A dosage form of such di-
mensions was designed (Figure 5). The number of bits was increased until the patch became
too large so that the required distance between bits was no longer possible. The maximum
number of bits per line was nine bits (including one parity bit per row) and five bits in
height, again with one parity bit per column (Table 5).

 

Figure 5. Pictured G-Code (left) and scanning image of 3D printed oblong tablet with
32 bits + 13 parity bits per side. Oblong tablet size: 23 mm length, 6 mm height, 8 mm width.

Table 5. Maximum bit code: 9 bits per line, 5 bits in height. 8 × 4 bits with 13 parity bits (grey marked).

0 0 1 0 0 1 1 1 0

0 0 0 1 1 1 0 0 1

1 1 1 1 1 1 1 0 1

1 0 0 1 0 0 1 0 1

0 1 0 1 0 1 1 1 1

This number of bits generates a wide spectrum of possible combinations (232). Thus,
this method allows variable information content from the smallest bit set of 4 bits to 32 bits
per side. Depending on the size of the tablet, the number of bits can be adjusted for the
necessary information content.

3.2. Variation in Layer Height

To further increase the number of bits per tablet side, it was tested whether it is
possible to reduce the layer height from 0.2 mm as recommended by Delmotte et al. [53] to
0.1 mm, thus doubling the number of bits per side. The smallest tablet size (12 × 4 × 4 mm)
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was chosen for this purpose, as it is particularly interesting to be able to increase the bit
number for smaller dimensions (Figure 6). The filament used was PVA + colorant.

Figure 6. G-Codes (top) and scanning images of 3D printed oblong tablets (bottom). Left: 0.2 mm
layer height (9 bits), right: 0.1 mm layer height (18 bits).

With the smaller layer height, in theory up to 18 bits can be encoded in the given
geometry. The detection for the reference tablet with 0.2 mm layer height worked without
problems, and the correct code could be detected directly (Figure 7 top). For the tablet
with 0.1 mm layer height, both patches could be detected, but the correct code was not
generated immediately. The correct code was determined by the error correction function
shown in Figure 7 (bottom) using the parity bits. The lower distance between encoding
layers made detection of the bits difficult. It is possible to decrease the layer height and thus
increase the number of bits per tablet. Yet, a layer height of 0.1 mm should be considered
to be too low. Proper detection using the parity bits is feasible, but considering that the
reduction of the layer height from 0.2 mm to 0.1 mm also doubles the printing time per
tablet, the drawbacks become prohibitive.

 

 

Figure 7. Top: results of the detection process of printed tablet with 0.2 mm layer height (9 bits).
Bottom: Results of the detection process of printed tablet with 0.1 mm layer height (18 bits).
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3.3. Optimization of the Scanning Process

During the scanning process it was observed that there is a difference in the visibility
of bits, depending on the orientation of the tablet to the scan light.

When the samples were oriented perpendicular to the moving scan light, individual
bits reflected the light, and the bits were better visible on the image than in a parallel
orientation to the scan light. In parallel orientation, hardly any contrast was visible between
the bit and the encoding layer. Yet, the layer structure itself was better visible (Figure 8,
used bit code Table 6).

Figure 8. Influence of the orientation of the tablet with bits to the scan light. Left: perpendicular to
the scan light, right: parallel to the scan light. Tablet: PLA with 25 bits.

Table 6. Bit code: 5 bits per line, 5 bits in height. 4 × 4 bits with 9 parity bits (grey marked).

1 1 0 0 0

0 1 1 0 0

1 1 0 1 1

1 1 0 0 0

1 0 1 1 1

For an automatized detection, the parallel orientation to the direction of the scanning
light is more suitable, as the layer structure can be seen more clearly and the differences
in layer thickness can be detected more easily. The script is oriented on the layer pattern
that results from the 0.2 mm layer heights. The bit variations due to (1 − a) and (1 + a)
layer thicknesses are recognized by the script due to the deviation from the normal 0.2 mm
layer pattern. This is better detectable with the parallel scan. For the eye, on the other hand,
the blind watermarking code is better detectable with the perpendicular alignment, since
the reflections of the bits clearly show the intended unevenness. Here, however, the layer
structure is not clearly visible.

3.4. Variations of the Material

To test the applicability of blind-watermarking for 3D printed tablets, various materi-
als were evaluated. Common polymers that are often used for FDM 3D printing of drugs
were utilized: PLA, PVA, EPO, EVA, EC, HPMC, PVP-VA, and ERL [37,47,52,55,58–63].
These polymers were in some cases mixed with APIs, but also with colorants to observe any
influence. The same bit code was used as shown in Table 4 and Figure 4, as well as the asso-
ciated G-codes with the appropriate print temperatures for each filament. 13 × 5 × 5 mm
tablets of each formulation were printed and scanned and the detection was evaluated.
Only formulations where the bits were identified directly in all cases were considered
suitable (Table 7). A layer height of 0.2 mm was used to keep the error level low and to
be able to draw more accurate conclusions about the materials. The tablets were scanned
in both parallel and perpendicular orientations to obtain optimal images suitable for the
script. In the end, it was always the images in parallel orientation that had the most suitable
structure for the script.
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Table 7. Material variations: images, scans and detection result.

Filament Image Scan (Parallel Orientation) Detection

PLA

  

Yes
3/3 (a)

PVA

  

No
0/3 (b)

PVA + PZQ

  

No
1/3 (c)

PVA + PDM

  

No
0/3 (d)

PVA +
colorant

  

Yes
3/3 (e)

PVA + Triam

  

Yes
3/3 (f)

EPO + API

  

Yes
3/3 (g)

EC

  

Yes
3/3 (h)
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Table 7. Cont.

Filament Image Scan (Parallel Orientation) Detection

EC + HPMC

  

Yes
3/3 (i)

EVA + PVA

  

No
0/3 (j)

EVA + PVP -VA
+ API

  

No
0/3 (k)

ERL + API

  

No
0/3 (l)

During printing and scanning, it became apparent that not every material is suitable
for a blind-watermarking approach. The printed tablets made of PLA (Table 7 (a)) could be
printed and scanned well. The bits were recognized by the written Python script without
any problems. Delmotte et al. [53] already investigated different colors of commercial PLA
filaments. By adjusting the brightness and contrasts during the scanning process, different
colors could be used for blind-watermarking. In some printed tablets (Table 7 (b–d)),
despite adjusting the brightness and contrast of the scanner, the visibility of the bits
could not be ensured because the dosage forms were too transparent and reflective (PVA,
PVA + PZQ, PVA + PDM) and the scan light was reflected by the object. For the eye, the bits
were visible, but not detectable with the scanning light. Using a different imaging technique
might be able to solve this issue. In our study, we examined if this issue can be solved by
mixing a colorant into the filament so that it was more opaque (PVA + Methylene blue,
Table 7 (e)) with less reflection. The reflection-problem should also be solved by adding an
API or excipient that did not completely dissolve in the polymer or melted during HME
and 3D printing, so that the filament looked slightly milky. As a result, the scanning light
was not reflected as strongly, and the bits could be detected (PVA + Triam, Table 7 (f)).
The printed tablets with EPO, EC and EC + HPMC (Table 7 (g–i)) were able to visualize the
bits, so that the bits could be presented well during the scanning process and the detection
script could read out the code. The tablets had a cloudy appearance and neither color nor
transparency had a negative impact.

EVA filaments did not result in visible bits imprinted into the tablets (Table 7 (j + k)).
It was assumed that the formulations with EVA had a too low melt viscosity. In this case
the polymer would only flow out of the nozzle and not retain the bit structure. This could
not be remedied by lowering the print temperature from 220 ◦C to 210 ◦C, because the
nozzle would clog, and the flexible filament would begin to wrap around the conveyor
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wheels in the print head. During printing it was observed that the printed filament is also
likely to take longer to cool and solidify so that the movement of the print head and the
following layers destroy the fine bit structure.

The detection of tablets printed from filaments with a rough surface after HME, which
is also apparent after printing (EVA + PVP-VA + API; ERL + API, Figure 7 (k + l)) was
not possible. A rough surface can result from immiscible excipients and APIs in HME,
high polymer blend viscosity, as well as from a high proportion of unmelted, suspended
components [64,65]. This noise of the rough surface makes it impossible to recognize the
inserted bits.

During the printing process, it was also observed that setting the correct print temper-
ature had a major impact on the appearance of blind-watermarking patches. In addition
to lowering the melt viscosity, increased temperature can also lead to the formation of
gas bubbles. In the case of PVA + PZQ and EPO+API filaments, even a small difference
in printing temperature (2–9 ◦C) resulted in significant changes in the printed material
(Figure 9). If the temperature was slightly too high, gas bubbles were formed in the printed
filament, which made the surface of the tablet appear inhomogeneous and did not allow bits
to be detected. This may be due to thermal degradation of the API or polymer, moisture in
the filament, or due to the release of water. Since PVA is a very hydrophilic polymer, it may
absorb water from the environment after a short storage time, which evaporates during
printing and leaves gas bubbles. The API PDM contains hydrate water, which is degraded at
high temperature [52]. These processes can be controlled by adjusting the print temperature
and optimizing the storage conditions. Since lowering the printing temperature increases
the melt viscosity, this can cause the nozzle of the 3D printer to clog, and the filament cannot
be printed. This must be considered when selecting the polymer composition.

Figure 9. Filament PVA + PZQ printed at 188 ◦C (a) and 190 ◦C (c). Filament EPO + API printed
at 176 ◦C (b) and 185 ◦C (d). Scanning image (e) present the scan of printed tablet shown in (c),
and scanning image (f) present the scan of printed tablet shown in image (d).
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Since it was assumed that the melt viscosity seems to have a major influence on the
printing result, rheological measurements of the formulations without API were conducted
to find a possible quantifiable parameter to exclude or include filaments in advance for
this process (Table 8). The filament blends containing ERL were omitted, as it was the
roughness that led to the poor detection and not the melt viscosity.

Table 8. Melt viscosity of the used materials at their specific print temperatures.

Filament Nozzle Temperature/◦C Melt Viscosity/kPa*s

PVA 190 7.251
PVA + PZQ/PDM/colorant 188 6.407

PVA + Triam 190 4.321
EPO + API 176 0.169

EC 180 24.200
EC + HPMC 180 15.920
EVA + PVA 220 0.251

EVA + PVP-VA + API 220 0.135

The results of the viscosity measurement confirm that the melt viscosity has a major in-
fluence on the blind-watermark method. The filaments suitable for the blind-watermarking
process have a melt viscosity between 4–24 kPa*s (PVA mixtures and EC mixtures). The fil-
aments made of EVA have a very low viscosity of only 0.25 kPa*s, which was already sus-
pected due to the non-existing bit structure in the printed EVA-tablets. The EVA + PVP-VA
blend has the lowest viscosity, which is due to the high EVA content. Additionally, other
excipients can reduce the viscosity, for example APIs or in this case mannitol. However,
the EPO mixture also has a very low viscosity (0.169 kPa*s), although it was possible
to detect the blind-watermarking patches made with these filaments. It seems that the
property to solidify quickly after the polymer is melted has also a major influence on the
blind-watermarking process and can compensate for the melt viscosity. Unfortunately,
it was not possible to measure the solidification behavior over time. Therefore, this hy-
pothesis cannot be confirmed here. An overview of the results of the blind-watermarking
proof-of-concept is shown in Table 9.

Concluding, various influences can determine whether a material or mixture is suitable
for the blind-watermarking process. Since the scanning process is very susceptible to light
reflections, materials that are transparent or reflect light too strongly are not suitable,
an issue that might be solved with another imaging technique. In addition, the quality
of the blind-watermark code depends on the melting and solidification properties of the
materials, so that only materials that have a high melt viscosity or very rapid solidification
behavior can be considered. It must also be ensured that the filaments have a surface
as homogeneous and smooth as possible, so that the inherent structure of the filaments
does not interfere with the structure of the bit code. However, these influences can also be
modified by adding a colorant or API that makes the filament appear less transparent and
by changing the filament composition with components that increase melt viscosity and
decrease solidification time.
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Table 9. Overview of detection influences and results.

Filament
Transparent/

Reflective
Surface

Roughness
Visible to

the Eye
Detectable Likely Reason

PLA no no yes yes
Good solidification behavior,

no roughness,
no reflection.

PVA yes no yes no Transparent, reflection of the scan-light.
High melt viscosity.

PVA + API

Dissolved API:
yes

Susp. API:
no

no yes

Dissolved API:
no

Susp. API:
yes

Transparent, dissolved API does not decrease
the reflection of the scan-light, suspended API

or excipient forms slight milky filaments.
High melt viscosity.

PVA +
colorant no no yes yes The colorant decreases the transparency of

PVA. High melt viscosity.

EPO + API no no yes yes

Good solidification behaviour,
low melt viscosity,

no roughness,
no reflection.

ERL + API no yes no no Too rough, no bits recognizable.

EC no no yes yes

Good solidification behaviour,
high melt viscosity,

no roughness,
no reflection.

EC + HPMC no no yes yes

Good solidification behaviour,
high melt viscosity,

no roughness,
no reflection.

EVA + PVA no no no no
Solidification of the printed object occurs too

slowly + low melt viscosity, the bits and
layers deform.

EVA + PVP-VA + API no yes no no
Solidification of the printed object occurs too

slowly + low melt viscosity, the bits and
layers deform.

4. Conclusions

In this study, a simple but powerful concept was tested to improve therapeutic safety
and traceability of FDM 3D printed tablets for personalized medicine. It was shown that the
blind-watermarking process can be used for oblong shaped tablets, as the bit-insertion and
scanning process is currently only possible for straight, flat sides. Additionally, not every
material is suitable for this approach. The color, roughness, and transparency of the
filaments and printed objects have an impact on the detectability of the bits. However,
when the filament used has a cloudy appearance or an added colorant, the detection
process is feasible, and the bits are easy to detect. In addition, it is important to identify
the correct print temperature of the used formulation since the formation of gas bubbles
complicates the detection of the bits. For the formation of the bits, the melt viscosity and
the solidification time of the printed filament seems to have a major impact. Unfortunately,
a precise quantitative assessment of whether a filament is suitable for this process could
not be made.

In comparison to other methods [39,42], this approach can be easily adapted in hos-
pitals or community pharmacies with a cheap paper scanner and FDM 3D printer, as the
dosage form and the blind-watermark codes are produced in one step without additional
equipment. The method of Edinger et al. [42] requires a printer or film casting bench for
the dosage form and an inkjet printer for the codes. Additionally, the traceability method
of Trenfield et al. [39] needs more equipment for their track-and-trace process: a 2D and
a 3D printer, for manufacturing the dosage form and printing the QR-code. Comparing
the amount of information that can be put on a dosage form using these methods, more in-
formation can be covered in a QR code than in bits encoded in the tablet. Especially if the
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dosage form is very small, the information content per tablet is quite low. An attempt could
be made to modify the bit encoding script, so that both sides of the tablet contain different
information, thus doubling the bits per tablet. Nevertheless, 232 variations can be encoded
on a large tablet, resulting in almost 4.3 billion possible combinations. While this is not
sufficient to replace a QR code, the simplicity of the approach allows the implementation of
an additional layer of security without investments in further equipment.

In addition, other processes that build up the dosage form layer by layer and are
controlled by G-Code could also be investigated (e.g., semi-solid 3D printing). Furthermore,
it would be interesting to test other scan methods. It would be easier to use the camera of a
smartphone with an application for detection. As most of the bits were easier to detect by
eye than with the scanning procedure, it could extend the range of suitable materials and
possibly the range of geometries, as round surfaces could be scanned.
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The aim of this work was to use the advantages offered by the FDM 3D printing process 

for the development of oral DDF for personalized therapy. For this purpose, different APIs 

(levodopa, benserazide, pramipexole, and praziquantel) as well as different polymers (e.g., 

PVA, EVA) were used. First, PVA filaments with 5% pramipexole were prepared via

HME, printed via FDM 3DP, and used for the first dissolution experiments. Different ge-

ometries with various dosages and SA/V ratios were designed with a CAD program, 

printed, and the API release analysed. The influence of the swelling behavior of the PVA 

hydrocolloid matrix on the release of the drug from the matrix was investigated, and a de-

scription of similar curves to each other with the f2 value and the MDT was found. During 

these experiments, a correlation between the MDT and the SA/V ratio was identified, ex-

panded with further experiments, and used for predictions. The release profiles with PVA 

could be described with the Peppas Sahlin equation due to the diffusion and erosion prop-

erties of the matrix. These experiments were transferred to an inert polymer (EVA) with 

10% drug loading (levodopa, BCS I) and PVA with 5% praziquantel (BCS II). For the 

dissolution profile of the BCS II compound, the Weibull equation was used to describe the 

release. Also, for these formulations, the predictions to the given SA/V ratio worked to 

predict the resulting release course. This approach can be used in the future as part of the 

workflow from prescription to 3D printed dosage form. Based on the correlation, the release 

profile for a printed tablet can be predicted for the desired formulation but also the SA/V 

ratio needed to release the API in the required time. Further studies could confirm whether 

these predictions also apply to in-vivo profiles. Due to the different characteristics of the 

APIs (BCS I+II), the influence on the resulting blood plasma concentration could be dif-

ferent and cancel the correlation. To avoid unnecessary animal testing, in-silico experi-

ments could be performed and thus predictions of possible in-vivo courses could be made. 

In addition, it should be investigated whether the correlation can also apply to other poly-

mers and APIs whose release profiles follow different release kinetics. Furthermore, other 

3D printing technologies could be used to test this concept so that the portfolio of possible 

DDFs and formulations can be expanded.

To incorporate newer technologies, various ANN architectures were built with the collected 

release data (~200 geometries; ~1000 release curves) to make predictions on possible ge-

ometries based on release profile and dosage. With a standard net (classification architec-

ture), a training accuracy of 68.5% could be achieved, but in the test runs only an accuracy 



Summary and Outlook

210

of 44.4% could be reached. However, to predict the exact dimensions of the geometry, the 

underlying geometry/class must first be predicted. Nevertheless, this is not possible based 

on the dissolution curve since the profile is determined not by the geometry but by the SA/V 

ratio. Thus, an attempt was made to predict the underlying SA/V ratio from the given re-

lease data and dosages to calculate the required SA and to design the corresponding geom-

etry with the known V and SA. This scalar prediction architecture was able to make more 

reliable predictions with a mean square error loss of 0.05. Since the PVA-polymer tends to 

swell and pores can clog during this process, deviations between the calculated and real SA 

can occur, so a minimum distance or minimum pore size must be specified for the respec-

tive polymer in order for the desired SA to not be reduced over time. The prediction of the 

SA/V ratio via ANN worked, but not for the prediction of the exact geometry, which could 

be used for the prescription process of 3DP DDF. Accordingly, further network designs 

would have to be investigated (e.g., Random Forest Classification or Random Forest Re-

gression), or one would have to work with a large data network in future, so that the phar-

macist would not need additional time to design the appropriate geometry first and thus 

represent a possible risk factor.

With the help of these data, a concept for dose-independent drug release could be devel-

oped: the hollow cylinder-based Geometry Model (HCb). This model allows to cover a 

broad range of doses with a certain SA/V ratio for different formulations. Thus, for patients, 

the dose can be customized without changing the API’s release pattern. This works for the 

5% PDM-PVA formulation for a range of 4 to 32 mg API, for LD-EVA from 8.8 to 

48.2 mg, and for PZQ-PVA from 4.8 to 36 mg. Thereby, a factor of 7 on average can be 

varied in doses without significantly altering the release profile. Due to the additively lay-

ered structure of the FDM 3DP DDF, the dose can be varied in 0.13 mg increments, for a 

formulation with 5% drug-load. The developed dose-independent release model was then 

applied to a fixed combination of levodopa-benserazide in EVA. For Parkinson's patients, 

only symptomatic therapy is available so far, which involves many different drugs and nar-

row therapeutic ranges, since here effect and side effect go hand in hand. Another filament 

with the third API, pramipexole, in PVA was added to the fixed-combination filament and 

printed to form a polypill with three APIs and two polymers. Immediate release was 

achieved with PDM+PVA, and constant release over 12 h was achieved with the 

LD+BZ+EVA combination. With the help of different geometries and layer combinations 

of the two formulations, the advantages of FDM 3D printing could be fully exploited and 
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thus dosages of 2 to 200 mg LD/BZ and 0.4 to 3.5 mg PDM could be printed in different 

polypill variations. The dissolution profiles could be maintained over this dosing range, but 

also varied with the help of the SA/V ratio. To map the releases of the three APIs precisely 

and accurately from low (0.4 mg PDM) to high dose (200 mg LD), a new analytical tech-

nique had to be developed. While LD+BZ could be detected by HPLC-UV, the dosage of 

PDM in the first minutes of release was too low to be above the limit of quantification 

(LoQ). Therefore, a fibre-technique was connected between the six-way valve and the de-

tector of the HPLC machine and a new measurement mode for PDM was run in parallel to 

HPLC-UV. This allowed the LoQ for PDM to be lowered and the three APIs to be analysed 

in parallel. Further investigations could be undertaken regarding the transfer of DDF mod-

els from in-vitro to in-vivo models, or in-silico modulations. Of course, the patient's ac-

ceptance of the unconventional forms must also be present in order for the therapy adher-

ence to persist. In addition, it would have to be tested whether these geometries can also be 

realized for other polymers that exhibit stronger swelling behavior or can only be printed 

with a lower print precision (due to viscosity and solidification properties) or other 3DP 

technique.

Since FDM 3D printers can now be purchased very cheaply on the market, a technique 

must also be developed for the case of counterfeiting. Since filaments of various polymers 

and colors are available for buying, it must be expected that 3D printed drugs can be easily 

falsified in the future. To circumvent this crime, a concept of blind-watermarking for 3D 

printed oral dosage forms was tested. The concept was demonstrated in 2019 by Delmotte 

et al. for 3D printed objects without pharmaceutical applications in mind [297]. These 

scripts were adapted for oblong tablets, allowing a minimum of 9 bits per tablet side up to 

32 bits per tablet side to be inserted onto the printed form. It was found that the melt vis-

cosity as well as the color, transparency, and solidification behavior of the formulations 

have an influence on the printability and detectability of the bits. However, there are often 

easy solutions to convert the formulation to a usable one for the blind watermarking system, 

so that in the future this technology can be used, for example, to support an additional QR

code on the dosage form, since only a simple paper scanner is required for detection in 

addition to the FDM 3D printer. However, the method alone is not sufficient to make a 

DDF completely counterfeit-proof and cannot be used for every polymer. But it can be used 

as supporting tool, since blind-watermarking bits can be incorporated directly into the G-

Code and therewith do not involve any additional effort.
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The experiments presented in this work were able to exploit the advantages of FDM 3DP

for personalized medicine of oral dosage forms, but also highlighted the limits and chal-

lenges of the process. The polymers and blends used have different properties that influence 

both the FDM 3DP and its precision, but also influence the release properties (swelling 

behavior) and the incorporation of blind-watermarking bits. Both API and polymer proper-

ties have an impact on the prediction models and also the dose-independent release model. 

It cannot be generalized that these approaches will work for all formulations, and it would 

take a great deal of effort to test through all possible combinations. Furthermore, it cannot 

be generalized that the predictions as well as DDF models will behave the same in-vivo as 

in-vitro. For this, further investigations or in-silico modulations have to be performed in 

any case. For a future prescription process for personalized 3DP oral dosage forms, a large 

database containing any APIs, polymers, and mixtures with different geometries and re-

lease profiles could be used so that the pharmacist could determine the required SA/V ratio, 

mg of API, and controlled release profile from it and print the given geometry directly 

without requiring any manual changes. In summary, the advantages offered by FDM 3D 

printing can be used for personalized medicine, designing swallowable, patient-tailored 

oral dosage forms with controlled release profiles. Due to the digital design of DDF, the 

release profiles for the respective dosages can be predicted in advance, due to known SA 

and V. By combining different traceability techniques, the previously existing safety gap 

can be closed. However, the limitations offered by the printing time and the lack of clarity 

regarding regulatory processes remain and require further work, as well as the establish-

ment of GMP-capable 3D printers.
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