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1. Introduction 

1.1 3D-Printing Technologies in Pharmaceutics 

In recent years, 3D-printing, also known as additive manufacturing or rapid prototyping, has 

become an emerging topic within the pharmaceutical area due to its high potential for individualized 

therapy. The quantity of published pharmaceutical literature using the keywords “3D-printing” and 

“Pharmaceutics” between the years 2000 and 2020 extracted from Pubmed is depicted in Figure 1. 

The research has grown extensively during and after 2015 when the Food and Drug Administration 

(FDA) approved the first 3D-printed medicinal product Spritam® (Aprecia Pharmaceutical, LLC). 

This step was indicative of new pathways in pharmaceutical manufacturing [1]. 

Researchers are investigating several 3D-printing techniques related to their feasibility for 

pharmaceutical application.  

In general, 3D-printing is a layer-wise production of 3D-objects from digital design [2]. By 

changing the digital model, the same starting material can be used to create an unlimited variety of 

sophisticated geometries. Thereby, e.g., hollow networks are printable as exemplarily depicted in 

Figure 2, not realizable with any other commonly used pharmaceutical manufacturing technique. 

All printing technologies have the following basic manufacturing steps in common: 

1. Design: Creation of the targeted 3D-object using computer-aided design (CAD) software 

based on predefined shape requirements. 

2. Conversion of the digital model into a machine-readable format (e.g., .stl-file), describing 

the object surface in triangles. 

 

Figure 1. Number of publications about 3D-printing of pharmaceutics between 2000 and 2020. Data was 
extracted from Pubmed using the search terms “3D-printing” and “Pharmaceutics”. 
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3. Slicing and G-code generation: Processing of the .stl-file to separate the object in distinct 

horizontal, printable layers of a predefined height and conversion into a G-code, which is a 

programming language for numerical computer control, containing commands for the printer 

to operate (e.g., printing speed, print-head route). 

4. Printing: Starting material is processed into the predesigned 3D-object, starting from the 

bottom. 

For some 3D-printing methods, post-processing is required, e.g., sintering, drying or removal of 

supportive structures. 

The most important 3D-printing technologies can be mainly categorized into laser-, powder-based 

inkjet- and extrusion-based printing systems (Figure 3). The corresponding term is related to the 

principle of layer formation. 

Laser-based systems can be divided into selective laser sintering (SLS) and stereolithography 

(SLA). 3D-printing via SLS is performed by sintering powder particles using a laser beam as 

schematically depicted in Figure 4a. This technique is widely used for metals. A high resolution of 

objects is enabled by a small laser spot size [4, 5]. In combination with active pharmaceutical 

ingredients (APIs) the high energy input might induce degradation and is therefore of minor 

 

Figure 2. 3D-printed object using commercial PLA-filament showing the opportunities of creating sophisticated 
geometries. The CAD file was downloaded and modified from a template provided by thingiverse.com [3]. 

 

Figure 3. Overview of the most important 3D-printing technologies for pharmaceutical applications. 
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relevance compared to other technologies to produce medicinal 3D-printed products, but 

nevertheless researched [6, 7].  

SLA 3D-printing methodology offers the highest object resolution amongst all methods. As starting 

materials resins are utilized, photo polymerising on a build plate applying a laser beam comparable 

to SLS (Figure 4b) [4, 8]. The building plate is integrated within the resin bath. After solidifying 

the first layer, the build plate moves down corresponding to the set layer height. The next layer is 

built likewise. A rotating mirror allows to accurately move the laser spot, and consequently a precise 

layer formation in x- and y-direction [9]. The most relevant drawback is the lack of resins with 

sufficient pharmaceutical quality with low toxicity [1, 10]. 

 

 

Figure 4. Schematic depiction of different pharmaceutical relevant 3D-printing processes: (a) SLS, (b) SLA, (c) 
binder deposition (drop-on-solid), (d) pressure-assisted micro syringe system and (e) FDMTM (modified and 

adjusted from [1]). 
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The binder deposition (drop-on-solid) method belongs to the powder-based inkjet methods. This 

technology is used for Spritam®, where a binder solution is printed onto a powder bed (Figure 4c) 

[11]. The solidification mechanism of each layer is enabled analogue to wet granulation via 

adhesive bonding by a binder or solution of particles and subsequent recrystallisation [12]. After 

the finalization of one layer, the next powder layer is spread, e.g., via a scraper. The resolution of 

the object is mainly dependent on the particle size of the powder [13]. The drug substance is either 

incorporated into the powder or the binder solution. Due to the low thermal stress, it is feasible to 

process thermo-sensitive APIs. Unbound powder serves as support to allow sophisticated free-

standing prints. The obtained 3D-object is usually highly porous and enables a rapid disintegration 

[11, 14]. As it is a comparable process to wet granulation, a wide range of processable raw materials 

is available [10]. The main drawbacks are a high friability and low mechanical resilience of products 

and the required post-processing steps of additional drying, removal and recycling of residual 

powder. 

 

Worldwide, extrusion-based 3D-printing methods are the most commonly used techniques and are 

extensively explored amongst pharmaceutical researchers [15]. Forcing substances through a nozzle 

of the print-head depicts the basic principle. Layer creation can be consequently done onto different 

surfaces or substrates [16]. 

One technique of this category is the pressure-assisted micro syringe system, most established in 

the field of tissue engineering (bioprinting), but also frequently investigated for medicinal product 

manufacturing [17]. Viscous semi-solids serve as starting materials and require challenging 

formulation development related to viscosity and potential segregation [13]. The mass is filled into 

a syringe equipped with a piston to extrude the material via pressurized air with predefined speed 

through a nozzle with variable size as schematically depicted in Figure 4d [18]. The extruded 

strands are deposited on a platform to obtain the desired object. As the printing formulation is based 

on solvents, post-processing via additional drying is required. An advantage of this technique is that 

the printing process can be performed at room temperature (RT). Consequently, thermo-sensitive 

APIs can be processed in combination with volatile solvents. In addition, flexible objects can be 

realized. A common problem is nozzle clogging. To avoid this, organic solvents like methanol, 

acetone and dimethyl sulfoxide are commonly used, limiting the application for certain patient 

groups [18-22]. Residual solvents in printed dosage forms must therefore comply with International 

Council for Harmonisation (ICH) guidelines [23]. Further drawbacks are potential object 

deformation upon drying and a comparatively low print resolution [1].  

The second extrusion-based and most explored 3D-printing technique for pharmaceutical products 

is the so-called fused deposition modeling (FDMTM), trademark by Stratasys, Inc., or fused filament 

fabrication (FFF). Prefabricated thermoplastic, polymeric filaments serve as feedstock material. For 

the printing process, the solid filament is conveyed via counter-rotating gears inside the print-head 
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and molten within the heated part, named hotend (Figure 4e). Subsequently, the molten mass is 

pushed by unmolten conveyed filament sections through the nozzle and deposited in distinct layers 

on a temperature-controlled build plate. The desired 3D-object is realized by movements in x-, y- 

and z-directions of the building plate and/or the print-head. The printing temperature is a decisive 

parameter to ensure a suitable melt viscosity of the polymer to generate a constant flow and 

deposition while avoiding degradation of the material [24]. The temperature of the build-platform 

is usually considerably lower to guarantee sufficient solidification. However, the temperature 

difference between the molten material and the platform should not be too high to realize a proper 

adherence between the single layers. The printing resolution depends on the selected speed, layer 

height and nozzle diameter [24]. Besides the removal of potential support structures, if overhangs 

are needed, a post-processing step is not required. APIs can be incorporated by either impregnation 

of drug-free filaments into drug-loaded solutions [25, 26] or by hot-melt extrusion (HME) of drug-

loaded polymer mixtures [27, 28]. The main drawback is the applied thermal stress, during FDMTM, 

increasing the risk of potential thermal degradation.  

The FDMTM technology was selected during the present work to develop customizable 3D-printed 

implants for several reasons. First, it offers printing with low-cost equipment and the possibility to 

individualize dosage forms adapted to patient needs and application sites in versatile ways [10, 29]. 

It presents, compared to other printing technologies, a promising approach for compounding dosage 

forms in hospitals and pharmacies, where industrially manufactured filaments serve as feedstock 

material. Once a suitable filament composition is found, sophisticated objects with high dose 

flexibility and impact on dissolution profiles can be realized [25, 29, 30]. Compared to the other 

presented technologies no powder handling (e.g., in case of high potent APIs), radiation or solvents 

are necessary during printing. This is often crucial in terms of occupational safety. The risk of 

segregation and resulting inhomogeneous drug distribution within the drug delivery system (DDS) 

is unlikely, due to the applied solid starting material, simplifying on-demand manufacturing.  

In addition, printing and combining different materials are feasible using multiple print-heads or 

automatic filament-changers. Thereby, incompatible APIs can be jointly processed in one DDS 

[31]. Also, multidrug, or multi-formulations dosage forms can be realized [32-34], which might 

increase the individualization degree, therapeutic efficacy or enables different release 

characteristics. Further, the drug release can be easily modified by changing the geometry or infill-

density originating from the same start formulation [29, 35, 36], which makes this technology 

particularly suitable for the investigations in the framework of this work. 
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1.2 Hot-melt Extrusion Coupled with Fused Deposition Modeling 

As previously described, FDMTM
 requires filaments, consisting of thermoplastic solid-state 

polymers as starting material. A production of pharma-grade drug-loaded filaments is needed, since 

only drug-free commercial (non-pharmaceutical quality) ones are currently available, not suitable 

for medicinal products.  

The most favoured manufacturing technique for pharma-grade filaments is HME [37]. HME is a 

well-established pharmaceutical process, ensuring a solvent-free production and simplified 

scalability [38]. During HME a polymeric powder blend is fed into a heated extruder barrel and 

molten. Depending on the applied extrusion process single- or twin-screw set-ups knead the mixture 

and convey it. The molten mass is then extruded through a die with a defined diameter to create a 

filament. As the production of high-quality filaments is challenging within the pharmaceutical area, 

many researchers focused on formulation development and filament fabrication to access the 

coupling of HME with FDMTM-printing in recent years [24, 27, 28, 38-42]. Although many 

thermoplastic polymers are suitable for HME, most of them are not appropriate for filaments, as 

they do not exhibit the thermal and mechanical properties, required for a robust and reliable FDMTM 

process. The mechanical resilience of pharma-grade filaments is decisive, as they undergo 

continuous stress (tensile and compressive forces) in transversal and longitudinal direction within 

the print-head [27, 40, 43, 44].  

Drug-loadings of filaments can be achieved in two ways: either by impregnation of drug-free 

filaments with organic drug solutions or HME extrusion of API-polymer blends. The benefit of the 

impregnation method is the reduced degradation risk, as no thermal stress occurs. Due to the limited 

drug-load capacity < 2 % [25, 26, 45, 46] and the need for organic solvents accompanied with an 

additional drying step, this approach is unfavoured in an industrial environment [45, 47]. In 

contrast, the direct processing of API and polymer or polymer blends combined with further 

excipients (e.g., plasticizer, pore former) via HME offers high flexibility related to drug-loads. Drug 

concentrations up to 60 % were realized in the filaments [48]. The avoidance of an additional 

manufacturing and post-processing and the possibility of continuous production are superior 

process characteristics within the pharmaceutical industry. A drawback is the thermal stress during 

both processes - HME and FDMTM-, increasing the risk of API degradation at the required extrusion 

temperature for polymers. 

In early studies, the development and production of drug-loaded filaments was mainly performed 

in small-scale extrusion processes, using single-screw extruders [29, 49-52], conical twin-screw 

extruders [30, 36, 41, 53, 54] or ram extruders [55, 56]. The process batch size varied between 5 to 

50 g. This might be sufficient for a first polymer screening and formulation development but is not 

representative for an industrial-scale process. Neither a change of screw configuration nor a 

continuous manufacturing process is enabled. These might be given for single-screw extruders, but 
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they do not meet pharmaceutical standards compared to twin-screw extrusion processes. Latter are 

preferred due to comparably improved melting and feeding properties, degassing capabilities, as 

well as dispersive and distributive mixing under controlled conditions [57]. A few scientists applied 

co-rotating 11-mm twin-screw extruders, better indicating a continuous process [28, 58-60]. 

However, only few researchers focused on larger batch sizes using 16 mm 40D co-rotating twin-

screw extruders considering the impact of process parameters on critical quality attributes (CQAs) 

[27, 42]. One of the most important quality attributes potentially influenced by HME process 

parameters is the filament diameter and its homogeneity to ensure a reproducible 3D-object 

printing. It must therefore be monitored strictly. A target diameter is achieved by stretching the 

filament behind the die, e.g., on conveyor belts. However, a continuous process with automatic 

filament collection and precise diameter monitoring was rarely applied. In the past, diameters were 

often measured manually via callipers and undesired parts were discarded [32, 40, 61, 62], which 

is not applicable and adequate in terms of proper quality control.  

Further studies increasing the knowledge of coupling HME with FDMTM towards continuous 

filament production based on quality by design (QbD) within the pharmaceutical industry area is a 

huge demand.  

1.3 Parenteral Depot Systems 

According to the European Pharmacopoeia (Ph. Eur.) monograph 0520, “parenteral preparations 

are sterile preparations intended for administration by injection, infusion or implantation into the 

human or animal body” [63]. They have been developed for the medication of various diseases and 

are administered via implantation in the respective organ or tissue or by different routes including 

intravenous (i.v.), subcutaneous (s.c.), intramuscular (i.m.), epidural, intraarticular (i.art.), 

intravitreal application [64, 65]. Over the past decades, extended-release parenteral applications are 

in focus for efficient therapy, as systems release the API from a reservoir (also called depot) 

constantly over an extended period within the therapeutic range. They are of interest in case of 

issues during oral administration, like e.g., first-pass inactivation, low oral bioavailability, and the 

need for prolonged drug release and/ or a targeted drug delivery to a specific application site [66]. 

In comparison to immediate release parenteral dosage forms, depot DDS enable a homogeneous 

drug distribution at the relevant compartment avoiding fluctuations. The administered drug amount 

can be reduced, as it is directly introduced to the target site not affected by the first-pass metabolism. 

Simultaneously, systemic side effects can be minimized, especially important in terms of high-

potent APIs. Combined with a reduced frequency of administration the patient adherence is 

increased [66, 67]. Latter is beneficial, especially for patient groups who are unable, physically or 

mentally, to adhere to the medication regimens. The drug release can either take place on a systemic 

level or directly at the target site for a local treatment. 
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Different pharmaceutical strategies are applied to enable the desired depot effect (Figure 5). The 

choice of the respective approach depends on several aspects, such as API characteristics, stability, 

targeted duration, application site and indication.  

Aqueous or oily depot injectables are beneficial related to simple and cost-effective manufacturing. 

In case of solutions, the extension of drug release is mainly dependent on the used vehicles (aqueous 

vs. oily), the application site and the viscosity. They are often used in combination with molecularly 

modified APIs via application of low soluble salts or pro-drug formation (e.g., esterification, 

complexation) [65]. The drug release from oily solutions is mainly controllable by the partition 

coefficient between the depot and tissue fluid, the interfacial area and diffusivity [65, 68]. The 

clinical relevance of these approaches is minor, as options for tailoring the drug release are limited 

[65]. 

The depot effect from injectable nano- and microcrystal-suspensions can be further prolonged as 

the API release is mainly affected by the dissolution kinetics in the surrounded body fluid and the 

surface area of particles [69]. Especially aqueous crystal suspensions with poorly soluble APIs are 

marketed for several indications to prolong the drug release via s.c., i.m., i.art. or intravitreal 

injection (e.g., Agofollin Depot®, Zyprexa®, Kenalog®, Depo Medrol/Lidocain®). The depot effect 

can be mainly controlled by the lipophilicity of the drug, the particle size and API concentration 

[69]. The main challenge of these systems is the maintenance of physical stability (e.g., Ostwald 

ripening, sedimentation) and quality during sterilization and storage [65]. The limited options to 

influence the drug release are a major drawback. 

Formation of microparticles from solid or liquid drug substances is another strategy for parenteral 

depot systems. In case of microspheres, APIs are embedded (suspended or dissolved) in a polymer 

matrix, whereas in microcapsules the drug substances are surrounded by a polymeric shell [70]. 

Microparticles are, e.g., realized via interfacial polymerisation, coacervation, solvent evaporation 

or spray drying and applied by s.c. or i.m. injections [71]. Biodegradable polymers, e.g., alginates, 

collagen or poly(lactic-co-glycolic acid) (PLGA) have been used [65]. Obtained microparticles 

 

Figure 5. Overview of galenical options to enable parenteral depot systems. 
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offer protection from degradation, improved compatibility and less toxicity within the tissues while 

prolonging the drug release between days and months [65]. Marketed PLGA-based microparticles 

are, e.g., Arestin ®, Nutropin Depot®, Trelstar® LA or Zilretta®. The API release is controlled by 

diffusion from the matrix or through the capsule wall, and possibly also by simultaneous polymer 

swelling and the erosion rate of the biodegradable polymers [65]. The drug release kinetics can be 

modified by e.g., the microparticle size, surface porosity, polymer molecular weight and added 

excipients [72]. Main limitations are the elaborated and expensive, not easily scalable 

manufacturing processes and constraints related to high drug-loads [65, 72]. 

Implants are the fourth group of parenteral depot systems. According to the Ph. Eur., implants are 

“solid sterile preparations of suitable size and shape for parenteral implantation. They provide drug 

delivery over an extended period. […]” [63]. In-situ forming depot formulations are also often 

summarized as implants. They consist of a biodegradable polymeric injectable liquid or semi-solid 

and undergo a spontaneous solidification or gelation upon injection, mainly through different 

precipitation via phase separation/solvent extraction, pH-shift or cross-linking [73]. The resulting 

dissolution kinetic is driven by diffusion and polymer erosion. The drug release can be controlled 

depending on the used polymer and solvents [74]. Marketed in-situ formed implants based on the 

so-called Atrigel® system are Atridox®, Preseris® or Eligard®. The advantages of these systems are 

a relatively simple manufacturing technique, localized API application and the ability to prolong 

drug delivery with less invasive application. A major challenge is the use of organic solvents and 

the frequently observed burst effect [74]. 

The classical solid drug-loaded implants are polymeric, mainly cylindrical, rods. They consist either 

of non-biodegradable or biodegradable materials. In the first case, removal at the end of the therapy 

is required. Depending on their size or application site they are surgically implanted or 

subcutaneously injected. The surgical implantation and possibly explantation depict the major 

drawbacks. However, frequent injections can be avoided, accompanied by repeated doctor visits. 

Currently, manufacturing techniques of drug-loaded implants are HME, injection moulding, 

compression, or solvent casting. The dissolution kinetics of polymeric implants is diffusion-

controlled and in case of the biodegradable polymers additionally dependent on polymer erosion. 

The drug release control is restricted to the polymers and one formulation. This is the case for all 

polymeric long-acting parenteral DDS. An advantage compared to the other presented depot 

approaches is an easy implant removal in case of adverse reactions to terminate the therapy if 

required [75]. 

Marketed implantable devices are primarily used for systemic application for contraception (e.g., 

Implanon®, Nexplanon®) and cancer treatment (e.g., Leuprone Hexal®, Suprefact®, Zoledan®). 

Besides a systemic therapy via s.c. application, solid implants can be introduced in the peripheral 

system to allow a targeted local treatment or replace body parts for repair, support, or therapy 

purposes. Simultaneously, the systemic drug level can be reduced to avoid severe side effects in 
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healthy tissues. This offers major benefits compared to oral or injectable depot systems, especially 

in the fields of cancer, dental, orthopaedic, post-operative local antibiotic, cardiovascular and 

rheumatic therapy [76, 77]. Approved medicinal products for these intents are limited. For instance, 

Gliadel® wafers (compressed-moulded platelets containing carmustine) provide local therapy in the 

brain cavity after tumour resection. CiproScrew® is a biodegradable implant used for fracture 

fixation, while simultaneously preventing post-surgical infections associated with mechanical 

fixations.  

Long-acting implantable devices gained a lot of attention among researchers for certain clinical 

applications to overcome limitations of current depot-systems and improve therapy efficiency as 

well as patient compliance [77-79]. An important limitation is that currently a shape adaption 

independent from dose or drug release alteration adapted to individual anatomical structures is not 

possible in the presented cases and applied manufacturing techniques. Another challenge is the on-

demand capability of such systems, to provide higher flexibility and targeted therapy in clinical 

routine operation [76]. Advances in novel technologies and further research therefore may result in 

the opportunity to create more complex implantable devices, improving the dose, drug release 

control and targeting adapted to individual patient conditions and diseases, with minimal 

drawbacks. 

1.4 Opportunities and Challenges of 3D-Printing to Produce 

Customized Drug-loaded Implants 

Individualized medicines have gained a lot of attention over the past years in the medical and 

pharmaceutical field. For specific diseases or treatments adapted to populations and patient-specific 

conditions like gender, age, body mass, multimorbidity or genetic heterogeneity adapted therapies 

are desirable [80-83]. Dose and drug release personalisation as a response to assayed biomarkers, 

or predefined pharmacodynamics or -kinetics is therefore of rising interest [84, 85]. Thereby, the 

therapeutic efficacy can be potentially increased, whereas side effects can be reduced, resulting in 

increased therapeutic safety. Moving away from the “one-size-fits-all” approach, patients should 

be treated with the right medicinal product using the right dose at the right time [86].  

Due to the already reported advantages of drug-eluting implants, they represent an effective option 

in this matter. APIs of particular interest are antibiotic, anti-inflammatory, immunosuppressive 

drugs, anti-cancer drugs or APIs for tissue and cellular regeneration/proliferation [78, 87-91]. 

Traditional methods to produce implantable devices are well established in terms of process 

understanding, quality attributes and regulatory pathways. However, they show limited 

individualization and flexibility degrees. Commonly applied implants like contraceptives 

(Nexplanon® [92] or Jadelle® [93]) are rod-shaped, which do not offer the possibility to adjust the 

drug release using the same formulation or enabling a shape adaption. The biggest challenges of 



Introduction 11

 

those implants are how to control drug release within the therapeutic window, how to individualize 

such drug dosage forms also related to dose and shape and how to target the application site of 

interest, by adapting to anatomical structures. To face these challenges, new manufacturing 

technologies and research are urgently needed to realize patient centricity.  

3D-printing technologies provide effective solutions in this context. Wu et al. demonstrated already 

in 1996 the opportunity of 3D-printed implants to allow a controllable long-term parenteral drug 

therapy [94]. It shows competitive advantages for complex customized medicinal products to 

potentially improve therapeutic efficacy. Using additive manufacturing techniques, especially 

FDMTM, nearly every complex shape and geometry can be realized via CAD models as depicted in 

Figure 2. This is especially promising in terms of drug-loaded implants administered to application 

sites with high anatomical variability. Thereby, a fast individual adjustment of the shape to body 

cavities is possible to support structures and make local therapy more efficient due to high API 

exposure. Anatomical data for the production of shape adapted implants can be obtained from 

medical image technologies, like computed tomography or magnetic resonance tomography [95]. 

Resulting image data are processed using Data Imaging and Communications in Medicine 

(DICOM) software. Areas of interest can be segmented and converted into .stl-files, enabling 

customized adaptions in hospitals [96]. This was already done for prostheses in the dental and 

orthopaedic fields for anatomic reconstruction without containing actives [97, 98].  

In addition, the size or the geometry/inner structure can be adapted to customize the dose [30] and/ 

or the drug release, e.g., via different infill densities [35]. This can be easily performed via the 3D-

printing slicer software using the same bulk formulation. Drug combinations in one DDS adapted 

to patient conditions can be realized, where the different APIs are divided into sections achieving 

different release profiles [19].  

3D-printing has already been evolved in literature for different implant applications to evaluate the 

performance and applicability towards an improvement and customization of therapy [99]. The 

design, material choice, drug-loadings have to be carefully aligned to the respective disease, 

localization and individual human conditions to achieve an effective therapy, with appropriate 

release performance and treatment period [99]. Some opportunities for drug release modification 

of implants via 3D-printing have been already demonstrated. Stewart et al. [100], e.g., developed 

different implants with reservoir types and Allen et al. [101] devices with varying channel 

diameters, whereby the drug release could be varied between a few days and months using the 

identical bulk feedstock material.  

Besides drug release modification of implants, API combinations were investigated in the context 

of post-surgical infections. This is a common problem after surgeries or surgical insertion of 

implants, accompanied by a long-term oral antibiotic therapy. Studies using 3D-printed implants 

combined with an additional antibiotic API have been shown to be an effective approach to reduce 

bacterial growth [102-105]. Weisman et al. incorporated gentamycin and methotrexate into 
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different implantable geometries (catheters, discs and beads) to prevent bacterial growth while 

decreasing osteosarcoma cell growth [104]. Water et al. developed antibiotic eluting feedstock 

material for FDMTM with Nitrofurantoin, containing additionally hydroxyapatite to facilitate 

simultaneous bone growth [103]. This eliminates the need for oral antibiotic therapy after surgeries 

or surgical insertion of an implant, which is associated with many side effects. 

The shown flexibility of freedom of design, drug release control and free choice of API 

combinations demonstrated the potential of 3D-printing for the on-demand manufacturing of highly 

sophisticated, customizable parenteral DDS. As individual adaptions can be done in real-time and 

the equipment for 3D-printing is simple and low-cost, a production at the point of care appears 

possible [1]. Further research in this area is therefore inevitable to evolve the capability of this 

technique. 

 

In contrast to the various opportunities of 3D-printing of medicinal devices and medicinal products, 

the approach is accompanied with some challenges, open questions and limitations, which are 

already known. The limitations of different technologies were already reported in detail in section 

1.1. The manufacturing efficiency of 3D-printing technologies is not comparable in throughput to 

industrial well-established processes. An option might be the parallel working of multiple printers 

to allow larger-scale production. 3D-printing might be most suitable for the on-demand 

manufacturing of small batches of patient-specific DDS, especially for solid parenteral dosage 

forms [106]. 

Notably, in terms of personalized medicine, regulatory challenges and limitations remain a key 

topic for 3D-printed medicinal products [107]. Compliance with Good Manufacturing Practices is 

required for pharmaceutical manufacturing under federal regulation CFR21 part 211. Current 

printing equipment is not compliant in this regard. Open questions are related to cleaning 

procedures for the avoidance of cross-contamination and process control via process analytical 

tools. Efforts from printer provider might solve these issues. Fortunately, this is not required in 

hospital and pharmacy settings, but a certain standard will have to be met. For this, it has to be 

clarified if products can be considered as pharmacy preparations according to EU directive 

2001/83/EC Article 3 (magistral or officinal formulas) or extemporaneous preparations defined in 

the Ordinance on the Operation of Pharmacies [108, 109]. The regulatory effort might be reduced. 

However, the responsibilities in case of adverse incidents are a key factor to be clarified (e.g., 

manufacturer of the starting feedstock material, the printing operator, or the owner of the 

pharmacy).  

Further, the quality assessment of 3D-printed medicinal products is different, due to the novelty 

and uniqueness of these processes [106]. Current requirements by the United States Pharmacopoeia 

(USP) and the Ph. Eur. might be not applicable, requiring new quality attributes (e.g., printing 

defects such as shrinkage or layer separation), test methods and standardizations for the feedstock 
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material and dosage forms. In conclusion, a deeper understanding of the process and CQAs to 

transfer to a community or hospital pharmacy setting and additional control methods are required 

to guarantee the quality, efficacy and safety of 3D-printed products. 

Another remaining key challenge of solid parenteral preparations in this context is the warranty of 

sterility. In terms of real-time production, effective methods must be established at the point of care. 

Heat-sterilisation is, e.g., not applicable to FDMTM-printing technologies and thermosensitive APIs, 

most suitable for pharmacies and hospitals. Aseptic manufacturing or sterilized starting materials 

and subsequent transfer to the local manufacturing site might be an option. However, clean-room 

concepts need to be established to maintain sterility during printing of dosage forms.  

1.5 Triamcinolone Acetonide for Individualized Parenteral Drug 

Treatment  

Triamcinolone acetonide (TA) was used as model API in the present work. The chemical structure 

is shown in Figure 6. TA is a synthetic glucocorticoid with predominantly anti-inflammatory 

activity by repression of inflammatory transcription and subsequently induced gene activation 

pathways [110]. It is commonly used for skin, rheumatic, respiratory, ophthalmic and allergic 

diseases [111, 112]. It is a lipophilic derivate of triamcinolone with poor water solubility and 

therefore with low oral bioavailability, belonging to the biopharmaceutical classification system 

class IV [113]. Treatments are consequently limited to topical or parenteral applications. Crystal 

suspensions are marketed for sublesional, i.m., intrafocal and i.art. administration [114]. The local 

application via i.art. injection is indicated for inflammatory joint-diseases, exudative arthritis, 

activated arthrosis, hydrops artulorum intermittens and acute forms of perioarthropathia 

humeroscapularis [114]. As consequence of systemic side effects, the injection frequency of 

glucocorticoids is restricted to three-times per year and intermissions of six weeks are 

recommended [115], impeding pain complaint management. Further, the residence time of TA 

within the synovial cavity is limited to three to four days [116, 117] as a trans-synovial efflux causes 

a frequent complete fluid replacement within 24 h [118]. Consequently, pain relief associated with 

glucocorticoid injections decreases following treatment, restricting the clinical benefits only up to 

 

Figure 6. Chemical structure of TA. 
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four weeks [119, 120]. The accompanied rapid systemic absorption can result in an increase of 

cardiovascular and metabolic side effects [121] and reduced therapy efficacy and patient 

compliance.  

To overcome the limitations of the i.art. application and adverse reactions, a prolonged residence 

time within the joint cavity and controlled drug release by applying shape-adapted implantable 

devices might therefore be beneficial to achieve constant local TA levels while reducing systemic 

absorption. Recently, Zilretta® (research code FX600), a PLGA-based microsphere formulation, 

was approved by the FDA as extended-release TA injection preparation [122]. In clinical phase 2 

and 3 trials, it was shown that Zilretta® shows measurable TA concentrations within the synovial 

fluid up to 12 weeks and diminished plasma peak levels compared to TA crystal suspensions [65, 

116, 123]. Therapy efficiency related to pain, stiffness and physical functions could be improved 

clinically significant because of a prolonged residence time and increased synovial fluid TA 

concentrations [116, 124, 125]. However, the modification of drug release kinetics and the 

personalization degree of microspheres is limited.  

Studies show that there is a need to improve the i.art. application of TA via new approaches and 

DDS developments [126]. 3D-printing provides a great potential to create tailor-made TA eluting 

implantable preparations in this context as both, dose and drug release, can be adapted and 

controlled to individual conditions. Additionally, the opportunity to print complex TA-loaded 

structures matched accurately to the joint cavity or an artificial knee prosthesis is a move forward 

to improve the efficacy and safety of osteoarthritis treatments.   
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2. Aims and Outline 

The existing various parenteral dosage forms, some of which require a high level of manufacturing 

effort, are not suitable for enabling individualized depot dosage forms produced on-demand in 

hospitals. For TA a need has been identified to improve therapeutic efficiency and patient 

compliance of the i.art. application. This might be achieved by the prolongation of articular 

residence time and control of drug release while enabling simultaneously a shape adaption.  

The aim of this work was therefore the development of TA-loaded printable filaments via HME 

and subsequently novel customizable implants using the FDMTM 3D-printing technology. All 

phases of drug product development shall be addressed. A generally applicable implant concept 

shall be designed, enabling a high individualisation degree regarding dose and drug release adaption 

independent of the shape and vice versa. Adapted to the defined target product profile of a 

customizable implant, the first part of the thesis focuses on a systematic development of drug-free 

and TA-loaded filament formulations via twins-screw HME. Based on mechanical properties and 

the targeted sustained release behaviour over several months, plasticizers and the pore former 

hypromellose (HPMC) in different concentrations shall be evaluated.  

 

Once suitable formulations for the intended use are found, a rational HME process analysis and 

optimization using the QbD-approach shall be aimed at, identifying optimal process parameters for 

filament production. As important filament CQA, the diameter consistency and its impact on 

mechanical properties and content uniformity of printed DDS will be investigated.  

In addition, developed filaments shall be subjected to a stability analysis taking packaging and 

different storage conditions into account. Thereby, critical factors on filament quality and shelf-life 

shall be elaborated.  

 

For the examination of newly developed 3D-printed implants, in vitro long-term dissolution studies 

for the assessment of TA release are obligatory. Therefore, an appropriate dissolution method set-

up and protocol including analytical development shall be developed. The main aspects to consider 

are TA stability in the aqueous dissolution medium in long-term studies and the opportunity to 

investigate simultaneously multiple implant designs at a reduced volume. 

 

The final goal of the work was the investigation of the potential of different network designs via 

3D-printing to modify the drug release over the targeted period. The individualization and 

prediction degree of the release behaviour of 3D-printed implants shall be investigated. Thereby, 

the analysis effort shall be reduced and transferability towards production in hospitals or pharmacies 

achieved. 
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3. Results and Discussion 

3.1 Development of a Customized Implant System and Formulation 

Development of 3D-printable Filaments for Implants  

3.1.1 Introduction and Objectives 

The first and fundamental aim of the present work was the development of a generally applicable 

customizable modular implant design, allowing independent individualization of dose, drug release, 

and shape, adaptable to anatomical structures. This is necessary in advance to identify the required 

filament types and formulation attributes for the intended use. The literature related to 3D-printed 

implants, especially using FDMTM, is limited. Shape adaptions via 3D-printing were extensively 

explored in the orthopaedic and dental field but without incorporation of an API [97, 98, 127]. Few 

research groups evaluated metal implants produced via SLS, offering a highly resilient structure 

against load, with a hollow reservoir consisting of channels to enable drug elution [101]. Other 

researchers soaked different printed implantable shapes with anti-cancer drug suspensions [128]. 

These concepts offer somehow the opportunity to modify the drug release and dose to a limited 

degree of freedom, while a shape adaption without influencing the drug-eluting surface is not 

possible. To the best of my knowledge, the literature related to drug-loaded FDMTM-printed 

implants covers neither shape adaptions, nor a combination of shape, drug release and dose 

tailoring. In addition, a concept applicable to various treatments was not described. This was taken 

as motivation to provide such a concept towards the direction of customizable parenteral therapy 

using TA as a clinically relevant model drug. 

 

Based on the developed target design of the modular drug-loaded implant and predefined 

requirements the second aim was the formulation development of printable filaments via HME. 

Filament production was performed on a twin-screw hot-melt extruder to achieve an industrially 

applicable process. Suitable excipients combinations for the intended use must be selected and 

manufacturing processes for filaments had to be developed following a rational route. 

The formulation development should be performed based on the systematic approach presented by 

Korte [109], slightly modified to achieve the aimed objectives. Figure 7 shows the modified 

flowchart of Korte for the development of a printable filament, considering flowchart symbols of 

Deutsches Institut für Normung (DIN) 66001 [109, 129] (changes to Korte`s flowchart are marked 

in light blue). A detailed explanation of the flowchart as introduction is given in the following. 

After predefining the general filament requirements based on the target profile of the printed 

medicinal product the formulation development starts with the selection of an API-polymer-

combination. The thermal drug stability at the processing temperature of used polymers and 
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targeted drug release behaviour must be considered as selection criteria. Different ratios of polymer 

and API should be tested during an initial screening using ram extrusion with a small batch size 

between 5-10 g [109, 130]. Thereby, a rough estimation of the API polymer compatibility and a 

suitable process temperature to avoid degradation can be determined with reduced material 

consumption.  

The selected drug load of the filament is decisive for the printed DDS size correlating with the 

target dose. Although 3D-printing allows for flexible dose adjustment by size adaption [30], still a 

determination of a minimum and maximum suitable size and subsequently drug-load of filaments 

for the intended application is necessary. Additionally, the drug-load might have an impact on 

mechanical and solid-state properties of filaments and consequently printing performance [109]. 

 

Figure 7. Flowchart for formulation development of printable filaments for the intended use adapted and 
modified from Korte [109]. Changes to Korte’s flowchart are marked in light blue. 
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Pre-filaments produced via ram-extrusion should then undergo an organoleptic evaluation of the 

mechanical properties, as main factor to ensure printability [27, 28]. Filaments with decreased 

stiffness or increased brittleness might fail in printability, thoroughly discussed in section 3.1.4.2.2. 

Only a rough assessment of pre-filaments is possible, as the achieved quality via ram-extrusion is 

limited due to the diameter and surface irregularities. In addition, the mixing capacity of the ram 

extruder is not sufficient. Therefore, data obtained from mechanical testing and other analysis 

would not be representative. If the mechanical stiffness in longitudinal direction appears 

organoleptically too low, ratio adjustments are required. An increase of the solid fraction via higher 

suspended API and/or excipient concentration, serving as structure-giving component, might be 

useful [109]. If the stiffness is sufficient, the brittleness in transversal direction should be evaluated 

subsequently. In case the filament brittleness is too high, a plasticizer must be added. Different 

ratios should be tested to improve and tune the resilience of filaments in axial direction until 

apparent good filament formulations are found. Once a promising formulation is discovered, the 

transfer to twin-screw HME must be demonstrated and initial process parameters shall be evaluated 

to yield evaluable and printable filaments. Subsequently, the mechanical properties distance at 

break (DaB) and Young`s modulus (YM) of produced drug-loaded filaments are determined in a 

three-point-bend test (3PBT) and a tensile test based on the testing regime developed by Korte and 

Quodbach [27].  

Sufficient resilience for printability is given according to [27], if the DaB exceeds 1.125 mm and 

300 N/mm2 for the YM. In this work, these thresholds are going to be used only as guideline values 

and for comparison purposes of different formulations, as they depend on the used filament feeding 

system inside the print-head. Hence, thresholds are not generally applicable and can vary. A 

verification via an additional printability test was therefore included (section 5.5.8). If none of the 

filaments with different plasticizer or plasticizer ratios are printable an exchange of polymers might 

be helpful.  

An evaluation of the practical handling, related to storage, winding and unwinding from spools 

should also be considered as selection criterium. Especially in terms of industrial production, further 

extensions of the flow chart might be necessary and other thresholds must be examined. In case 

printable filaments could be produced successfully, preliminary dissolution studies of filaments are 

mandatory. It has to be kept in mind that the drug release from the polymer matrix is additionally 

influenced by various factors, like additional excipients (e.g., plasticizer, pore former), the 

solubility of the API in the dissolution medium, API-polymer interaction and the subsequently 

printed structure [109]. However, the general applicability of the formulation for the intended use 

can be tested and further drug release modulators might be added. If the drug release behaviour is 

promising the aimed objective is achieved. If not, two options for modification exist. If the drug 

release is dependent on the plasticizer type (hydrophilic or lipophilic) and its amount, ratios can be 

adjusted. The second option is the addition of drug release modifiers (pore former or pore blocker). 



Results and Discussion 19

 

In this case ratios must be re-adjusted until the desired dissolution performance is achieved. In terms 

of long-term drug release, a short investigation period should be tested and predictive approaches 

are beneficial to estimate the long-term performance. With each change of the plasticizer or other 

additives, the impact on mechanical properties and consequently printability needs to be reassessed.  

  

The described development concept by Korte was adapted and modified for the intended use. Key 

excipient selection criterium for the drug-loaded formulation for implants was a prolonged TA 

release ideally over several weeks up to months. Therefore, a model base polymer had to be 

selected, enabling a very low release rate. Different compositions, plasticizers and ratios should be 

evaluated to yield suitable filament formulations to produce customizable TA-loaded implants via 

3D-printing. After a promising base composition was found, the drug release behaviour of the base 

filament formulation shall be modified by the incorporation of a pore former in different ratios.  

As part of the study, the mechanical and solid-state properties of the filament formulations were 

investigated. The filament diameters shall be additionally assessed as further quality attribute. The 

filament surface and component distribution were evaluated using confocal Raman microscopy.  

3.1.2 Modular Implant Design for Individualization of Shape, Dose and Drug 

Release Using 3D-Printing 

The starting point of the project was the development and realisation of a customizable implant 

design. The i.art. application of the TA-loaded implant should increase the residence time in 

different kinds of joints up to multiple months. In this context, a release period of up to three months 

was targeted.  

Although a specific API and a target application site were selected, the provided concept shall be 

generally applicable. The evaluated approach must be transferable to various parenteral treatments 

and targets, where a shape adaption to the individual anatomical variety appears reasonable. 

Simultaneously, the dose and drug release should be individualizable considering different patient 

needs and diseases. Thereby, a synergistic effect of an anatomical defect replacement or adaption 

and local drug therapy can be offered. This was considered beneficial to reduce treatment duration 

and medical outcome in orthopaedic surgeries [131]. Consequently, the novel design shall provide 

a universal approach to adapt the shape to the target application site, independently from dose and 

drug release adjustments. This was aimed at, as every change in shape and size would affect the 

dose as well as drug release, limiting individualization [30]. By using the opportunities offered by 

3D-printing, implants with the freedom to adapt to a variety of anatomical structures shall be 

created.  

The idea was to develop a customizable modular implant-inlay design only feasible using dual 3D-

printing. The implant consists of a drug-free shell (module I), wherein a drug-loaded inlay (module 

II) is embedded as exemplarily depicted in Figure 8. The inlay can be systematically tailored in 
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terms of drug release and dose, whereas the outer drug-free part can be adapted independently to 

other anatomical structures, e.g., joint, bone or brain cavities. Module I is designed to allow 

unidirectional drug release with only one side facing the medium. The remaining sides are covered 

by the drug-free sheath. This offers the advantage that the implant is not limited in thickness 

depending on the size of the anatomical part to be replaced. The biggest benefit, however, is that 

the treatment can be focused locally, increasing possibly treatment efficiency while reducing 

systemic and local side effects at the surrounding tissue. Module II consists, e.g., of a mesh and can 

be modified for dose and/or drug release adaption independently from module I. The potential 

variations of the drug-loaded inlay to influence the drug release is discussed in detail in section 

3.4.2. With the presented design a concept was created, which offers a high potential to realize a 

flexible customizable implant. 

3.1.3 Excipient Selection for Filament Development 

The choice of materials is a fundamental part of designing solid drug dosage forms with predefined 

specifications. Regarding formulation development of printable filaments for FDMTM-printing 

different aspects must be considered. So far, there are no benchmarks for material properties to 

ensure their suitability for FDMTM-printing of drug dosage forms. The physicochemical properties 

of the material already have a huge impact on the drug release behaviour. Solid-state characteristics 

are important to consider in terms of the thermally guided manufacturing processes. The suitability 

of the material for HME and subsequent 3D-printing is restricted to the thermoplastic rheological 

melt behaviour of the polymer, as well as the thermal stability of all constituents as previously 

reported. Additionally, the number of regulatory approved polymer excipients is limited [132]. 

Related to pharmaceutical implants the used components must be biocompatible and in cases where 

anatomical structures are replaced resistant against movement stress. Therefore, the availability of 

 

Figure 8. Designed modular implant concept and exemplary application within the articular cavity adapted to 
anatomical structures. 
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proper pharmaceutical grade excipients for FDMTM-printing of implants for i.art. administration is 

limited. In literature, many polymers for different applications were evaluated for their suitability 

for FDMTM-printing coupled with HME [13]. But for pharmaceutical 3D-printed implants this issue 

was hardly addressed and only few researchers covered the topic so far [39, 133].  

For the designed implant concept as described in section 3.1.2, a drug-free filament is required to 

enable a shape-adapted unidirectional drug release and a TA-loaded filament formulation for long-

term drug release over approximately three months. As Kempin et al. demonstrated, the release 

properties of drug-loaded implants were highly affected by the material used [39]. 

For both filament types, a low substituted (N-type; 48.0-49.5 % ethoxy group per anhydroglucose 

unit) ethyl cellulose (EC) was chosen as main base, recommended for HME applications [57]. It is 

a natural biocompatible, non-biodegradable pharma-grade polymer, which has been used as a 

coating agent, tablet binder or filler in many different dosage forms in the past [134, 135]. In 

chemical terms, it is a polysaccharide of 1.4- β-linked D-glucose units derived semi-synthetically 

from cellulose (Figure 9). Depending on the degree of substitution (DS), the hydroxyl groups are 

partially substituted with ethyl groups. EC is inert, practically insoluble in water and a non-

swellable thermoplastic polymer [136]. Due to these characteristics, EC is suitable for non-

biodegradable, implantable DDS with a strong diffusion-controlled sustained release profile and 

was therefore selected as model polymer [39, 137, 138]. Additionally, it is suitable as shell-matrix 

to allow the targeted unidirectional drug release. Since HME is used for the manufacturing of 

filaments, extrudability and thermal stability are important to consider. In pharmaceutical research, 

HME of matrices using EC was extensively explored, demonstrating its feasibility and 

advantageous thermal viscoelastic behaviour [139-143]. In addition, it was already used in filament 

preparations for 3D-printed oral dosage forms [28, 144, 145], drug-free barriers [40] and implants 

[39] showing a good FDMTM- printing performance.  

Although TA release was expected to be too slow using EC in form of a high dense FDMTM-printed 

product, first different additives for mainly mechanical optimization should be evaluated before 

modifying the drug release via pore formers. Two different plasticizers were included in different 

concentrations to investigate their influence on the glass transition temperature (Tg) of polymers 

 

Figure 9. General chemical structure of EC. 
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and the mechanical properties of filaments. The processability, but also the practical handling, like 

winding on spools in continuous industrial manufacturing, as well as transport should be addressed 

to find suitable compositions. The combination of triethyl citrate (TEC) as liquid plasticizer and EC 

has already been reported in the literature [146]. The main advantage is that for formulation 

development the introduced amount can be easily adapted within one experiment during twin-screw 

HME. This may reduce time and material efforts. A drawback is the higher tendency for evaporation 

during high-temperature processes [134]. Thereby the manufacturing might be influenced, resulting 

in higher process fluctuations or the relative API content is changed. Therefore, stearic acid (SA) 

was included additionally as solid plasticizer, suitable for HME in combination with EC [57, 147].  

TEC is a commonly used plasticizer in pharmaceutical formulations, especially for coatings. 

According to the Ph. Eur.it is a physiologic harmless clear, viscous liquid and soluble in water 

[148]. It is an ester of citric acid as depicted in Figure 10. 

SA is a fatty acid, consisting of stearic (C18) and palmitic (C16) acid according to the Ph. Eur. 

monograph [150] (Figure 11). It has lipophilic properties and is practically insoluble in water. SA 

is a common pharmaceutical excipient, e.g., as lubricant in roller compaction or tabletting [149]. It 

was also used as plasticizer to produce printable filaments [35].  

After a base formulation was found, HPMC was selected as pore former in a second step to modify 

systematically the drug release. It is a mixed ether of cellulose with methyl and hydroxypropyl 

functions, soluble in water. To control the drug release, it is the most widely used hydrophilic 

additive for oral DDS [150]. It shows a high swellability depending on the DS, influencing 

significantly drug release kinetics [151]. Also depending on the DS and the chain length, polymer 

dissolution occurs, increasing the released API amount due to pore formation. With decreasing 

viscosity grades the rate of polymer dissolution and consequently drug-eluting rate increases [143]. 

 

Figure 10. Chemical structure of TEC. 

 

Figure 11. Chemical structure of SA (C16/18) according to the definition of the Ph. Eur. 



Results and Discussion 23

 

This was shown for hot-melt extruded and 3D-printed implants [58, 152-154]. Therefore, HPMC 

with the substitution type 2910 according to the USP with low viscosity of 50 mPa ∙  s (2 % aqueous 

solution at 20 °C) was chosen to enhance the drug release from high-density 3D-printed EC-based 

implants [155]. It was already a successful approach in diverse studies to accelerate the drug release 

from extruded EC-containing matrices, coatings, or 3D-printed tablets [143, 145, 154, 156]. 

All different investigated filament compositions evaluated in this work can be found in Table 1. In 

all formulations, fumed silica was added to the powder mixture in 0.4 % (w/w) to ensure proper 

powder feed inside the barrel during HME. 

 Table 1. Investigated filament compositions [% (w/w)]. 

Substance TA EC SA TEC HPMC 
Fumed 
silica 

Function 
 
Formulation 

API 
Thermoplastic 

polymer 
Plasticizer 

Pore 
former 

Glidant 

F1 - 94.6 5 - - 0.4 

F2 - 89.6 10 - - 0.4 

F3 5 89.6 5 - - 0.4 

F4 5 84.6 10  - 0.4 

F5 - 94.62 - 5 - 0.38 

F6 - 89.64 - 10 - 0.36 

F7 5 89.62 - 5 - 0.38 

F8 4.74 84.64 - 10 - 0.36 

F9 10 79.64 - 10 - 0.36 

F10 10 74.64 - 10 5 0.36 

F11 10 64.64 - 10 15 0.36 

F12 10 54.64 - 10 25 0.36 

F13 - 74.64 - 10 15 0.36 

 

Figure 12. General chemical structure of HPMC. 
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3.1.4 Evaluation of Different Base Filament Formulations 

3.1.4.1 Production of Different Formulations via Hot-Melt Extrusion  

To find suitable base formulations for the printing of drug-free and drug-loaded implant parts, nine 

different filament compositions (F1-F9, Table 1) were screened. This was done according to the 

rational approach presented in section 3.1.1. Filaments containing EC as sustained matrix-forming 

polymer were investigated with different drug-loads, types and concentrations of plasticizer. 

As presented in the flowchart (Figure 7, section 3.1.1), initial trials were performed with a capillary 

rheometer (Rosand RH 2000, Malvern, UK) used as ram extruder to identify suitable ratios of 

polymer, plasticizer and API at small batch sizes (20-30 g). Filaments manufactured by ram 

extrusion made from pure EC showed strong brittleness. Hence, different ratios of the two selected 

plasticizers SA (solid) and TEC (liquid) were pre-evaluated. Based on an organoleptic evaluation 

5-10 % concentration appeared sufficient to improve the mechanical resilience in both cases. Due 

to the occurrence of melt fracture and insufficient homogeneity, these studies gave only preliminary 

evidence for suitable ratios. Subsequently, identified options were produced using a 16 mm 40D 

twin-screw extruder (batch size > 300 g) to obtain filaments with smooth quality for a reliable 

analysis related to the solid-state properties, mechanical resilience and printability of all 

formulations (F1-F9). 

An exemplary extrusion set-up used during formulation development is depicted in Figure 13. The 

exact procedure is described in section 5.3.2.1. For the tested formulations containing TEC, the 

liquid plasticizer was pumped continuously with a liquid feed rate (LFR) adapted to the powder 

feed rate (PFR) into the barrel. Behind the die (1.75 mm), extruded filaments were stretched by a 

conveyor belt and cooled at ambient conditions to obtain the target diameter of 1.75 mm proposed 

by the printer manufacturer. The diameter was constantly measured and monitored using a laser-

based measurement module prior collecting the filament as rolled-up strands. For the formulations, 

different extrusion settings were applied as listed in Table 2. The PFR was in all cases 5 g/min to 

 

Figure 13. Schematic HME set-up of filament production. 
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enable proper handling and sufficient cooling time. As die temperature 170 °C was selected based 

on the solid-state properties (section 3.1.4.2.1., Figure 15B) and extrusion process data was 

recorded to ensure proper melt flow.  

Table 2. HME barrel temperatures, screw speed and conveyor belt speed (CBS) applied for the different 
filaments during formulation development. 

 

The screw configuration I, equipped with two kneading blocks (KBs) as depicted in Figure 81 

(section 5.3.2.1) was applied. The screw speed varied between 30 and 35 rpm, depending on the 

recorded process parameter (material pressure, power consumption) of the respective formulation. 

Depending on the formulation diameter fluctuations and filament windings occurred caused by the 

shear stress at the die. Therefore, the conveyor belt speed (CBS) was adapted individually to obtain 

homogenous, straight filaments with the targeted diameter. An exemplary picture of drug-loaded 

and drug-free filaments (F5-F8), containing TEC as plasticizer, is depicted in Figure 14. Filaments 

with SA looked similar. Pre-selected filament compositions were all extrudable via twin-screw 

HME. Homogenous filaments without irregularities were obtained and used for further 

characterization. The drug-free formulations (F1, F2, F5, F6) were transparent as TEC was miscible 

with EC and SA soluble in the polymer. Filaments loaded with TA (F3, F4, F7, F8, F9) appeared 

opaque, which indicated that TA is at least partially insoluble in the EC-matrix.  

Formulation  
Barrel temperature from zone T1 (gear) to T10 (die) [°C]  Screw 

speed 
[rpm] 

CBS 
[mm/s] 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

F1 - 30 100 160 160 160 160 160 170 170 35 52.9 

F2 - 30 100 160 160 160 160 160 170 170 35 48.6 

F3, F4 - 30 100 160 160 160 160 160 170 170 30 49.6 

F5 - 30 100 160 160 160 160 160 170 170 35 40.4 

F6 - 30 100 160 160 160 160 160 170 170 35 41.5 

F7 - 30 100 160 160 160 160 160 170 170 35 43.3 

F8 - 30 100 160 160 160 160 160 170 170 35 46.8 

F9 - 30 100 170 170 170 170 170 170 170 35 54.9 

 

Figure 14. Exemplary image of filaments (F5-F8) containing TEC as plasticizer, produced via twin-screw HME. 
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3.1.4.2 Characterization of Filaments 

3.1.4.2.1 Solid State Properties 

Since during both processes, the HME and FDMTM-printing, formulations undergo thermal stress, 

the stability at process temperature is important to consider preventing degradation of API and 

excipients. Therefore, it is necessary to evaluate their solid-state properties. The thermal analysis 

gives additional valuable insights into the suitability and compatibility of components and the 

plasticizing capabilities of the different plasticizers used [157, 158]. Differential scanning 

calorimetry (DSC) measurements were conducted as described in section 5.5.10.  

Pure substances were heated twice, with a defined cooling step in between. This procedure mimics 

the material history during processing, as the powder mixtures are subjected to two heating steps 

within HME and subsequent 3D-printing. For evaluation of the pure nature of the powder material, 

if no degradation in the first heating cycle occurred, the data of the second heating step was used 

for evaluation to reduce effects of processing and storage of material. For TA, the first heating cycle 

was analysed to assess the melting temperature, since during cooling no recrystallization occurred, 

but a glass transition. In contrast, extrudates were just heated once, as they were already molten 

during extrusion.  

In Figure 15, the obtained DSC thermograms of excipients and selected filament formulations (F4, 

F6) are depicted, indicating that no thermal decomposition below 190 °C was visible. Pure SA was 

heated only to 120 °C, however thermal stability until 300 °C was described in [109]. 

Besides the thermal stability, the information of solid-state properties of raw materials and 

extrudates were assessed. For TA and SA melting peaks were observed due to their crystalline 

character (melting temperature (Tm) for TA: 284/296 °C; for SA: 61 °C Figure 15A, B). TA shows 

pseudo-polymorphism, which is indicated by the two melting peaks at 284 °C and 296 °C in 

accordance with the literature [159]. The mainly occurring modification I (296 °C) is a hydrate of 

modification II (284 °C) [160]. Thus, melting during extrusion within the temperature window is 

not possible. 

 

Figure 15. DSC thermograms of TA (A), EC and SA (B) and extrudates of F4 and F6 (C). Scaled differently to 
improve visibility. 
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The polymer EC showed a glass transition around 131 °C, indicating a strong glass former. 

Although EC is not described as semi-crystalline, at around 180 °C an endothermic peak was noted 

(Figure 15B). Lai et al. proposed as cause melting of microcrystals composited of unsubstituted 

sections within the cellulose backbone based on quasi-isothermal modulated temperature DSC 

results and hot stage microscopy combined with simultaneous transmitted light intensity 

measurements [161]. 

DSC thermograms of filament formulations F4 (TA 5 % and SA 10 %) and F6 (TA 5 % and 

TEC 10 %) were exemplary selected and depicted in Figure 15C. Formulation F4 and F6 showed a 

Tg of 47 °C and 40 °C, respectively in agreement with literature data for EC and TEC combinations 

[162]. The reduced glass transition compared to pure EC revealed the plasticizing effect of SA and 

TEC, confirming their suitability to decrease the melt viscosity and potentially improve mechanical 

properties of EC-based filaments for further processing. The effect can be explained with the free 

volume theory [147, 163, 164]. Small molecules are introduced between the polymer chains, 

thereby the free volume increases, resulting in increased molecular mobility. This is manifested 

amongst others in a decrease of Tg. SA seemed to be completely dissolved within the polymer as 

no melting peak was recorded. TEC appeared miscible with EC and showed a slightly higher 

plasticizing potency compared to SA. Above 190 °C thermal degradation of EC was observed, 

known from the literature, limiting the extrusion temperature window [140]. Due to the low 

concentration of API in the extrudates and simultaneous occurring degradation of EC above 190 °C, 

an evaluation of API solubility within the polymer is not possible. A thermal decomposition at 

extrusion temperature can be excluded, as TA is stable until 296 °C (Figure 15). 

3.1.4.2.2 Diameter 

One of the most important CQAs of filaments for 3D-printing is the diameter. The technically 

acceptable diameter depends on the dimensions of the print-head and the feeding system of the 

printer, it varies between 1.75 and 3 mm [26, 55, 165]. For the FDMTM-printer used in the present 

work the targeted diameter for self-produced drug-loaded and drug-free filaments was 1.75 mm. 

Besides the mean diameter also diameter homogeneity along the whole filament length is decisive 

to ensure printability, dose accuracy and print resolution of printed dosage forms (detailed 

examination in section 3.2.3). In commercially available printer software, the mean diameter can 

be set, but an adaptive speed control for diameter variations is not offered. Therefore, fluctuations, 

depending on the extent, might lead to dose inaccuracies of printed dosage forms [166]. A loss of 

printability due to clogging if the diameter is too high or breakage in case of filaments with smaller 

diameter sections during conveying inside the print-head might also be problematic. This plays 

additionally a decisive role for sufficient and consistent characterization of filaments. The 

determination of mechanical resilience, as well as dissolution rate, might be highly affected by the 

diameter. If the variances are high, these properties cannot be reliably guaranteed.  
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Produced filaments were stretched behind the extruder outlet (die diameter: 1.75 mm) using the 

conveyor belt. The target diameter was set by the adaption of the CBS, which was varied for the 

respective formulation to ensure a homogenous filament transport and to counterbalance die swell 

and material transport fluctuations. The applied CBS for each formulation can be found in Table 2. 

The filament diameter was recorded and monitored inline using a laser-based measurement module 

as described in section 5.5.6 and schematically depicted in Figure 16A. The diameter measurement 

module determines the diameter with three lasers from different directions with a sampling rate of 

1 Hz. The resulting projections are detected by detectors, captioning the product diameter. As result 

the mean, minimum and maximum recorded diameter is calculated. However, the determined 

diameter might be biased if the filament passes the laser unit in a lopsided position (Figure 16B), 

measuring a false oval cross-section. For instance, this could happen due to filament movements by 

rolling up the filaments in a bucket (see Figure 13) or if the filament adhesion on the conveyor belt 

is not sufficient to pass the unit horizontally. To reduce potential measurement errors, the minimum 

recorded diameter was used for data evaluation, assuming the filament cross-sections were round-

shaped. 

In Figure 17, the inline recorded diameter data for produced filaments (F1-F9) is depicted as box 

plots. For the evaluation of diameter variations, the interquartile range (IQR, box width) was 

selected, as it can be calculated without the assumption of the present distribution function of the 

test set and it is a robust statistical measure towards outliers. Calculations were based on 293 (F5) 

to 1220 (F4) measurement values since sampling times differed. However, data were considered 

comparable, as a value of 293 represents already a high sample size.  

On average, a diameter of 1.633 ± 0.076 mm of filaments was achieved, which is considerably 

lower than the targeted diameter of 1.75 mm. The reduction was caused by increased CBS to 

counterbalance filament windings behind the die during extrusion experiments depending on the 

 

Figure 16. Diameter measurement module with detection of filament in optimal straight position (A) and biasing 
lopsided position (B). Dashed lines represent three laser beams (adopted and modified from Korte [109]). 
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formulations as shown in Figure 18. Thereby, a compromise between a straight filament without 

irregularities and a slightly reduced diameter must be accepted. The windings result from a rapid 

material pressure increase caused by a temporarily raised material throughput, which will be 

explained in section 3.2.3.3. The resulting flow instabilities lead to volume distortions which are 

reflected in a wavy filament [167]. Additionally, due to the short dwell time within the die, the 

elastic behaviour superimposes viscous effects, leading to extrudate fluctuations [168]. The extent 

depends on the material (e.g., molecular weight (MW), melt viscosity, operating conditions 

(temperature, flow rate, barrel filling degree) and geometry of the die-channel [167, 169, 170]. This 

was most pronounced with formulations, containing 5 % SA (F1 and F3), reflected in the lowest 

achieved diameter. Due to the lower plasticizer concentrations, the melt viscosity was potentially 

increased compared to formulations with 10 % SA (F2 and F4).  

Diameter variations were observed, reflected in the diameter IQR (Figure 17). This was caused by 

an inhomogeneous melt-transport along the barrel, as result of material accumulation in front of the 

KBs [109]. The material amount passing the die varied and consequently the diameter. The extent 

might be dependent on the melt rheology of different formulations. The conditions of material 

transport fluctuations are extensively discussed in chapter 3.2. The coefficient of variation (CoV) 

 

Figure 17. Inline recorded filament diameter of formulations F1-F9 (n = 293-1220), depicted as box plot. The 
dotted line indicates the die diameter and the dashed line the mean diameter value of all formulations.  

 

Figure 18. Filament windings behind the extruder-outlet due to material fluctuations and increased shear stress 
at the die. 
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and IQR of diameter were different for the manufactured filaments. As different previously 

described phenomena might have interfered, it is difficult to obtain conclusive correlations between 

formulations and diameter data. Another factor affecting diameter consistency was proper adhesion 

of the filament on the conveyor belt, which must be sufficient to enable a reproducible and 

representative diameter adaption. This was especially problematic in case of SA-containing 

filaments. However, the lower mean diameter as well as CoV between 1.99 and 5.39 % were 

considered acceptable for a first characterization of filaments.  

Based on the problems identified, a systematic analysis and optimization of both the extrusion set-

up (diameter measurement and adaption, die) and the process settings (PFR, screw speed, 

temperature) were indispensable for the final filament compositions to achieve reproducible and 

homogenous filament diameter (refer to section 3.2). 

3.1.4.2.3 Mechanical Properties and Printability  

The mechanical resilience was identified as key characteristic for a proper conveyance inside the 

print-head to ensure printability during FDMTM [27, 28, 171]. It is mainly dependent on the used 

composition, including API, polymers and plasticizer, as well as their ratios. Therefore, and for 

comparison, different extruded filaments were analysed regarding their mechanical properties 

(stiffness and brittleness) to find an optimal composition for subsequent printing of implants. In 

Figure 19 (top), an exemplary print-head assembly of an FDMTM-printer is depicted. The filament 

is conveyed via counter-rotating gears/ belts through the heated part, the so-called hotend. The 

polymeric material is molten and extruded through the nozzle. A constant conveyance is mandatory, 

enabling an accurate dosing and print job. During printing, the not molten extrudate part serves as 

 

Figure 19. Schematic depiction of an FDMTM -print-head with sufficient (top), too brittle (bottom left) and too 
flexible (bottom right) filament properties leading to feeding failure. 
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a piston to force the molten part through the die. Hence, it must show sufficient stiffness in 

longitudinal direction. If it is too flexible, it will deform and uniform continuous conveying cannot 

be ensured (Figure 19, bottom right) [28]. The same is valid for filament break, which can occur 

for brittle materials caused by the transversally applied punctual stress of the gears (Figure 19, 

bottom left) [28]. This is especially problematic for many pharma-grade polymers, often in 

combination with high drug loads, resulting in brittle extrudates [24]. To circumvent stress on brittle 

materials and consequently breakage, researchers used so-called Bowden printers, where a large 

distance (several cm) between the feeding gears and the hotend is present connected via Teflon 

tubes. The self-produced filaments are then placed manually in the tube and promoted by 

commercial filaments fixed between the gears [39, 44, 56]. This approach is not applicable to 

continuous processes since the distance and consequently, the feedable filament length is limited. 

This is also the case for highly flexible filaments, where this approach leads to nozzle clogging. 

Consequently, proper formulation development is unavoidable if no specialized printers for 

pharma-grade materials with insufficient mechanical resilience are going to be developed.  

Mechanical strength, apart from printability, is also particularly decisive in terms of industrial 

manageability during continuous processing, storage and transport. Filaments must therefore show 

good resistance and winding properties on spools without deformation or breakage.  

To compare different formulation compositions related to their suitability for FDMTM-printing the 

testing regime and data evaluation were adopted from Korte and Quodbach [27], performing a 

combination of a tensile test and 3PBT. Thereby both stress directions inside the print-head were 

examined. This was considered beneficial compared to test regimes where only one characteristic 

was measured [28, 172]. Hence, the filament stiffness, expressed as YM was determined in a tensile 

test and the brittleness as DaB in a 3PBT (section 5.5.7). Accordingly, testing conditions were taken 

from Korte and Quodbach [27] and Zhang et al. [28]. Exemplary measurement curves are depicted 

in the analytical method part (Figure 83, section 5.5.7). The YM was calculated as slope between 

0.05 and 0.25 % of obtained stress-strain curves in the linear elastic range according to DIN-EN-

ISO 527-1 [173]. Formulations showed mainly plastic deformation along with higher strains, 

indicated by a deviation from the linear area. Below 0.25 % strain, all filaments showed linear 

behaviour, justifying the YM calculation. The YM is proportional to the filament stiffness. The 

DaB was directly obtained from force-elongation curves, as distance where the maximum force was 

measured (Figure 83, section 5.5.7). The lower the distance, the more brittle is the filament. 

 

The results of mechanical properties for all produced filament formulations are shown in Figure 20.  

Most of the formulations had small confidence intervals (CI), showing the suitability of the test 

method and uniformity of tested filaments. Filaments showed suitable stiffness expressed in a high 

YM and were flexible enough in transversal direction expressed in a sufficient DaB for conveyance 

inside the print-head, as they exceeded strongly both printer-specific thresholds (DaB = 1.125 mm/ 
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YM = 300 N/mm2) specified in literature for printability [109]. As a different printer was used in 

the present work, the results were verified with additional performed printer feeding experiments, 

as described in section 5.5.8.  

For the DaB higher variations were measured, indicated by high CI. Hence, only tendencies could 

be evaluated. The reason for higher variations is the 3PBT itself, which is in general valid for brittle 

materials, whereas tested filaments were flexible in transversal direction. In addition, filament 

diameter fluctuations up to 5.4 % (Figure 17) potentially influenced the measurement, since thinner 

sections broke faster compared to thicker sections. This was especially visible for formulations F4 

and F8, where some sections broke and others not. For an initial evaluation, obtained values were 

considered acceptable. 

With increasing plasticizer concentrations, the YM decreased while the DaB increased as expected. 

Related to the drug-free formulations TEC showed in 5 % concentration a higher impact on the YM 

compared to SA (F1 = 715.4 ± 22.7 N/mm2 vs. F5 = 597.3 ± 8.4 N/mm2). Consequently, for TEC 

a moderately higher plasticizing efficiency was assumed. For plasticizer concentrations of 10 % 

comparable YM values for both, SA and TEC, were obtained (F2 = 544.4 ± 10.6 N/mm2 vs. 

F6 = 560.3 ± 8.3 N/mm2). In contrast, 5 % SA (F1) showed a slightly higher effect on the DaB 

compared to TEC (F5) with DaBs of 4.408 ± 0.642 mm and 3.175 ± 0.978 mm, respectively. But 

this was not statistically relevant (p = 0.108; α = 0.05). For F2 and F6 with 10 % plasticizer no 

breakage could be observed under the applied testing conditions, showing a high resilience of 

 

Figure 20. YM determined in a tensile test and DaB determined in a 3PBT (n = 6, mean ± CI; α = 0.05) for the 
investigated EC-based formulations containing different ratios of TA and plasticizer. Columns marked with “>” 

did not break under the applied conditions (travel depth 5 mm).   
* 2/6 samples did break and were excluded for calculation.  

** 2/6 samples did not break and were excluded for calculation. 
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compositions against transversally applied stress. The observed trends were also true for drug-

loaded formulations (F3, F4, F7 and F8).  

When comparing drug-loaded with drug-free formulations, an influence of TA-load was visible 

(Figure 20), especially between TA-loads of 0 and 10 % (F6 and F9). An increased drug load led 

to an increased YM. Between 0 and 5 % TA-load the effect was of minor relevance. 

An analogue effect for the DaB is known from the literature, where higher drug-loads (suspended) 

were compared [109]. The DaB decreases with increasing API content. A similar tendency could 

be observed for the investigated formulations (e.g., F6, F8 and F9), as TA is mainly suspended 

inside the EC-matrix, this leads to predetermined breaking points, lowering the DaB.  

The DaB cannot be influenced independently from the YM. Consequently, to optimize formulations 

related to the mechanical strength by the addition of plasticizer, a compromise between sufficient 

stiffness and simultaneously less brittleness must be found. In total sufficient stiffness and 

brittleness were obtained for the tested formulation options, even with the targeted drug load of 

10 %. Plasticizer concentrations of 10 % were preferred since it was planned to add further 

excipients for drug release modification. These might potentially have an impact on brittleness as 

well. Drug-free filaments with 10 % SA (F2) showed a loss of transparency over storage. This was 

likely caused by time-dependent recrystallisation potentially due to an exceed of solubility within 

the polymer. Thereby, the mechanical properties and printability over storage could be negatively 

affected. The brittleness might be increased due to the precipitated SA and the loss of dissolved 

plasticizer. Formulations with SA as plasticizer were therefore rejected. The plasticizer TEC in a 

concentration of 10 % was considered promising to obtain filaments with sufficient mechanical 

resilience (F6, F8 and F9). Filaments showed haptically also improved practical handling with less 

tendency for breakage. 

As result of the performed studies, suitable base formulations (drug-free and drug-loaded) were 

successfully identified using the systematic approach adopted from Korte [109]. Although all 

formulations were printable, the formulation F9 consisting of 10 % TA, EC as sustained-release 

polymer and 10 % TEC as plasticizer were used for further analyses and optimization due to the 

above-mentioned reasons. The higher drug load of 10 % was selected to have more flexibility 

regarding implant size.  

3.1.4.2.4 Preliminary Drug Release Studies  

An essential part of formulation development is the drug release performance. The final goal is to 

enable a prolonged TA release over several months. Although this can be highly influenced by the 

3D-printed structure and the resulting drug-eluting surface area, preliminary evaluation was 

performed with filaments only instead of printed geometries.  
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To get first valuable insights into the retardation effect of the EC-matrix on TA release, the 

developed and selected base filament formulation F9 (TA 10 %, TEC 10 %) was subjected to 

preliminary dissolution studies. It was expected that the drug release will be too slow from the dense 

3D-printed product consisting of EC, especially using an API with low aqueous solubility of 

21 mg/L [174]. This was consequently supposed to be used as start-point for further modification 

of the drug release by the addition of pore former as discussed in the following chapter 3.1.5. 

Preliminary experiments were performed in a USP Apparatus I (rotating basket, described in section 

5.5.22.1) to avoid floating and/ or friction of filaments. Studies were conducted over ten days with 

a rotational speed of 100 rpm and 1000 mL of 0.05 M phosphate-buffered saline (PBS) at pH 7.4 

at 37 ± 0.5 °C. Concerning comparability of the analysed filaments with subsequently optimized 

formulations the drug-releasing surface should be kept similar. Hence, filaments were cut in 2.5 cm 

sections. Six filament sections were placed in one basket (n = 3), corresponding to a TA dose 

between 36 and 41 mg.  

In Figure 21, the result of TA release from filament formulation F9 (10 % TA) is depicted. Almost 

no TA was released within ten days (~1 %). EC as sustained-release polymer had a strong 

retardation effect on the poorly water-soluble API, as expected. EC is a water-insoluble polymer 

forming a matrix, where diffusion of water into the inner core of the filament to dissolve TA 

particles is not possible. The dissolved TA amount and total TA concentration were too low to form 

pores to decrease diffusion path lengths. The measured TA concentration was restricted to drug 

particles located directly on the filament surface. An apparent lag time is given of two to five days, 

where no API concentration was measured at all, which is certainly caused by the quantitation limit 

of the used ultraviolet (UV) method. This could be manageable by the reduction of volume to 

500 mL (limit for qualified equipment). No further reliable input was expected, also taking the long 

measurement time into consideration. It was demonstrated that the TA release must be strongly 

accelerated by further formulation optimization. Thereby, also the influence on other CQAs must 

be considered.  

 

Figure 21. Preliminary cumulative TA release from filament formulation F9 (n = 3, displayed as single curves; 
37 ± 0.5 °C, 100 rpm, 1000 mL PBS 0.05 M, pH = 7.4). 
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3.1.5 Formulation Optimization by Addition of a Pore Former  

3.1.5.1 Pretext 

Within the first step of the systematic formulation development of printable filaments for printing 

of customizable implants, suitable base TA-loaded and drug-free compositions were found. 

Preliminary dissolution studies of filaments revealed that the TA release from the EC matrix must 

be strongly accelerated to ensure a constant release of the poorly water-soluble API over multiple 

months. This part of the work aimed therefore at a filament formulation optimization for 

customizable 3D-printed TA-eluting implants. 

An obvious and frequently used approach for matrix systems is the incorporation of pore-forming 

agents to effectively enhance the dissolution behaviour, also done for implantable DDS [153, 154]. 

As described in section 3.1.3 a common additive for EC-coatings, matrices and 3D-printed DDS is 

the water-soluble and swelling polymer HPMC [134, 143, 145, 156]. Hence, the polymer was 

selected to modify the TA release over at least three months. The effect of HPMC concentration on 

TA release from the EC filaments should be investigated, next to their impact on several filament 

properties. 

3.1.5.2 Production of Filaments with varying HPMC concentrations 

Based on filament formulation F9 (10 % TA, 10 % TEC), three different compositions with 5, 15 

and 25 % HPMC (F10, F11 and F12, Table 1 in section 3.1.4.1) were produced via twin-screw 

HME. The extrusion set-up and diameter measurement were the same as used for the preliminary 

formulation development (Figure 13, section 3.1.4.1 and 5.3.2.1). All extrudates were produced 

with a PFR of 5 g/min and a screw speed of 35 rpm.  

During manufacturing it was observed that increasing HPMC contents led to an increase in material 

pressure, already known from literature [143]. Consequently, extensive filament windings behind 

the die occurred. The extrusion temperature was increased for the respective formulation to 

overcome windings and lower material fluctuations. The temperature was varied between 170 and 

190 °C in accordance with the determined solid-state properties (section 3.1.4.2.1). The applied 

CBS was adapted as previously reported to achieve a straight filament with a target diameter around 

1.75 mm. In Table 3, the applied barrel temperatures and CBS can be found compared to the 

corresponding HPMC-free formulation F9. Sampling was conducted once process equilibrium was 

achieved, indicated by a constant material pressure and power consumption.  

All formulations were extrudable via twin-screw HME and the incorporation of HPMC in 

developed formulation was successful. Obtained filaments were opaque. Homogenous filaments 

with sufficient quality for characterization were obtained.  
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Table 3. HME barrel temperatures and conveyor belt speed (CBS) applied for the different filament 
formulations with varying HPMC concentration. 

3.1.5.3 Characterization of Filaments  

3.1.5.3.1 Surface Analysis of Filament Formulations 

A homogeneous filament constitution is of particular interest to ensure sufficient and reproducible 

filament quality, especially related to dose accuracy and drug release behaviour. A deep knowledge 

will help to draw right conclusions during formulation development but also later in quality 

evaluation of the finished product. The start point for the following analysis was the occurrence of 

rough filaments surfaces in dependency to the HPMC load. The higher the HPMC load, the higher 

seemed the observed roughness visible in microscopic and scanning electron microscope images of 

filaments (Figure 22). To assess this phenomenon and to gain more insights about surface quality 

and distribution of constituents within filaments, confocal Raman microscopy was applied. 

Formulation 
HPMC 

content [%] 

Barrel temperature from zone T1 (gear) to T10 (die) [°C]  CBS 
[mm/s] 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

F9 0 - 30 100 170 170 170 170 170 170 170 55 

F10 5 - 30 100 160 160 160 160 160 170 170 51 

F11 15 - 30 100 160 160 170 170 180 180 180 53 

F12 25 - 30 100 170 180 180 180 190 190 190 57 

 

Figure 22. Microscopic images (top, magnification 10x) and SEM texture images (bottom, magnification 
530-540x) of surfaces of different filament formulations. 
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An overview of the results is displayed in Figure 23. Topographic Raman images confirmed that 

increased HPMC content led to a distinct increase in filament roughness (Figure 23A). This was 

reflected in the determined surface area of 200 x 200 µm filament sections. For formulation F9 

(HPMC 0 %), the surface area was 40494 µm2 indicating that an almost completely smooth surface 

was obtained. Whereas for F10 (HPMC 5 %) the surface area was 41116 µm2, for F11 (HPMC 

15 %) 44264 µm2 and for F12 (HPMC 25 %) 46406 µm2, respectively. A linear relationship 

between HPMC load and filament surface area was found with a coefficient of determination of 

0.9881. The increase of surface area and thus roughness between F9 and F12 was around 15 %, 

which could have a distinct influence on characteristics like drug release. It must be emphasized 

that the measurement was only conducted once in a small area (200 x 200 µm).  

 

Figure 23. Topographic Raman images (A), spatial distribution plot (B) and averaged Raman spectra (C) of 
filament surfaces for each formulation (200 x 200 µm; 40000 spectra), false colour representation. Dotted boxes 

in C mark specific TA-peak at 1600 cm-1. 
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The topographic Raman images and spatial distribution plots also provided information about the 

component distribution (Figure 23 A, B) in combination with averaged Raman spectra (Figure 

23C). The mainly suspended API (plotted in red) is homogeneously distributed in the EC-

containing area (plotted in blue) of the sample. The earlier hypothesized partial insolubility within 

EC-matrix was confirmed, as in Raman spectra, the characteristic TA peak at 1600 cm-1 appeared 

weakly (dotted boxes in Figure 23C). In the green areas, which consisted of HPMC, TEC and TA, 

no suspended API particles (red areas) were visible. Consequently, it was assumed that TA is 

soluble in HPMC. This was further underlined by a peak at 1600 cm-1 in the Raman spectra caused 

by TA, which increased with higher HPMC content (dotted boxes Figure 23C). 

In addition, the desired and expected immiscibility of HPMC and EC was observed. The green 

domains, which contained HPMC were fully separated from EC areas (blue). With increasing 

content, the green HPMC-containing domains were larger, which indicates that drug release can be 

accelerated due to the pore-forming effect in contact with the dissolution medium.  

Based on the results several effects might be responsible for the previously mentioned filament 

roughness. The irregular surface is likely induced by the visible phase separation between the two 

polymers and thus higher interfacial tension, which is already known for film coatings and 

preparations [175-177]. However, DSC analysis was not able to detect clearly two Tg to verify the 

result (refer to section 3.1.5.3.2). Further, the roughness might result from the different viscoelastic 

properties of the two polymers, which depend on polymer chain length, MW and degree and type 

of substitutions in the main chain [140]. The higher the HPMC concentration, the higher the effect. 

Additionally, an insufficient softening of HPMC at 180/ 190 °C extrusion temperature (measured 

Tg: 154 °C, Figure 24A) could reinforce the observed effect [140].  

These outcomes could lead to a reduced processability if higher amounts of HPMC are required, 

which should be considered during formulation development. The increased roughness could have 

an additional influence on the release behaviour, which needs to be considered during dissolution 

predictions based on the surface area. The reasons for the roughness with increasing HMPC load 

could not be conclusively clarified in the work. Most likely it is a result of superimposition of all 

described effects. But valuable insights about the component distribution were provided using 

confocal Raman microscopy and it is an important tool to investigate filament quality. 

3.1.5.3.2 Solid State Properties  

The solid-state properties of EC, HPMC and some produced filaments (F9, F11, F12) were 

exemplary evaluated. Although a degradation below 200 °C was excluded based on performed DSC 

runs (section 3.1.4.2.1), potential incompatibilities should be addressed. Analogue to previously 

performed DSC analysis, powders were subjected to two heating cycles as described in section 

5.5.9, eliminating storage history. Additionally, at the beginning powders were heated at 60 °C for 
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30 min to remove residual water. Extrudates were heated once since they were already thermally 

stressed during HME.  

In Figure 24A, the results of pure HPMC compared to EC are depicted. The Tg of HPMC was 

determined at 154 °C. A very broad glass transition was observed, potentially caused by different 

molecule chain lengths [140, 175]. The thermal analysis of EC until a temperature of 210 °C was 

extensively discussed in section 3.1.4.2.1. For comparison purposes, the experiment was repeated 

with improved settings and heated up to 310 °C, as done for HPMC. For EC the thermogram of the 

first heating was used, due to degradation > 225 °C. The visible exothermic drop between 0-30 °C 

was caused by uncontrolled cooling from 60 down to 0 °C but is not relevant for evaluation. Again, 

at 131 °C the Tg was detected in accordance with previously obtained results (refer to Figure 15B). 

The first endothermic peak at 180 °C observed in previous studies due to microcrystals composited 

of unsubstituted sections within the EC backbone is hardly visible due to the second endothermic 

peak at 240 °C. In literature, oxidative degradation is stated, which is usually linked to an 

exothermic event not visible as a pin-holed pan was used [161]. The observed endothermic event is 

not well described but was assigned to thermal degradation, proven by Meena et al. via 

thermogravimetric analysis [140]. No degradation was observed below the maximum extrusion 

temperature of 190 °C, indicating again the thermal stability under the chosen HME-process 

conditions. 

In Figure 24B, the exemplary thermograms of F9 (without HPMC), F11 (HPMC 15 %) and F12 

(HPMC 25 %) are depicted. Formulations F9, F11 and F12 showed a reduced Tg at 40 °C, 53 °C 

and 50 °C assigned to EC. This showed again the plasticizing effect of TEC for all formulations 

(refer to section 3.1.4.2.1). As the two polymers were immiscible as visible in the confocal Raman 

microscopic images (Figure 23, section 3.1.5.3.1), a second Tg was expected for F11 and F12. A 

glass transition at 121°C and 120 °C for F11 and F12 may be possibly assigned to HPMC. But due 

to the increased chain mobility above the Tg for the extrudates with thermal history, a baseline drift 

was observed, complicating a conclusive evaluation. Above 190 °C thermal degradation was 

observed in line with literature data [140]. 

 

Figure 24. DSC thermograms of pure polymers HPMC and EC (A) and extrudates of F9, F11 and F12 (B). 
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3.1.5.3.3  Diameter 

The importance of a consistent filament diameter for further analysis and accurate dosing of 3D-

printed DDS has already been explained in detail in section 3.1.4.2.2. Therefore, newly produced 

filaments for optimization purposes were subjected to diameter analysis in comparison to HPMC-

free F9. The inline diameter determination during extrusion was performed using the laser-based 

diameter measurement module as described in sections 3.1.4.2.2 and 5.5.6.  

In Figure 25, the results for F9-F12 (HPMC 0 %, HPMC 5 %, HPMC 15 % and HPMC 25 %) are 

depicted as boxplots. The diameter variations were analysed using the IQR and CoV. To obtain the 

target diameter, the CBS must be increased with increasing HPMC content as depicted in Table 3. 

Although the CBS was slightly increased with increasing HPMC load to obtain the target diameter 

of 1.75 mm (F10 = 51 mm/s; F11 = 53 mm/s and F12 = 57 mm/s) and to circumvent the occurring 

windings, interestingly higher mean diameters were obtained with increasing HPMC content 

(Figure 25). Potentially, an increased die swell due to higher relaxation times and consequently 

elastic recovery with a higher HPMC amount leads to increased filament diameter [167]. Meena et 

al. [140] stated that HPMC shows a higher melt viscosity at the selected extrusion temperature 

compared to EC and does not soften properly. This explains potentially also the previously observed 

increased surface roughness. This could be due to the differences in structure (substituents) and the 

MW between HPMC and EC [140]. Consequently, stated aspects resulted in increased filament 

diameter with increasing HPMC content. This is further underlined by the diameter data of the 

HPMC-free formulation F9, where a CBS of 55 mm/s was utilized, but an even lower mean 

diameter (1.596 ± 0.072 mm) was obtained.  

In terms of diameter consistency HPMC-free filament formulation F9 showed a higher variation 

compared to HPMC-loaded ones (IQR: F9 = 0.097 mm vs F10 = 0.032 mm; F11 = 0.033 mm and 

 

Figure 25. Boxplot of inline recorded filament diameter of formulations F9-F12 (n > 516). 
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F12 = 0.044 mm). This is likely caused by the explained material fluctuations during the extrusion 

process. A reason might be that the incorporation of the second polymer resulted in a more stable 

process due to a potential different melt rheology. Additionally, for filaments with HPMC loads of 

15 and 25 % higher extrusion temperatures (F11 = 180 °C and F12 = 190 °C) were applied to 

circumvent the pronounced windings behind the die (refer to section 3.1.5.2). Thereby, the melt 

viscosity of EC domains decreased and a more constant melt flow was achieved, reflected in lower 

diameter variations. The shown outliers marked in the diameter boxplots (Figure 25, right) are 

caused by punctual drops in filament diameters due to lower material amount passing the die. 

The results pointed out again that the process needs to be analysed further to obtain filaments with 

high diameter consistency, transferable to other formulations. Nevertheless, in all cases HPMC-

containing filaments with sufficient diameter quality (CoV between 1.66 and 2.75 %) were obtained 

to analyse properly their suitability in terms of printability and drug release behaviour to find a 

promising formulation for 3D-printed TA-loaded implants.  

3.1.5.3.4 Mechanical Properties and Printability 

The importance of mechanical properties for filament characterization was already described in 

section 3.1.4.2.3. Since the addition of a second polymer could lead to differences in the resilience 

and probably in a loss of printability, it was analogously determined as before (section 3.1.4.2.3 

and 5.5.7).  

The results for produced TA-loaded EC-based formulations with different HPMC concentrations 

(F10, F11, F12) are shown in Figure 26 and compared to the corresponding HPMC-free formulation 

(F9). The diagram shows the YM in light grey and the DaB in dark grey for each formulation. The 

formulation without HPMC showed a higher YM and thus a higher stiffness in longitudinal 

direction in comparison to HPMC-loaded ones. It can be assumed that the addition of HPMC leads 

to filaments that are more flexible in transversal direction, possibly again caused by different 

viscoelastic properties of blends. Comparing the HPMC-loaded extrudates among each other, the 

influence of the HPMC content on the YM is negligible. 

The influence on the DaB and thus brittleness is higher. For HPMC-loaded filaments (F10-12) a 

conclusive trend was visible. With increasing HPMC concentration, the DaB decreased. As visible 

in the confocal Raman microscopic images, incoherent phases were obtained. The higher the pore 

former loading the bigger were the obtained HPMC domains. Due to the discussed differences 

between EC and HPMC, there might be larger predetermined breaking points, leading to increased 

DaBs. In comparison, the HPMC-free extrudate (F9) showed surprisingly a DaB, which was in 

between HPMC-loaded ones, although it was expected to be higher based on the previous 

observations. This can be explained by the higher flexibility in transversal direction of F9, although 

it is not reflected in the mean value but indicated by the increased confidence intervals. As already 

stated, the 3PBT is more suitable for brittle materials, making a conclusively comparison difficult. 
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In addition, the formulation showed higher diameter variations. Thinner sections therefore tend to 

break easier compared to thicker sections. The DaB is highly dependent on the diameter. 

Inconsistencies were therefore potentially reflected in higher mean values as expected and higher 

variations. The influence of variations on the mechanical properties is discussed in detail in section 

3.2.3.4. All HPMC-loaded formulation strongly exceeded the limits established by Korte and 

Quodbach (YM = 300 N/mm2; DaB = 1.125 mm) [27]. It can be summarized that all filaments had 

a desirable stiffness (expressed by a high YM) and had a high resilience against transversally 

applied stress (less brittleness). Therefore, printability was assumed, which was verified in 

printability studies with the used printer according to section 5.5.8. All formulations were printable 

with the specific printer. A constant conveyance of the filaments through the print-head without 

deformation or breakage was possible and thus dosing. All formulations were subjected to 

preliminary drug release studies to achieve the final objective for the intended use.  

3.1.5.3.5 Preliminary Drug Release Studies  

The influence of the pore former concentration on the drug release was investigated in preliminary 

experiments over seven and 30 days with TA-loaded extrudates. This was done in accordance with 

the adjusted formulation development flowchart (Figure 7, section 3.1.1) of Korte [109]. First 

experiments revealed that the TA release from pure EC-filaments F9 (A) was ≤ 1 % after ten days 

(Figure 21, section 3.1.4.2.4). This was not surprising as EC is a non-erodible and non-swellable 

polymer, so only the low API amount on the surface of the filament was released.  

Since an API release from the articular implant over three months is aimed at, HPMC as pore former 

was added in different concentrations to find a suitable formulation and modify the drug release. 

To assess the effect of the pore former concentration on the TA release, preliminary dissolution 

studies of filaments (F10, F11 and F12) in USP Apparatus I were performed initially over seven 

 

Figure 26. YM determined in a tensile test and DaB determined in a 3PBT (n = 6, mean ± CI; α = 0.05) for TA-
loaded EC based filament formulations with different HPMC content (F9 = HPMC 0 %, F10 = HPMC 5 %, 

F11 = HPMC 15 % and F12 = HPMC 25 %). 
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days. Filaments were prepared as previously described (section 3.1.4.2.4). Through further findings 

in the course of the work, it was found that the TA dissolution conditions must be optimized (refer 

to section 3.3.2). Considering the new insights, the data is still deemed conclusive. 

The results are depicted in Figure 27A. The number of data points was reduced due to clarity 

reasons. The studies showed increasing drug release from the EC-matrix with increasing HPMC 

concentration, as expected. HPMC is a swellable and water-soluble polymer, so in contact with 

water, it dissolves and forms pores inside the EC-matrix. Thus, water was introduced inside the 

matrix to dissolve TA, which diffused through the pores into the medium. The higher the HPMC 

concentration, larger and more pores were formed as visualized in the confocal Raman microscopic 

images (Figure 23, section 3.1.5.3.1) and more TA was dissolved. The addition of 5 % pore former 

(F10) was not sufficient to increase considerably the drug release from the EC-matrix compared to 

F9. The release from formulations F11 (15 % HPMC) and F12 (25 % HPMC) appeared promising 

with a drug release of 5 and 10 % after seven days for the intended use.  

To gain more insights in the dissolution profiles and potentially determine the underlying release 

mechanism, filaments with 15 and 25 % HPMC were subjected to in vitro dissolution studies over 

30 days. The obtained dissolution profiles of both formulations are shown in Figure 27B. A 

concentration of 15 % HPMC led to a release of 11.42 ± 0.39 % TA in 30 days. Within the first 

seven days 5.81 % of the TA was released and only 5.61 % were released in the remaining 23 days, 

hence the drug release rate declined. The filaments consisting of 25 % HPMC released 

24.51 ± 0.68 % of TA after 30 days. After seven days approx. 13.0 % of TA was released, whereas 

the remaining 12 % were released afterwards. First the TA particles on the filaments’ surface were 

released. Over dissolution time, the diffusion path lengths increased and thus the release rate was 

decreased. This suggests a square-root-of-t kinetic, which was investigated using Korsmeyer’s and 

Peppas’ approach. This type of analysis is widely used to distinguish between zero-order and 

square-root-of-t kinetics in dissolution studies [178]. It must be emphasized that a kinetic analysis 

at this early dissolution stage, when only a small drug amount is released, provides only first 

indications to estimate the dissolution performance of newly developed filament formulations. 

 

Figure 27. Cumulative TA release from filament formulations F9-F12 (n = 3; mean ± s; 37 ± 0.5 °C, 100 rpm, 
1000 mL PBS 0.05 M, pH = 7.4). A = F9-12 over seven days and B = F11 and F12 over 30 days. 
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However, Equation (1) was used to analyse the obtained dissolution kinetics, where 
ெ೟

ெಮ
 represents 

the released TA amount, which is dependent on time t. The constant k describes the geometry of 

the analysed dosage form (here cylindric) and n is the diffusional release exponent which is 

indicative for the present release mechanism [178]. 

𝑀௧

𝑀ஶ
ൌ 𝑘𝑡௡ (1) 

The application of the common logarithm of Equation (1) led to linearization:  

𝑙𝑜𝑔ଵ଴
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Figure 28 shows the double logarithmic plot of F11 and F12 according to Equation (2). Values 

> 5 % were considered to cover the linear range as the release data for the first days was fast 

compared to the residual drug release and consequently not representative. Diffusional release 

exponents of n = 0.47 (F11) and n = 0.45 (F12) were obtained as slope from the respective linear 

fits. According to Ritger and Peppers for cylindrical matrix geometries a diffusional exponent of 

n = 0.45 indicates a square-root-of-t kinetic and for n = 1 a zero-order kinetics [178, 179]. 

Consequently, for the investigated formulations the underlying release mechanism appeared as 

square-root-of-t release mechanism, which was expected from a non-erodible matrix system. It 

must be considered that the influence of HPMC as swellable polymer may lead to deviating 

diffusion mechanisms [151].  

3.1.5.3.6 Estimation of TA Dissolution Time based on Higuchi-Model  

The underlying dissolution kinetics of TA-loaded filaments with 15 % and 25 % HPMC, were 

determined based on initial drug release of 10 and 25 %, respectively. For better estimation and 

 

Figure 28. Double logarithmic depiction of TA release from formulation F11 and F12 (> 5 % TA release, n = 3, 
mean). 
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comparison purposes of both formulations, it appeared therefore valid to use Higuchi’s model to 

predict roughly the time points of 80 % API release.  

The Higuchi’s term (Equation (3)) was proven to be valid for drug release description from 

homogenous porous planar polymer matrix systems [180]. Q represents the released API amount at 

time point t (Mt) per unit area (A). D is the diffusivity of the drug inside the polymer matrix, ε the 

porosity of the matrix, τ the tortuosity of the capillary system, C0 the initial and Cs the saturation 

concentration within the polymer. 

𝑄 ൌ
𝑀௧

𝐴
ൌ  ඨ

𝐷𝜀
𝜏
ሺ2𝐶଴ െ 𝜀𝐶௦ሻ𝐶௦𝑡  (3) 

Equation (3) can be simplified as follows, where k combines the diffusional coefficient, the surface 

area, the porosity and the tortuosity of the porous matrix, as well as the initial and saturation 

concentration in the polymer [181]: 

𝑀௧ ൌ 𝑘 √𝑡  (4) 

In Figure 29, the cumulative drug release was plotted against t0.5 according to Equation (4) to 

estimate the time point, when 80 % of TA is released from the HPMC/EC-matrix.  

Values > 5 % drug release for the formulation with 15 % HPMC and above 10 % drug release were 

used to cover the linear range. Values below were assigned to the initial abnormal transport.  

Obtained linear fits (Figure 29) had a coefficient of determination of 0.9992 for HPMC 15 % and 

0.9972 for HPMC 25 %. According to the respective linear functions, F11 (HPMC 15 %) will 

release 80 % of TA within 52 months, whereas 12 months is the calculated time point for F12 

containing 25 % HPMC as pore former.  

This seemed to be a long period, but it must be considered that printing of different network 

structures as described in section 3.1.2. and a reduction of the diameter from 1.7 mm down to 

 

Figure 29. Depiction of cumulative TA release against square root of time from formulation HPMC 15 % and 
HPMC 25 % (linearization from > 5 %/ 10 % release, n = 3, mean). 
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approx. 0.4 mm during printing will increase the surface area and, thereby, accelerate the drug 

release distinctly. In addition, 3D-printing and design of implants can be used to improve the media 

flow through the matrix, as well as to reduce the diffusion path length to control the released TA 

amount. Hence, both formulations appeared promising to produce customizable 3D-printed 

implants, depending also on the solubility of the used API and the targeted residence time. The 

addition of HPMC ≥ 15 % as pore former was suitable to accelerate the TA release from matrices 

considerably. Therefore, F11 and F12 will be characterized in subsequent experiments. Based on 

the time point estimation of 80 % TA release via the Higuchi equation filament formulation F12 

will be used for printing of implants and drug release studies since it showed the most promising 

release behaviour.  

3.1.6 Summary 

In this chapter, a systematic development approach for TA-loaded 3D-printable filaments for 

tailored implants was effectively demonstrated. Based on an elaborated implant inlay design, 

enabling a shape adaption to anatomical structures independent from dose and drug release 

individualization, suitable excipients were selected. A combination of a drug-free geometric 

adaptable shell, achieving additionally a unidirectional drug release and a TA-loaded implant inlay 

was presented for the intended use. 

Filaments based on EC as water insoluble pharma-grade thermoplastic polymer, achieving a strong 

sustained TA release, were produced successfully using a 16 mm 40D co-rotating twin-screw 

extruder. Two plasticizers in different concentrations were evaluated to find a drug-free and drug-

loaded base filament formulation with sufficient processability and suitable mechanical properties 

for 3D-printing using an adapted approach of Korte [109]. Therefore, filaments were characterized 

regarding their thermal stability via DSC, diameter uniformity and mechanical properties in a 

tensile test and 3PBT. All investigated formulations were printable and showed thermal stability 

proven via DSC. By increasing the plasticizer concentration, the mechanical properties could be 

optimized in terms of flexibility and brittleness for practical handling. 10 % TEC as liquid 

plasticizer in combination with EC as polymer with and without TA resulted in the best overall 

performance and was used for further optimization.  

Subsequently, drug-loaded filaments were produced with different HPMC concentrations for 

potential acceleration of the TA release and characterized afterwards. Related to the mechanical 

properties the addition of HPMC led to reduced stiffness in longitudinal direction and an increased 

brittleness, possibly limiting the addable amount. But mechanical properties were sufficient and 

printability was retained.  

Confocal Raman microscopy was found valuable to assist evaluation of surface quality and 

distribution of the different components along the filaments. With increasing HPMC concentrations 

rougher filament surfaces were obtained, likely caused by phase separation and differences in the 
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viscoelastic behaviour of EC and HPMC. An apparent homogenous component distribution was 

achieved, which is discussed further in section 3.2.5.1.  

Although the obtained filament diameter homogeneity was acceptable for initial assessment with a 

CoV < 6 %, it was revealed that a thorough process understanding and optimization is mandatory 

to improve the continuous manufacturing and quality of filaments and subsequent 3D-printed 

customizable implants. 

The addition of HPMC as water-soluble pore former was effective to model the TA release from 

hot-melt extruded TA-loaded printable filaments. By screening filaments via in vitro dissolution, 

formulations with 15 and 25 % HPMC (F11 and F12) promising filaments were identified for 

implants with a residence time of several months, indicating a square-root-of-t kinetic. Based on 

the Higuchi-model the release period was estimated, simplifying formulation selection. Although 

the filament formulations with HPMC content < 15 % were not suitable for the specific case, they 

might be suitable options for other APIs and drug loads. Both drug-loaded formulations (F11 and 

F12) and drug-free formulation (F6) will be used for further characterization related to process 

optimization and stability analysis. The drug-free formulation F6 and TA-loaded filament 

formulation F12 will be used for printing of different implants according to the presented design 

concept, emphasizing that the unidirectional drug release and the inlay network design will highly 

influence the released TA amount.  
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3.2 Systematic Process Development for Printable Filaments via Hot-

Melt Extrusion and Filament Analysis 

3.2.1 Pretext  

The content of this chapter is based on the previously published research article “Hot-Melt 

Extrusion Process Fluctuations and their Impact on Critical Quality Attributes of Filaments and 

3D-printed Dosage Forms”, Pharmaceutics. 12(6): 511. 2020. (DOI: 

10.3390/pharmaceutics12060511). The texts were linguistically adapted and the content has been 

extended by additional studies and data.  

According to MDPI policy all articles published in MDPI journals, copyright is remained by the 

authors. 

3.2.2 Introduction and Objectives  

In the previous chapter of the present work, the formulation development of 3D-printable drug-free 

(F6) and drug-loaded filaments (F11, F12) was shown based on defined requirements for the 

intended use. During the studies it was demonstrated that the production of highly consistent 

filaments for 3D-printed medicines is challenging. Optimizations related to process set-up and 

settings are required to guarantee reproducible filament quality as well as high resolution and dose 

accuracy of sophisticated printed implants. The following studies were performed to improve the 

filament production adapted to industrial environment and to gain a deep process understanding to 

enable increased filament quality in general. Additionally, the developed formulations supposed to 

be finalized addressing process and product development based on a QbD approach.  

The first part of the studies focused initially on HME process set-up adaptions to reduce observed 

issues, like windings and correct positioning of the filament within the diameter measurement unit. 

In addition, a winder shall be implemented to ensure a reproducible and representative filament 

haul-off. The establishment of filament winding on spools was conducted to bridge filament 

development and industrial continuous manufacturing. The suitability of an exemplary formulation 

for the winder application should be verified in a feasibility study investigating diameter adaption 

precision and potential filament deformations.  

 

The filament diameter is a specification of high relevance, which is strongly influenced by HME 

process parameters and the haul-off set-up [27]. In addition, the diameter consistency is one of the 

most important CQAs, affecting filament properties and quality of 3D-printed dosage forms, as 

currently available printer software is not able to counterbalance variations [166].  

The hypothesis for the second part of the work was that certain HME process parameters or 

combinations cause pulsatile melt conveyance along the barrel resulting in diameter fluctuations as 
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discussed in section 3.1.4.2.2. Hence, a rational process analysis was conducted to investigate 

reasons for the appearance of diameter inhomogeneities. The influence of screw speed, PFR and 

consequently barrel filling degree was investigated. Subsequently, it was examined how and to what 

extent potential inaccuracies affect related CQAs of filaments (mechanical properties) and printed 

dosage forms (uniformity of mass). Thereby, acceptable diameter variations and an optimized 

continuous twin-screw HME process for filament manufacturing should be identified. 

The analysis was conducted by using a representative drug-free filament formulation (F13) 

consisting of 74.64 % EC and 15 % HPMC, 10 % TEC and 0.36 fumed silica (all w/w) similar to 

F11.  

Afterwards, the gained insights should be used to find optimal extrusion settings for the drug-free 

and TA-loaded filaments for subsequent printing of customizable implants. The transferability to 

the drug free formulation F6 (EC with 10 % TEC) and promising 10 % TA-loaded formulations 

F11 (EC with 10 % TEC and 15 % HPMC) and F12 (EC with 10 % TEC and 25 % HPMC, EC) 

was investigated. Produced filaments were finally characterised related to their content uniformity 

and drug distribution along filaments. Printed test geometries were evaluated according to the Ph. 

Eur. 2.9.6 and 2.9.40. 

 

Filaments will likely be produced in the future by the pharma industry, while the printing of 

customized dosage forms is planned to be conducted in community pharmacies or hospitals on 

demand. Therefore, filament stability over storage is important to consider, to assure the quality 

during shelf-life. Evaporation of the liquid plasticizer, API stability or polymer ageing are 

commonly described issues affecting CQAs. The developed filament formulations were subjected 

to stability analysis according to the ICH guideline Q1A (R2) to investigate the influence of storage 

conditions inclusive primary packaging on CQAs of filaments.  

3.2.3 Process Analysis and Optimization 

3.2.3.1 Adaptions of the HME Process Line for Filament Production 

In section 3.1, issues related to filament transportation due to windings behind the die and reasons 

for occurrence were extensively discussed. A further problem observed during preliminary trials 

for process analysis was condensation of liquid inside the barrel inlet of the powder feed unit during 

long-runs of manufacturing (~ 3000s). Water evaporation was excluded as it was not noticed with 

formulations containing solid plasticizers.  

Although the boiling point of TEC is, according to the certificate of analysis, 294 °C, plasticizer 

evaporation during extrusion during long process runs appeared reasonable. This was proven by 

heating TEC in a silicon bath at extrusion temperature, where minor vapour formation was noticed. 

This could result in problems with homogeneous powder feeding in industrial environment and 
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consequently process fluctuations that might have an impact on mechanical properties and relative 

API distribution. To circumvent the stated issues general adaptions of the extrusion equipment were 

made. First, the die diameter was increased from 1.75 to 1.85 mm to reduce the shear stress and 

thereby resulting filament windings. Additionally, by generating a larger start diameter, the 

necessary increase of haul-off speed would not result in reduced mean diameter as previously 

described (section 3.1.4.2.2).  

Secondly, the previously used screw configuration I was changed to introduce a degassing port in 

temperature zone 2 (100 °C, screw configuration II, Figure 30). Potentially generated vapour can 

escape without condensation in the barrel inlet of the powder feed. Consequently, the KBs were 

shifted and long pitch conveying elements (LPCE) were placed underneath the degassing port to 

increase the surface area. The KBs were put closer together to potentially reduce the extent of the 

material amount difference behind the first KB and in front of the second KB. By these adaptions, 

TEC condensation during filament extrusion was successfully reduced to maintain a constant 

homogenous powder feed.  

3.2.3.2 Improvement of Continuous Filament Production by Implementation of a 

Winder 

Before starting proper HME analysis related to the impact of process parameters on diameter 

variation, the first part of this chapter aimed at optimization of the HME process set-up.  

To achieve the target filament diameter the filament was commonly stretched and cooled behind 

the die on conveyor belts as described in section 3.1.4.1 [35, 56, 58, 60, 182]. A prerequisite for 

reliable and representative diameter adaption is a sufficient adhesion of the filament on the belts. 

Additionally, a lopsided position of the filament within the laser unit of the measurement module 

due to movements on the conveyor belt or behind the module induced by the filament collection 

process (e.g., roll up in a bucket, Figure 31A) distorts the diameter data. To prevent the stated issues 

and be able to align potential observed diameter fluctuations to certain process parameters or 

combinations, the previously used extrusion line was expanded by a winder. The implementation 

 

Figure 30. Schematic depiction of adapted HME screw configuration II compared to screw configuration I used 
during formulation development. Barrel and temperature zones (1-10) are indicated. LPCE = long pitch 

conveying elements (helix of 3/2 L/D), CE = conveying elements (helix of 1 L/D); KE = kneading elements. 
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of a winder reflects the continuous manufacturing in industry, as a continuous, reproducible 

filament production and controllable winding on spools for storage is enabled.  

In Figure 31, the new extrusion process set-up (B) is depicted compared to the one initially used 

(A). The implemented winder consists of a haul-off unit, a traverse and a winder unit. The selected 

haul-off unit uses counter-rotating conveyor belts. A benefit of the fixation between the two belts 

is that filaments can be conveyed and stretched independently from their adhesion capability on the 

conveyor belt to obtain a reproducible target diameter. Behind the haul-off unit, the filament is 

transported over lead roles of the traverse and wound-up on a rotatable spool. The winding process 

is coupled to the set haul-off and the traverse. The traverse moves in one axis along the spool to 

drop the filament strands precisely next to each other (Figure 31C). The oscillation speed of the 

traverse depends on the pre-set haul-off speed, filament and spool diameter. To generate a uniform 

winding process, the applied tension between the haul-off and traverse can be adjusted. 

To improve the correct and reproducible positioning of the filament within the diameter 

measurement module, a self-designed 3D-printed guide rail for filaments was implemented (Figure 

32). Subsequently, winder implementation studies were performed to assess the precision of the 

diameter adaption by the winder and winding capability of the formulation. First, it was tested to 

what extent a precise diameter adaption via the haul-off unit is feasible. Therefore, filament 

formulation F13 was produced with 5 g/min and 40 rpm at 190 °C. The exact applied barrel 

temperatures can be found in Table 27. 

 

 

Figure 31. HME set-up for filament production before (A) and after (B) optimization by implementing a winder. 
Subfigure (C) displays an exemplary winding process of F13 in the winder unit (refer to section 5.3.2.2). 
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Theoretically, the haul-off speed h can be calculated by transforming the mass flow (PFR) (m/t) 

into a volume flow (V/t) using the true density of the formulation (ρF13 = 1.1408 ± 0.1 ∙10-3 g/cm3). 

By transformation of the volume formula of the cylinder by substituting volume flow and the target 

filament diameter d, the haul-off speed was calculated according to Equation (5).  

ℎ ൌ
𝑉/𝑡

𝜋 ∙ ሺ𝑑2ሻ
ଶ
 

(5) 

For a filament diameter of 1.75 mm, the theoretical haul-off speed is 1.82 m/min at a PFR of 

5 g/min. However, the lowest applicable haul-off speed was 2.0 m/min otherwise windings could 

not be appropriately counterbalanced. The obtained filament diameter was 1.776 ± 0.031 mm and 

thus larger than the targeted 1.75 mm, although the haul-off speed was 0.12 m/min faster than 

calculated due to a die swell of 6 %, comparing theoretical calculated with actual diameters. 

Therefore, an individual setting for the respective formulation must be explored experimentally. A 

larger die diameter might be useful to reduce the shear stress at the die and consequently the die 

swell of extrudates.  

To find suitable settings and to evaluate the diameter adaption capability of the winder, the mean 

diameter of F13 was measured as function of the applied haul-off speed. Six equidistant velocities 

between 2.0 and 2.5 m/min were applied (minimal steps 0.1 m/min). The results are depicted in 

Figure 33. A precise diameter adaption via the winder was feasible, enabling, depending on the die 

swell of formulations, reproducible filament diameter quality. In combination with a PFR of 

5 g/min, a haul-off speed of 2.0 m/min is suitable to achieve the target diameter. 

In a second step, the winding capability of filaments on spools and a potential elongation or 

deformation of the filaments due to the applied tension within the winder unit was assessed. For the 

 

Figure 32. Laser measurement module with highlighted 3D-printed filament guide rail (picture © hhu/ Uli 
Oberländer). The conveyor belt was used switched off as cooling section for filaments. 
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feasibility study again F13 was extruded using the same process parameters as previously described. 

Two different PFRs (5 and 10 g/min) were applied since the haul-off speed must be doubled (from 

2.0 to 4.1 m/min) to achieve the same diameter of 1.78 mm. Consequently, solidification time was 

halved keeping the distance between extruder outlet and haul-off unit constant. This might result in 

filament deformation or elongation during the winding process and was therefore assessed with 

respect to throughput increase.  

The winding capability of F13 was given as intended (see picture in Figure 31C). The formulation 

was sufficient for being constantly rolled-up without visible deformation or rupturing, which is 

advantageous for continuous filament production. To measure potential filament deformation 

during winding, the mean diameter and the ovality were measured offline again after the winding 

process. The ovality of the filament was defined as difference between minimum and maximum 

determined diameter. The obtained results are depicted in Figure 34. The inline- and offline 

determined mean diameter and ovality are plotted as function of extrusion time. Consistent 

diameters for both settings with 1.781 ± 0.032 mm (5 g/min) and 1.798 ± 0.031 mm (10 g/min) 

were obtained. Applying a PFR of 5 g/min, no significant difference between inline- and offline-

determined diameter was noticed (inline:1.781 ± 0.032 mm; offline 1.783 ± 0.032 mm, p = 0.455). 

In contrast, the ovality showed a significant change before and after the winding process (inline: 

0.024 ± 0.003 mm; offline 0.028 ± 0.005 mm; p << 0.01). As the filament is not under proper 

tension during offline feeding, measured changes are likely caused by a lopsided filament 

positioning within the diameter measurement module (refer to Figure 16). Movements due to 

uncoiling the filament from the spool might lead to deviating ovalities, which was visible within 

the first 20 s of the offline measurements. Hence, it was assumed that no considerable deformation 

occurred. Obtained filaments were almost completely round shaped.  

  

Figure 33. Inline determined filament diameter (mean ± s, n > 238) as function of the applied haul-off speed. The 
dashed line marks the target value of 1.75 mm. 
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Filaments produced with 10 g/min showed a slightly increased diameter compared to filaments 

produced with 5 g/min, although a more than doubled haul-off speed was applied (4.1 m/min), 

likely due to an increased die swell with increasing throughput. After the winding process, filaments 

showed a significant decrease in mean diameter from 1.798 ± 0.031 mm to 1.774 ± 0.032 mm 

(p << 0.01) as depicted in Figure 34, right. An elongation of the filament was likely due to the 

applied tension during winding in combination with shortened cooling time. The absolute reduced 

diameter value is still in the suitable range to be processed via 3D-printing. However, not 

considering significant diameter differences after the winding process might lead to unnoticed 

deviation from the targeted 3D-printed dosage form weight and the dosage being out of 

specification. A difference in ovality due to plastic deformation was hard to interpret since small 

movements during the offline measurement occurred. Although the values fluctuated, the same 

ovality values and variations with 0.025 ± 0.005 mm were obtained. Nevertheless, no considerable 

change in mean filament diameter and ovality was found. If higher throughputs are used, an efficient 

cooling section, e.g., via fans or other systems are obligatory to ensure reliable diameter 

measurements and avoid filament deformation or elongation during the winding process.  

The set-up adaptions and a winder were successfully implemented to optimize the extrusion line 

and generate reliable data for process analysis. Previous observed issues were reduced and changes 

in diameter could now be clearly assigned to pre-set extrusion parameters. The investigated and 

developed formulation showed good winding capabilities. 

3.2.3.3 Process Fluctuations and Their Impact on Critical Quality Attributes of 

Filaments  

Some of the most important CQAs of filaments are the diameter and diameter homogeneity to 

ensure printability (expressed as mechanical resilience), high printing resolution and dose accuracy 

as previously mentioned. Diameter variations higher than 2.86 % (1.75 ± 0.05 mm) were defined 

 

Figure 34. Inline- and offline-determined diameter and ovality (∆Ømin/max) as a function of time (1 Hz) for a PFR 
of 5 g/min (left) and 10 g/min (right). The dashed lines indicate the mean inline-determined diameter (figure was 

adopted from Ponsar et al. [183]). 
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as not acceptable [184]. In other publications, CoVs between 2 and 19 % were accepted [32, 42, 

166, 185]. 

In the past, the impact of HME process parameters on the mean filament diameter was investigated 

[27, 42]. However, the impact on diameter variations, the reasons for occurrence and acceptable 

extent along with CQAs of filaments and 3D-printed dosage forms were not examined. Extrusion 

experiments during formulation development revealed that recorded material pressure fluctuations 

at the die were reflected in diameter variations (refer to section 3.1.4.2.2). This was further 

underlined by preliminary experiments with different applied screw speeds as depicted in Figure 

35. This effect was already observed by Korte [109] and explained by pulsatile material conveyance 

along the extruder barrel. This is most likely caused by material accumulations in front of KBs as 

a certain melt amount is required, building up enough pressure to push the melt through the KBs 

and the die. Material transport fluctuations were also observed by Meier et al. for twin-screw 

granulation processes [186]. As consequence, the material amount passing the die varies and thus 

the filament diameter. The extent of resulting diameter fluctuations is highly dependent on the 

viscoelastic behaviour of the used material composition [171]. A linear correlation between material 

pressure and diameter changes was not found via Pearson correlation. 

To exclude inhomogeneous powder feed of the low feed rate of 5 g/min as potential cause, offline 

accuracy analysis of the loss-in-weight powder feeder was performed. Therefore, the PFR of the 

powder mixture F13 was determined as function of time (0.5 Hz) over 60 min using an analytical 

balance as described in section 5.5.4. The normalized absolute mass error was calculated according 

to Meier et al. to assess deviations from the set PFR for the respective deviation duration [187] 

(refer to section 5.5.4). Hence, every single mass error deviating from the set value was divided by 

the mass, which would have been fed by the gravimetric powder feeder in the corresponding time 

interval. 

 

Figure 35. Inline-determined material pressure and diameter as function of time during extrusion of F13. 
Settings: PFR = 5 g/min; screw speed = 40 rpm (left) and 60 rpm (right). The dashed lines mark the respective 

mean diameter (adopted from Ponsar et al. [183]). 
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The results of the PFR as function of time and the corresponding absolute mass errors normalized 

to the set PFR are depicted in Figure 36. The actual PFR fluctuates randomly around the set value 

(dashed line, Figure 36A). The dashed boxes mark time intervals when the powder collecting pan 

on the analytical balance was emptied and values were therefore discarded for calculation of the 

normalized absolute mass error (Figure 36B). Observed fluctuations were in most cases below 5 s 

and the normalized mass error was below 0.1, indicating a precise feeding performance at a PFR of 

5 g/min. The influence of PFR fluctuations on material fluctuations inside the extruder barrel was 

consequently classified as minor. 

Based on evaluation of process data of preliminary extrusion experiments material transport 

fluctuations were observed to depend clearly on process parameters, e.g., with increasing screw 

speed from 40 to 60 rpm higher fluctuations in material pressure were noticed as depicted in Figure 

35. A rational process design was applied to investigate the impact of screw speed and PFR on 

material pressure (as surrogate for material transport fluctuations) and corresponding diameter 

variations. These parameters were chosen since they affect predominantly the filling degree of the 

barrel and were assumed to have a distinct influence on material transport fluctuations along the 

extruder. Accordingly, the PFR was varied on three levels (5, 7.5, 10 g/min) at a screw speed of 

40 rpm and the screw speed was varied on five levels (20-60 rpm) at a PFR of 5 g/min (Table 4). 

The haul-off speed was adapted to the respective PFR to obtain a mean diameter close to 1.75 mm. 

The experimental settings were changed for each trial and the sampling of filaments was conducted 

over 300 s after reaching process equilibrium. To quantify potential variations, the IQR of the 

pressure and diameter data were used for the assessment. Outliers (> 1.5-fold the IQR [188]) were 

discarded. A bootstrap analysis was performed to assess differences of IQRs statistically as 

described in section 5.4 since the underlying distribution was not known. 

 

Figure 36. Offline PFR accuracy analysis; A = offline recorded feeding performance of F13; set value: 5 g/min 
(dashed horizontal line), boxes mark time intervals were the powder collecting pan must be emptied; B = mass 

error plot derived from feeding performance normalized to the set PFR. 
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Table 4. Overview of experimental plan for HME process analysis part I (modified from Ponsar et al. [183]). 

 

In Figure 37, the results of the influence of different applied PFRs on inline-determined material 

pressure and diameter are depicted as boxplots. The material pressure increased with higher powder 

throughput, as a consequence of a rising barrel filling degree (Figure 37A). The IQRs of material 

pressure were comparable (1.12 bar, 1.16 bar and 1.33 bar). The material amount and resulting 

pressure was sufficient for a homogenous melt transport through the KBs and the die, reflected in 

similar diameter IQRs.  

The mean diameter was comparable (Table 5, B1-B3) and differences in diameter fluctuations 

between 5 and 10 g/min were negligible, showing that the PFR had in the pre-selected operation 

window no impact. However, 5 g/min depicted the minimum possible PFR due to feeding limits of 

the used weight-loss feeding system and 10 g/min was the maximum applicable PFR with respect 

to manual handling and solidification time (refer to section 3.2.3.2). At first sight, this outcome 

appeared unexpected, since the barrel filling degree was distinctly increased and a higher impact 

was assumed. The reasons will be explained in the further course of this chapter. 

Trial 
Batch 
Code 

PFR 
 [g/min] 

LFR  
[g/min] 

Screw 
speed 

[1/min] 

SFL  
[-] 

Haul-off speed 
[m/min] 

Influence of 
PFR 

B1 5 0.56 40 0.03 2.0 
B2 7.5 0.83 40 0.045 3.0 
B3 10 1.11 40 0.059 4.0 

Influence of 
screw speed 

B4 5 0.56 20 0.059 2.0 
B5 5 0.56 30 0.04 2.0 
B1 5 0.56 40 0.03 2.0 
B6 5 0.56 50 0.024 2.0 
B7 5 0.56 60 0.02 2.0 

 

Figure 37. Boxplot of inline measured material pressure at the die (A) and filament diameter (B) (1 Hz, n > 294) 
for different applied PFRs at a constant screw speed of 40 rpm. The resulting IQRs are indicated (modified from 

Ponsar et al. [183]). 
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Table 5. Inline-determined diameter data of produced filaments and commercial PLA (mean, standard deviation 
(s) and CoV, n = ~ 300). Table modified from Ponsar et al. [183]. 

 

In a second step, the influence of screw speed (20-60 rpm) was investigated. In Figure 38A and B, 

the influence of varying screw speeds on material pressure and diameter variations are shown. As 

expected, with increasing screw speed the material pressure decreased caused by the reduced barrel 

filling degree and potential shear-thinning behaviour of thermoplastic polymers. The material 

pressure variations increased distinctly above 40 rpm. This was potentially caused by a faster 

removal of material in general at higher screw speeds, but simultaneously material accumulates in 

front of the KBs until enough is available to build up a certain pressure to push the melt further 

through the die. This resulted in pulsatile melt conveyance and had a distinct influence on filament 

diameter homogeneity (Figure 38B). The extent of material fluctuations seemed to depend clearly 

on the barrel filling degree in combination with the set screw speed, as at lower screw speeds 

(≤ 40 rpm) the diameter IQRs were lower (0.027 - 0.044 mm). The material amount was sufficient 

to transport the melt homogeneously, without distinct fluctuations. At 20 rpm, the filaments with 

the lowest diameter variations were obtained. 

For comparison purposes, the diameter and its variation of commercial polylactic acid (PLA) 

filaments were measured using the winder haul off with a speed of 2.0 m/min (Figure 38B). The 

commercially available filament (1.756 ± 0.004 mm, CoV = 0.21 %) was much more consistent 

compared to self-extruded filaments with the lowest variations (1.782 ± 0.019 mm, CoV = 1.07 %). 

The diameter IQR of the PLA was considerably low with 0.005 mm, whereas the one of in-house 

extruded filaments was 5-fold higher (IQR = 0.027 mm). 

Commercial drug-free filaments, not intended for medicinal use, are usually manufactured with 

single-screw extruder having always a full barrel and showing low mixing capacity. A 

Diameter B1 B2 B3 B4 B5 B6 B7 B8 PLA 

Mean [mm] 1.781 1.779 1.778 1.782 1.789 1.776 1.777 1.821 1.756 
s [mm]  0.032 0.035 0.033 0.019 0.032 0.054 0.064 0.062 0.004 

CoV [%] 1.80 1.98 1.83 1.07 1.76 3.06 3.63 3.38 0.21 

 

Figure 38. Boxplot of material pressure (A) and filament diameter (B) for different applied screw speeds during 
extrusion (1 Hz, n > 290) at a PFR of 5 g/min compared to commercial PLA filament diameter. The resulting 

IQRs are indicated. Inline-determined diameter as function of time for filaments produced at 20 rpm (B4) 
compared to commercial PLA filament (C); dashed lines mark the respective mean diameter. Figures are 

modified from Ponsar et al. [183]. 
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homogeneous distribution of an active is not required. A fluctuating material conveyance is 

therefore not present and filaments with minimal diameter variations are obtained. This is especially 

visible comparing the diameter as function of time (in Figure 38C). However, for manufacturing of 

pharmaceutical drug products an extensive, dispersive and distributive mixing under controlled 

conditions is required to enable product uniformity within specifications. This can be only provided 

using TSE equipped with KBs [57], especially when liquid components need to be incorporated. 

Besides the extruder type, the processability is also dependent on the polymer blend properties such 

as melt rheology and MW [167]. Therefore, the extent of fluctuations depends additionally on the 

formulation.  

 

Based on obtained results, the barrel filling degree was hypothesized to be decisive for filament 

diameter consistency. With decreasing screw speed, the barrel filling degree is increased, 

consequently, a certain threshold must be exceeded to obtain a homogenous melt transport. To 

verify the hypothesis, the specific feed load (SFL) as dimensionless number for the barrel filling 

degree for each setting combination was calculated according Kohlgrüber and Wiedemann [189] 

(Equation (6)).  

𝑆𝐹𝐿 ൌ  
𝑚ሶ

𝜌 ∙ 𝑛 ∙ 𝐷ଷ
 (6) 

𝑚 ሶ = material throughput  
𝜌 = true density of formulation  
𝑛 = screw speed 
D = internal barrel diameter 
 

 

The higher the SFL the higher the barrel filling degree. Thereby, a comparison with other 

formulations and equipment was enabled. 

In Table 4, the SFLs for the respective PFR/ screw speed combinations are depicted. By plotting 

the SFL against the respective diameter IQR, a material-dependent threshold of 0.03 was found 

(Figure 39). At SFLs < 0.03 the material fluctuations are high resulting in increased diameter 

 

Figure 39. Diameter IQR of filament F13 against the different applied SFL (n > 290). The dashed line marks the 
material-dependent SFL-threshold. The figure was adopted and adjusted from Ponsar et al. [183]. 
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variations, whereas at SFLs > 0.03 the melt transport is more homogenous. This explains why in 

the experiment with varying PFR no influence on diameter homogeneity was observed since the 

resulting SFL was ≥ 0.03 in all cases.  

To further prove the SFL as key parameter, it was investigated whether the same diameter quality 

can be achieved by keeping the SFL constant applying different PFR and screw speed combinations. 

The SFL was either 0.059 or 0.02. Respective SFLs were investigated on a low throughput level 

(PFR = 5 g/min; LL) and a high throughput level (PFR = 10 g/min; HL). The pre-set SFLs were 

achieved by adaption of the screw speed according to Equation (6). The resulting four different 

setting combinations can be found in Table 6. 

Table 6. Overview of the experimental plan of HME process analysis part II. SFL = specific feed load. 

 

In Figure 40, the resulting boxplots of the inline-determined material pressure and filament diameter 

are displayed. At a low SFL, the material pressure was reduced compared to the higher SFL as 

expected (Figure 40A). At an SFL of 0.02 the material pressure and its variation were comparable 

as was the filament diameter data (Figure 40B). Although the IQR of the material pressure at an 

SFL of 0.059 is the same for both combinations, the mean value deviated surprisingly (HL = 

19.6 bar vs. LL = 14.9 bar). This was possibly caused by a pressure probe calibration at different 

temperatures. The observed pressure IQR differences for the two investigated SFLs were not as 

distinct as previously noted. In contrast the effect on diameter variations was clear (IQRSFL:0.02 = 

0.082 mm (HL and LL) and IQRSFL:0.059 = 0.35 mm (HL) and 0.027 mm (LL)).  

Trial 
SFL  
[-] 

PFR 
 [g/min] 

LFR  
[g/min] 

Screw 
speed 

[1/min] 

Haul-off speed 
[m/min] 

Batch 
Code 

Influence of 
SFL 

0.059 5 0.56 20 2.0 B4 
0.02 5 0.56 60 2.0 B7 
0.059 10 1.11 40 4.0 B3 
0.02 10 1.11 120 4.0 B8 

 

Figure 40. Boxplots of inline-determined material pressure (A) and filament diameter (B) during HME for two 
different applied SFL on a high (10 g/min, HL) and a low (5 g/min, LL) throughput level, respectively (1 Hz, 

n > 290). IQRs of pressure and diameter are indicated. The figure was adopted and modified from Ponsar et al. 
[183]. 
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The limitation of the pressure probe measurements became obvious, resulting in potentially invalid 

evaluation of absolute pressure values. First, the recorded pressure data depends on the applied 

screw speed as shown in Figure 35. At 60 rpm the recorded pressure as function of time is obtained 

as non-fluctuating line, as the data sampling with 1 Hz was always conducted at the same screw 

position (1 revolution/s). But at 40 rpm an oscillating data signal was obtained, which was not 

caused by fluctuating melt conveyance, but sampling at different screw positions. Only 2/3 screw 

revolution per second occurred and thus the start position was reached after every third second, 

causing fluctuating data.  

The second limitation of the pressure monitoring is caused by the device-related low sampling rate 

of 1 Hz. This is not sufficient to obtain complete and reliable pressure data. The pressure signal to 

be sampled consists of frequency components that were higher than half of the sampling frequency 

leading to an artifact. This is known from signal analysis or computer graphics and called Alias 

effect [190]. Thereby. the output signal is discriminated and causes incorrect amplitudes and 

apparently lower frequencies [191]. The recorded material pressure minima and maxima are 

consequently underestimated. However, noted trends as surrogate for material conveyance 

behaviour are still important information to evaluate corresponding diameter variations as 

previously shown (Figure 35). But absolute numbers cannot be assessed with high confidence. 

Improvements are desirable to use the material pressure in combination with melt rheological data 

as potential process analytical tool during filament fabrication to corresponding diameter 

fluctuations [167, 170].  

Nevertheless, with the obtained diameter data it was shown that the set SFL is decisive for diameter 

uniformity. It was demonstrated that similar diameter variations were obtained at a given SFL 

(Figure 40B) independent from the process parameter combination. As previously assumed, at 

higher SFLs, filaments with reduced diameter fluctuations compared to lower SFLs were obtained 

due to the more even material transport along the barrel. For SFL = 0.02, the mean diameter at the 

higher PFR of 10 g/min was slightly increased (1.821 mm ± 0.062 mm) compared to the batch 

produced with lower throughput (5 g/min; 1.777 ± 0.064 mm). This phenomenon was potentially 

caused by increased shear stress at the die at the higher PFR in combination with the high screw 

speed of 120 rpm. A higher die swell and consequently, increased filament diameter was obtained 

[189].  

Based on the obtained data, the SFL was identified as key parameter for diameter consistency. For 

an SFL of 0.059 (PFR; screw speed = 5 g/min; 20 rpm) the lowest filament diameter IQR was 

found. These findings are elementary and promising with respect to throughput up-scale in the 

industrial environment to obtain filaments with consistent quality. Based on the gained knowledge, 

formulation and process development might be accelerated. The transferability of the results to 

drug-loaded formulations is described in subchapter 3.2.4.  
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3.2.3.4 Impact of Filament Diameter Fluctuations on Further Critical Quality 

Attributes of Filaments and 3D-printed Dosage Forms 

To examine the practical relevance of the observed diameter fluctuations and to determine the 

acceptable extent, the influence on mechanical properties as measure for printability and uniformity 

of mass of printed dosage forms was analysed. Self-produced filament formulation F13 with 

different extent of diameter variations (B1, B4-B7, Table 5) were used for this part of the study. 

With decreasing SFL the diameter IQRs increased due to more inhomogeneous material 

conveyance (refer to section 3.2.3.3). Filaments with rising diameter IQR were expected to have a 

distinct impact on further quality attributes of filaments and 3D-printed dosage forms. As the 

mechanical resilience of filament is declared as main factor for printability the YM and DaB were 

determined directly after extrusion as previously reported. It was assumed that due to the diameter 

fluctuations and consequently thicker and thinner sections the mechanical resilience is affected. 

This causes potential issues during printing.  

In Figure 41A, the results are depicted related to the filament diameter IQR. The YM and its 

deviation as surrogate for stiffness in longitudinal direction were hardly affected. Although a 

statistically significant increase was noticed between filaments with IQRs of 0.027 and 0.082 mm 

(p << 0.01), the practical relevance and differences were classified as minor (Table 7). Printability 

should not be negatively influenced. Also, no impact on the mean value of the DaB was observed. 

In contrast, the CoVs of the measured DaB differed considerably, depending on the diameter 

variation as shown in Figure 41B. With increasing IQR, the CoV increased considerably from 3 to 

20 %. Thin sections tend to break at lower distances compared to thicker sections causing increased 

CoV with increasing diameter variations. In this specific case, filaments were still printable. But if 

more brittle formulations are used, as is the case for many pharmaceutical materials with high 

drug-load, this can lead to an unreliable printing process. In the worst-case, a loss of printability is 

induced due to frequent filament breakage inside the print-head.  

 

Figure 41. A = Determined YM and DaB of filaments with rising diameter fluctuations (IQR); mean ± CI 
(α = 0.05), n = 6. B = CoVDaB against filament diameter IQR. 
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Table 7. Overview of the impact of diameter variations (IQRØ) on mechanical properties of self-produced 
filaments and uniformity of mass of printed test objects according to Ph. Eur. 2.9.5 (specification for tablets) 

(green = passed; red = failed test). (ND = not determined). PLA prints were measured for comparison purposes 
The table was adopted and modified from Ponsar et al. [183]. 

Sample 

 Mechanical properties of filaments Mass of printed 
dosage form 

[mg] 
(mean ± s, 

n = 20), 

Ph. Eur. 2.9.5  

IQRØ 

[mm] 
YM [N/mm2] 

mean ± CI 
(α = 0.05), n = 6 

DaB [mm], 
mean ± CI, 

(α = 0.05), n = 6 
n > 5 % n > 10 % 

PLA 0.005 ND ND 350 ± 1.5 0 0 

B4  0.027 484.7 ± 9.4 5.408 ± 0.151 283.8 ± 9.3 1 0 

B5 0.041 496.5 ± 6.5 5.433 ± 0.295 291.4 ± 9.2 1 0 

B1  0.044 496.0 ± 9.7 5.225 ± 0.261 306.1 ± 11.5 3 1 

B6 0.072 505.5 ± 8.7 5.408 ± 0.600 311.9 ± 17.7 7 1 

B7 0.082 515.5 ± 11.4 5.700 ± 0.892 307.5 ± 21.4 8 3 

 

Finally, the impact of diameter variations on mass uniformity of 3D-printed DDS was investigated.  

Since FDMTM-printer use a fixed filament diameter, regardless of its variation, for the calculation 

of the feed rate in the G-Code, it was expected that higher filament diameter IQR will cause reduced 

mass uniformity of printed objects. To what extent was examined in the following.  

Therefore, the uniformity of mass of 20 rectangular test objects (3 x 15 x 7 mm, infill density 85 %, 

~ 300 mg, Figure 42) was tested using the same filaments with different diameter IQR (extruded 

with different SFLs, B1, B4-B7) as well as commercial PLA filament for comparison purposes. The 

results were evaluated according to the Ph. Eur. monograph 2.9.5 “Uniformity of mass of single 

dose preparations” [192]. As requirements the thresholds for tablets ≥ 250 mg were chosen, as no 

specifications for parenteral solid compact dosage forms are listed. Test objects were printed with 

the settings described in Table 28 (section 5.3.3). For the 3D-printed geometry approx. 13 cm of 

 

Figure 42. Picture of printed objects (3 x 15 x 7.5 mm, infill density 85 %) using in-house produced filaments F13 
for the evaluation of uniformity of mass according to Ph. Eur.2.9.5 (adopted and modified from Ponsar et al. 

[183]. 
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filament was required, corresponding to 2.6 m in total of filament per batch. Filament sections for 

printing were taken from the whole filament length to ensure representative results.  

In Figure 43A, the results of obtained mean masses of 3D-printed objects for the respective 

filaments are shown. As visible, the mean mass is not considerably affected by diameter variations. 

Still, a slight trend towards higher masses with higher diameter IQR (IQRØ) was noted. Filaments 

produced with higher SFL (B4, IQRØ = 0.027 mm and B5, IQRØ = 0.044 mm), were fabricated on 

different days. The mean mass could therefore be changed by a required reassembly of the print-

head in between. A different gap width between conveying gears might have resulted, potentially 

leading to different feeding properties and deviating mean masses.  

In Figure 43B, the CoVmass as function of diameter IQR is depicted. Although the CoVmass of 

filaments B4 and B5 with the lowest IQRØ is biased by the lower mean mass due to the mentioned 

print-head reassembly, a clear trend is visible. A diameter IQR above 0.044 mm led to a sharp 

increased CoVmass of 6 and 7 %, which is not acceptable to ensure content uniformity of 3D-printed 

dosage forms. Filaments B1, B4 and B5 (IQRØ ≤ 0.044 mm; CoVØ < 2 %) resulted in mass 

variations of printed test geometries < 4 %.  

According to Ph. Eur. 2.9.5 for tablets ≥ 250 mg only two individual masses may deviate by more 

than 5 % and none by more than 10 % from the mean value. The evaluation revealed that only the 

test objects produced from filaments with an IQRØ ≤ 0.041 mm (B4 and B5) passed the test (Table 

7). Whereas the others - produced from filaments with higher IQRØ (≥ 0.044 mm) - did not comply 

with the requirements of the Ph. Eur. In case of filament B7 produced with an SFL of 0.02 

(IQRØ = 0.082 mm), eight 3D-printed objects deviated more than 5 % and three by more than 10 %.  

Although the filaments produced with an SFL of 0.04 and 0.059 showed significant differences in 

the diameter variations (IQRØ = 0.041 mm vs. 0.027 mm; CoVØ = 1.76 vs. 1.07 %) the CoVmass of 

the respective printed objects were similar. This is potentially caused by the selected printing 

settings or selected filament sections. Optimizations might lead to further improvements and enable 

 

Figure 43. A = mass of printed test geometries (n = 20, mean ± s) of in-house produced filaments with different 
diameter variations (IQR); B = Resulting CoVmass as function of filament diameter IQR. 
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visibility of potential differences at even lower IQRsØ. In comparison, the CoVmass of printed test 

objects produced with commercial PLA filaments with highly consistent diameter (IQRØ = 

0.005 mm) was considerably lower with 0.5 %. This showed the high precision of the used printer, 

enabling the production of even higher quality dosage forms if filament diameter consistency and 

print settings are further improved.  

 

Based on these results it can be concluded that at least for this formulation and set-up, an SFL > 0.04 

is required during twin-screw HME for filament fabrication. Thereby, filaments with sufficient 

diameter homogeneity with an IQRØ ≤ 0.041 mm and CoVØ < 1.76 % are obtained with consistent 

mechanical resilience leading to 3D-printed DDS compliant with the requirements of the Ph.Eur 

regarding uniformity of mass. Larger variations can affect their quality distinctly and should be 

avoided. Specifications for produced filaments must be set accordingly. The presented study 

discovered that a well-described filament with respect to diameter is of high importance to draw 

right conclusion and to guarantee the quality of filaments and 3D-printed dosage forms. Offline 

measurements via callipers are consequently not sufficient to describe variations correctly, as often 

presented in publications [32, 40, 48]. 

3.2.4 Transfer of Optimized Continuous Filament Production to Different 

Formulations 

In the previous subchapters, an optimized extrusion set-up and process settings were established for 

the continuous production of filaments with sufficient quality using an exemplary drug-free 

formulation (F13). The transferability of these findings to filament formulations F6 (drug-free) and 

F11 and F12 (TA-loaded, HPMC 15 % and HPMC 25 %) shall be investigated. Therefore, indicated 

formulations with batch sizes > 400 g were manufactured at 190 °C according to the developed 

process (PFR = 5 g/min; screw speed = 20 rpm; SFL = 0.057-0.059; haul-off speed: 2.0-2.1 m/min).  

Beforehand, as consequence of the intended reduction of the barrel temperature in the liquid feed 

section from 120 °C to 80 °C (Temperature zone 3) to prevent early TEC evaporation, the screw 

configuration was again adjusted as shown in Figure 44. The KBs have been shifted to keep 

 

Figure 44. Schematic depiction of adapted HME screw configuration III compared to screw configuration II 
used during process optimization. Barrel and temperature zones (1-10) are indicated. LPCE = long pitch 
conveying elements (helix of 3/2 L/D), CE = conveying elements (helix of 1 L/D); KE = kneading elements. 
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extrusion temperatures as applied before. The exact temperature and haul-off speed settings during 

extrusion can be found in Table 27 (refer to section 5.3.2.2). 

In Figure 45A, the inline-determined diameter for the respective filament is displayed as boxplot. 

The achieved mean values were 1.736 ± 0.027 mm for the drug-free formulation (F6) and the TA-

loaded formulations 1.771 ± 0.029 mm (F11, HPMC 15 %) and 1.739 ± 0.023 mm (F12, 

HPMC 25 %). The diameter of F11 was slightly larger due to the slower haul-off speed of 

2.0 m/min compared to the other two formulations, where 2.1 m/min was used. Since the diameter 

in the slicer software will be adjusted individually prior 3D-printing of implants, this does not affect 

the printed object quality. 

As indicated, the IQRsØ were low and comparable to the results obtained during process analysis 

in section 3.2.3.3. Applying an SFL > 0.04 during extrusion, high diameter consistencies for drug-

free and drug-loaded formulations were successfully achieved. Small diameter variations occurred 

as exemplarily depicted in Figure 45B for F12 due to the already discussed reasons in section 

3.2.3.3. The slightly changed screw configuration did not affect the expected diameter quality but 

plasticizer evaporation could be improved. Obtained diameter data were below the specified values 

(IQRØ ≤ 0.041 mm) and transferability was demonstrated for EC-based formulations, independent 

from excipient ratios. High-quality filaments were produced for subsequent printing of 

customizable implants according to the design concept shown in section 3.1.2.  

A throughput of 5 g/min or 300 g per hour corresponds to a filament length of approx. 120 m/h. 

Assuming a dosage form weight of 300 mg corresponding to 30 mg TA, the amount is suitable for 

the printing of ~ 920 DDS. This can be easily upscaled by longer process runs, but also using a 

doubled PFR of 10 g/min by keeping the SFL constant as shown in section 3.2.3.3. Thereby, the 

production time and cost of goods can be further decreased.  

The studies and obtained results are an important step towards the industrial continuous production 

of drug-loaded filaments using the QbD-approach. 

 

Figure 45. Inline-determined filament diameter. A = Boxplots and indicated IQR for F6, F11, F12 (n > 1218; 
B = Exemplary diameter data as function of extrusion time for F12 with indicated mean diameter and standard 

deviation. 
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3.2.5 Triamcinolone Acetonide Content Distribution 

3.2.5.1 Drug Distribution along the Filament  

Next to filament diameter homogeneity, the drug distribution along the filament is decisive to 

ensure content uniformity throughout 3D-printed customizable implants. As F11 and F12 with a 

TA load of 10 % were chosen as appropriate formulations for printing of the drug-loaded part of 

the implants, drug analysis was performed for both. Filaments were produced as described in the 

prior subchapter 3.2.4. The whole sampled filament length was approx. 310 m for F12 and 615 m 

for F11 after reaching process equilibrium. Obtained filaments were split into three sections 

corresponding to beginning, middle and end of the extrusion process. Two samples per section were 

analysed. Filament sections were further used for stability analysis as described in section 3.2.6. 

TA content of filament samples (~ 200 mg) was determined via UV-spectroscopy at a detection 

wavelength of 238 nm. The results are shown in Table 8. No obvious difference between the 

respective sections for both filaments was observed. A homogenous TA distribution along the 

filaments was assumed, indicated by the low standard deviations (1.03 % for F11 and 1.06 % for 

F12). This was already expected based on the confocal Raman microscopic images in section 

3.1.5.3.1 and herewith confirmed. 

Table 8. TA content [%] determination of filaments F11 and F12 at the beginning, middle and end of sampled 
length.  

Filament Sample Beginning Middle End 
mean ± s, 

(n = 6) 

F11 (15 % HPMC) 
1. 95.06 94.51 95.89 

95.66 ± 1.03 
2.  94.91 97.30 96.25 

F12 (25 % HPMC) 
1. 91.10 90.58 92.61 

91.62 ± 1.06 
2. 91.62 90.65 93.16 

 

In both cases, a TA content below the label claim was found. The highest underdosed amount was 

5.49 % for F11 and 9.42 % for F12. Thermal degradation is excluded as potential reason, since the 

API is stable until 294 °C, also confirmed via performed DSC analysis (section 3.1.4.2.1). This was 

further supported by subsequent performed high performance liquid chromatography (HPLC) 

analysis (refer to section 3.2.6.4), where no additional peak was found.  

Several aspects appeared reasonable to cause the underdose. First, the micronized API tends to 

adhere to the glass mixing vessel wall due to electrostatic forces. Therefore, the TA content of three 

different powder mixtures right after blending was determined (n = 3, Figure 46). The assumptions 

were verified as high standard deviations were obtained. However, representative sampling was not 

possible, potentially due to agglomeration of micronized TA during mixing, indicated by the 

varying standard deviations. Therefore, tendencies are hard to interpret. Pre-blending of TA with 

fumed silica was not successful to avoid this. An additional segregation was considered likely due 
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to large differences in determined particle size of the different powder constituents as depicted in 

Table 9 (n = 3). This is described particularly as cause for this phenomenon [193, 194] and was 

already systematically investigated by Korte [109]. The author assumed a drug deposition in dead 

zones at the bottom of the feeder in combination with wall adherence to the mixing vessel and 

feeder, as drug homogeneity along the filament was also not affected. Potentially formed TA 

agglomerates showed also no impact on drug distribution as previously shown, as result of the 

intensive mixing capacity of the twin-screw HME counterbalancing observed inhomogeneities 

[195]. 

Table 9. Determined particle size [µm] of powder raw materials used for F11 and F12 (n = 3, mean ± s). 

Substance x10 x50 x90 

TA 1.6 ± 0.3 8.2 ± 0.9 82.4 ± 4.4 

EC 71.6 ± 13.8 279.8 ± 65.2 579.6 ± 74.6 

HPMC 26.0 ± 0.3 86.9 ± 0.39 170.0 ± 1.8  

 

Secondly, the liquid plasticizer was fed at low LFR via a peristaltic pump. The feed rate was 

externally, gravimetrically calibrated. Discrepancies during extrusion could not be monitored via 

the flow sensors (the available Coriolis force sensor) due to the low feed rate and could potentially 

influence the filament content as well. In industrial environment, prevention of underdosing is 

necessary to ensure the target content, which could be enabled via split feeding, granulation, or 

impregnation of carrier material, depending on material characteristics (flowability, particle shape, 

etc.) or equipment adaptions for adherence reduction. The application of more precise pump 

systems and flow sensors supposed to be resolve assumed inaccuracies of plasticizer feed.  

For the following studies, the TA content was considered acceptable since the reduced amount can 

be remedied via adaption of the printed geometries and reflected during dissolution studies. Directly 

after production the TA content of each filament batch was determined and considered for further 

studies. 

 

Figure 46. Exemplary content determination of different F12-powder mixtures (PM; n = 3; mean ± s). 
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3.2.5.2 Content Uniformity of 3D-printed Test Objects  

To investigate the influence of obtained drug distribution along the filament on content uniformity 

and printing homogeneity, 3D-printed dosage forms were analysed according to Ph. Eur. 2.9.6 

“Uniformity of content of single-dose preparations” Test A [196] and 2.9.40 “Uniformity of dosage 

units” [197]. Test objects as depicted in Figure 42 (section 3.2.3.4) were printed using filaments 

F11 (HPMC 15 %) and F12 (HPMC 25 %). The simplified geometry was selected as surrogate for 

drug-loaded implant inlays. In total 10 rectangular test objects were produced via FDMTM for the 

respective formulation and the content was determined via HPLC (section 5.5.12.3). Printed objects 

were investigated as described in the experimental part 5.5.13. 

According to Ph.Eur. 2.9.6 Test A the dosage form complies if the individual content of samples 

are between of 85 and 115 % of the mean content [196]. Test objects printed with F11 and F12 

complied as individual contents were 95.57-104.92% and 89.50 -105.78 % of the respective mean 

content.  

To meet the requirements for content uniformity according to Ph. Eur. 2.9.40 the calculated 

acceptance value (AV) must be below 15. The target content for the evaluation was based on the 

prior determined TA concentrations of filaments to investigate the impact on content deviation 

along the filament and printing homogeneity. 

In Figure 47, the results for the TA content of printed test objects and AV are shown. Considering 

the requirements of Ph. Eur. 2.9.40 content uniformity could be assumed for both formulations. 3D-

printed test dosage forms F11 showed an AV of 8.04 and F12 of 7.29, far beneath the specified 

threshold limit of 15 (dashed light-grey line). The AV indicates low variation of investigated 

samples and consequently sufficient printing accuracy. The high TA-recovery after printing 

confirmed additionally that the second heating step does not affect TA stability within the 

formulation. Both filaments showed therefore next to diameter homogeneity and mechanical 

properties, also a homogenous TA distribution along filaments to produce reliably uniform 3D-

printed implants.  

 

Figure 47. Content uniformity according to Ph. Eur. 2.9.40 of 3D-printed test objects using TA-loaded F11 and 
F12 as starting material. TA content of test objects (n =°10, mean ± s, dashed dark grey line indicates target 

content) and calculated acceptance value (dashed light grey line marks the upper threshold limit) are depicted. 
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3.2.6 Stability Analysis of Filaments according to ICH Guideline Q1A (R2) 

3.2.6.1 Pretext  

The establishment of on-demand manufacturing of personalized medicines via FDMTM -printing in 

community pharmacies or hospitals presupposes the availability of drug-loaded filaments. The 

potential of this approach relies on the mass-production of stable, reproducible and dose-consistent 

filaments by the pharmaceutical industry. The physicochemical stability in appropriate primary 

packaging must be maintained during storage. Potentially identified instabilities are mainly physical 

ageing of the polymers and API-degradation. Further absorption of water or evaporation of the 

liquid plasticizers over storage could lead to a change of properties affecting both CQAs, content 

uniformity and mechanical resilience. 

This part of the work focused on the stability analysis of developed filament formulations over six 

months according to the ICH guideline Q1A (R2) [198]. The exact experimental procedure can be 

found in the experimental part (refer to section 5.6). The overview of the stability testing regime is 

shown in Table 10. The drug-free formulation (F6), which will serve as impermeable, shape-

customizable part and the two TA-loaded EC-based formulations, with 15 % or 25 % HPMC (F11 

and F12) were investigated. All formulations were stored either controlled at RT without humidity 

control or under controlled accelerated conditions (40 °C, 75 % rH).  

Table 10. Stability testing regime of filaments (T0 = start point, T0.5 = 2 weeks, T1 = 1 month, T3 = 3 months, 
T6 = 6 months). 

Formulation 
 

Measurement 
points  

F6 F11 F12 

T
es

t 
pa

ra
m

et
er

 Solid-state 
properties 

T0, T1, T3, T6    

Mechanical 
properties 

T0, T0.25 T0.5, 
T1, T3, T6    

API content T0, T1, T3, T6 -   

 

To investigate the influence of the primary packaging, each filament formulation was stored open 

(unpacked) in water-permeable, unsealed polyethylene bags or “packed” in sealed moisture- 

impermeable aluminium sachets. The results of unpacked samples stored at RT also provide 

information about the in-use stability of filaments as they might be used for on-demand printing of 

multiple dosage forms [199]. Potential changes in mechanical and solid-state properties, as well as 

TA content of the different formulations were therefore elaborated. 

3.2.6.2 Solid-State Properties  

DSC measurements of produced filaments were conducted within the stability study according to 

Table 10. Thereby, a potential change of solid-state properties during storage under different 

conditions was analysed. The DSC settings can be found in section 5.5.9. 
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Physical ageing of amorphous polymers over storage is well known in literature [163, 200]. This 

phenomenon can be described by the free-volume theory [201]. During extrusion amorphous 

polymers are heated up above their Tg and soften. While cooling the finished product, it undergoes 

a change from a rubbery to a glassy state at its Tg. Here the molecular mobility (rotation and 

translation) reaches a steady-state [202]. This is caused by a decreased free volume, defined as “free 

space” between the molecules. However, below the Tg the polymer is in a metastable state at a 

certain temperature and exhibits an increased free volume, enthalpy and entropy compared to the 

thermodynamic equilibrium. In this state, they undergo a slow transformation towards equilibrium 

by polymer contraction [202]. This process is called physical ageing in which the free volume 

reduction is accompanied by a further decrease of molecular mobility responsible for structural near 

order changes until the lowest enthalpy is achieved. Consequently, this affects potentially 

mechanical properties (stiffness and brittleness). Temperature, humidity and additional excipients 

have a distinct impact on the ageing process and other CQAs of filaments [200].  

The physical ageing process and accompanied structural changes can be analysed in DSC 

thermograms as enthalpy relaxation, visible as endothermic event around the Tg. During heating of 

aged polymers, the relaxed enthalpy changes to the equilibrium value of the rubbery-elastic state 

during the glass transition [203]. This exhibits a maximum in the glass transition region and its 

magnitude depends on annealing time and temperature. The enthalpic relaxation corresponds to the 

area of the overshoot, which increases with increasing time for isothermal ageing until the 

equilibrium is achieved [204].  

Figure 48 shows exemplarily the results for F12 for the different time points (T0, T1, T3 and T6). 

The data of the other formulations showed comparable behaviour and can be found in the appendix 

(Figure A1 and Figure A2). 

For the unpacked samples (Figure 48, left), especially stored at higher relative humidity, an 

absorption of water was observed, visible as broad endothermic event due to evaporation above 

80 °C. Due to the lower humidity, this was not as pronounced in the RT samples but still visible. 

Packaging in sealed impermeable aluminium foils could prevent strong water incorporation, 

protecting from moisture. 

For all samples, an enthalpy recovery peak was observed, triggered by physical ageing and 

embrittlement in dependency of annealing temperature below the Tg and time [163, 167, 202]. 

Samples stored packed at 40 °C under accelerated conditions (Figure 48, DSC thermogram top 

right) showed a shifted position of the glass transition event and the enthalpy recovery peak after 

T1, caused by the different annealing temperature compared to the RT samples [205]. The enthalpy 

relaxation in samples stored unpacked under accelerated conditions is likely covered by the water 

evaporation event. The key factor for observed differences in enthalpy relaxation is the annealing/ 

storage temperature independent from packaging and consequently humidity. How it will affect the 

ductility of developed formulations will be evaluated in section 3.2.6.3.  
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As the relaxation peak seemed not to increase further, physical ageing appeared to be nearly 

accomplished within T1. Further changes in mechanical properties or filament content can be most 

likely assigned to plasticizer evaporation or absorption of water depending on the storage 

conditions. A shift in glass transition was hard to interpret due to a superimposition of the Tg and 

events like water absorption, baseline shift, as well as shift in enthalpy relaxation especially for 

samples stored under accelerated conditions. However, it was exemplarily conducted for RT 

samples, where it seemed most reasonable. The Tg shifted slightly towards higher temperatures (Tg 

T0 ~ 47 °C, unpacked (RT): T6 ~ 55 °C and packed (RT): T6 ~ 52 °C). The increase was potentially 

induced by the physical ageing process in combination with potential plasticizer evaporation 

resulting likely in reduced elasticity over storage time. The concurrent water absorption and 

resulting plasticizing effect limits potentially a further increase of the Tg [206]. 

To investigate if the made assumptions related to plasticizer evaporation are correct, a dynamic 

vapor sorption system was used as described in section 5.5.11. Therefore, the mass change of raw 

materials (EC, HPMC and TEC) and filaments F6, F11 and F12 under static conditions at 40 °C 

was investigated over 21 days. A low relative humidity of 40 % was chosen to reduce the impact 

of simultaneous water absorption. 

Figure 49, reflects what was previously assumed related to plasticizer evaporation. The liquid 

plasticizer TEC clearly showed a decrease by more than 1.5 % over three weeks, revealing 

evaporation at 40 °C, although the stated boiling point by the manufacturer is around 290 °C. A 

 

Figure 48. Recorded DSC thermograms of F12 samples unpacked (left) and right (packed) during stability-
testing T0-T6. Top: stored under accelerated conditions; bottom: stored at 21 °C (RT). The Tg for T1-T6 were 

only indicated for samples stored at RT, as reliable determination of samples stored under accelerated 
conditions was not possible. 
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steady weight gain of EC and HMPC over time was observed due to their hygroscopicity and 

subsequent water absorption. This explains the mass loss of filaments formulation induced by 

plasticizer evaporation, superimposed by additional water absorption. 

3.2.6.3 Mechanical Properties 

Based on the previous results, it was expected that extruded filaments are potentially affected 

related to their brittleness and stiffness in dependency of storage conditions. This is specifically of 

technical importance regarding printability and practical handling during the long-term usage of 

filaments. Therefore, the YM and the DaB were determined over six months (Table 10) according 

to section 5.5.7.  

An influence on the mechanical properties depending on the storage conditions was noticed (Figure 

50). Over time temperature and humidity had a distinct effect on filaments stored unpacked, while 

packed samples showed reduced, or no changes in dependency to the respective exposure.  

Related to the YM as surrogate for the filament’s stiffness, formulation F6, F11 and F12 showed a 

comparable behaviour/trend over storage time (Figure 51, left). The extent was dependent on the 

composition.  

All filament formulations stored packed showed no major change in stiffness of practical relevance 

over the investigation period regardless of the storage conditions. All investigated filaments got 

slightly stiffer within six months (e.g., F11 T0; T6, p < 0.01; both storage conditions), potentially 

induced by the demonstrated plasticizer evaporation, superimposed by physical ageing effects.  

 

Figure 49. Change of mass of raw materials and filament formulations F6, F11 and F12 as function of time at 
40 °C and 40 % rH. 
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Under accelerated conditions the YM of F11 and F12 stored packed reached interestingly already 

a plateau after one week and in total a lower increase in stiffness compared to the RT samples 

(Figure 51, left). The storage only little below the Tg (~ 47 °C) might have led to a curing effect, 

reaching faster the thermodynamic equilibrium and freezing thereby the current status [163]. The 

YM of F6 stayed nearly constant under accelerated conditions. 

Stiffer filaments show no disadvantage with respect to printability, consequently although 

significant changes (> 5 % from the initial value) according to the ICH-Guideline Q1A (R2) were 

found, this property was not negatively affected [198]. With a standardised post-processing curing 

step the differences might be circumvented.  

 

The unpacked samples of F6, F11 and F12 stored at RT showed a comparable trend for the YM as 

packed samples. But in contrast after T3 the YM of F11 and F12 started to decrease towards the T0 

 

Figure 50. Influence of storage conditions on the mechanical properties (YM and DaB) of filaments over six 
months (n = 6, mean ± CI (α = 0.05)). Filaments that did not break under a travel depth of 19 mm during the 

3PBT are marked with ”>”. 
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value (e.g., F12 T0 = 516.7 ± 19.9 N/mm2; T6 = 505.9 ± 16.3 N/mm2). The flexibility likely 

increased due to observed water absorption (Figure 48 and Figure 49) and its plasticizing effect 

during storage [206]. Filaments were stored in a climatic room without humidity control. Hence, 

throughout the summer months (T4-T6) an increase of the relative humidity likely led to this result.  

Also, for the open storage at RT the observations were not of practical relevance, as the YM after 

six months was still close to the start value of 500 N/mm2, where printability was proven. This is 

additionally beneficial in terms of in-use shelf-life after de-packaging over six months. 

Filaments stored unpacked under accelerated conditions showed the highest changes, as expected. 

Until T0.5 a sharp drop of the YM was observed for F6, F11 and F12, likely as result of water 

absorption at high relative humidity. After one month, the YM started to increase again towards the 

 

Figure 51. Determined YM (left) and DaB (right) of formulations as function of storage time (n = 6, mean ± CI 
(α = 0.05)). * Storage conditions, which did not lead to breakage (DaB) for F6 are not shown. 
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T0 value. One reason could be the evaporation of the liquid plasticizer at higher temperature, 

dominating physical ageing effects assumed for packed samples [134, 147]. More plasticizer was 

evaporated compared to packed samples, where a closed system limited the evaporation due to 

saturation. A simultaneous water absorption due to the higher relative humidity is again likely.  

Overall, the extent of the YM change during storage was less pronounced for the drug- and HPMC-

free formulation F6 and strongest for F12. Higher amounts of HPMC, as present in F12, might lead 

to a higher absorption of water, due to higher hygroscopicity compared to the HPMC-free 

formulation F6 as visible in static vapor sorption measurements (Figure 49). 

 

Related to the DaB as surrogate for filament brittleness, a conclusive trend depending on storage 

conditions was noticed (Figure 50, Figure 51, right), although in general high data variability was 

observed. For the drug-free formulation (F6) over storage time no break occurred under the applied 

testing regime, except for the filament stored unpacked under accelerated conditions (Figure 50). 

A breakage of filaments appeared after two weeks with high deviations and stayed constant until 

T3 (p = 0.842). After six months a decrease to 2.775 ± 0.357 mm was determined, due to the 

mentioned physical ageing and plasticizer evaporation. An influence of water absorption was not 

noticed affecting the DaB.  

For the drug-loaded formulations F11 and F12 stored unpacked under accelerated conditions, 

correspondingly an increased brittleness was observed within three months (p << 0.01) and did not 

change further (p > 0.297).  

In comparison, for formulations stored either packed or open at RT again a similar behaviour was 

observed. Until T3 a marginal decrease of the DaB was visible. Interestingly afterwards the DaB 

started to increase again regardless of the packaging towards the T0 value. The observed plasticizer 

evaporation affecting the stiffness did not influence the brittleness in transversal direction. 

Although changes were observed, a loss of printability during further studies was not expected 

during storage at 21 °C. The overall stability of developed formulations was sufficient for a shelf-

life period of at least six months. The packaging of filaments in heat-sealed aluminium sachets 

seemed to be beneficial for the preservation of the mechanical stability. Additionally, the use of a 

different plasticizer might be an option to avoid mechanical changes due to plasticizer evaporation. 

3.2.6.4 Content of Filaments Over Storage 

The content specifications are an important quality attribute to consider during shelf life. To ensure the 

therapeutic effectivity of the intermediate product and subsequent printed dosage forms, the content and 

its uniformity were investigated for the drug-loaded formulations F11 and F12 according to section 5.6 

over six months (Figure 52). T0 and T1 samples were measured via UV-spectroscopy. The method was 

changed to HPLC, enabling the detection of potential degradation products. For verification purposes, 

contents of T1 samples were measured with both methods. For the HPLC samples, a constant content 
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reduction of about 2 % was observed. Thus, the comparison of the T0 values is slightly distorted by the 

method change and a conclusive statistical interpretation is not possible.  

The general lower TA content of F11 (95.66 ± 1.03 %) and F12 (91.62 ± 1.06 %) was already 

discussed in section 3.2.5.1. After three months no distinct changes related to the content and its 

uniformity in dependency to storage conditions and packaging were observed. As cause of water 

absorption next to ongoing plasticizer evaporation a slight apparent change in content was observed. 

In all cases, differences were below < 5 %. HPLC analysis detected no decomposition products.  

After six months, a major influence of storage conditions depending on the packaging was 

observed. For both filament formulations stored unpacked at 40 °C and 75 % rH an apparent higher 

TA content was found compared to T3 (F11 = 102.6 ± 2.30 %; F12 = 102.4 ± 0.99 %; p << 0.001) 

as cause of the TEC evaporation. This was also slightly visible for the F12 sample stored packed at 

elevated temperatures due to minor plasticizer evaporation (92.64 ± 1.96 %) in line with the results 

for the mechanical properties (p <<0.01). For the residual F11 samples no significant change 

between T3 and T6 was observed (p > 0.093), although a tendency towards lower contents was 

visible.  

For F12, RT samples stored open a significant apparent decrease was observed (p << 0.01), likely 

as cause of the reported water absorption throughout the summer months. Interestingly, for the 

packed sample stored at RT also a slight decrease was visible.  

Based on the results an instability related to API content was assumed unlikely as no degradation 

product was detected. The true content did likely not change under the tested conditions. But in 

 

Figure 52. API content within stability testing of F11 and F12 over six months, stored under different conditions 
(n = 6 (*n = 5), mean ± CI (α = 0.05)). 
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case of unpacked samples during long-term storage a false higher content might be detected for 

filaments or 3D-printed dosage forms during quality control. The proper packaging of the starting 

material and FDMTM is therefore mandatory to prevent misinterpretation and ensure safety and 

quality of individualized therapy. 

3.2.7 Summary 

In this part of the work, the systematic process development for developed filament formulations 

for 3D-printing of customizable implants and subsequent characterization inclusive stability 

analysis was covered.  

The extrusion set-up was successfully optimized to obtain reliable and reproducible filament 

diameter via general adaptions and implementation of a winder. Thereby, the continuous 

manufacturing of a developed drug-free filament formulation was demonstrated.  

The results of the systematic HME analysis discovered a significant impact of the SFL as surrogate 

for the barrel filling degree on the filament diameter homogeneity and subsequently the CQAs of 

filaments (mechanical properties) and 3D-printed test-geometries (uniformity of mass). Only SFLs 

> 0.04 resulted in a homogenous melt transport and consequently low diameter variations 

(IQR ≤ 0.041 mm) independent from the set PFR/ screw speed combination. The thereby achieved 

optimized filament diameter quality resulted in a low variation of the DaB and acceptable mass 

uniformity of 3D-printed test geometries according to the Ph. Eur.. Diameter variations > 0.041 mm 

(IQR) are not acceptable. The gained knowledge is of great importance related to throughput up-

scale and simplified process development based on a QbD approach to ensure consistent quality of 

filaments and 3D-printed dosage forms. 

The transferability of the optimized production conditions (SFL 0.057 - 0.059) for the drug-free 

formulation F6, as well as TA-loaded filaments F11 and F12, was demonstrated and used for their 

production with subsequent characterization. 

 

Determined TA content of produced filaments F11 and F12 were below the target content 

(95.66 ± 1.03 % and 91.62 ± 1.06 %, respectively). Segregation as result of differences in particle 

sizes and agglomeration of the micronized TA, as well as adhesion to the used equipment were 

considered likely, whereas thermal instability was excluded. However, a homogenous drug 

distribution along the filament due to the extensive mixing capacity of the twin-screw HME was 

achieved. The target dose of 3D-printed dosage forms can be still obtained via size adaption 

considering the actual API content. 3D-printed test-geometries fulfilled the requirements according 

to Ph. Eur. 2.9.6 and showed a high printing precision according to Ph.Eur. 2.9.40 based on the 

filament content for both extrudates. 
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A stability analysis of filaments over six months stored at 21 °C and under accelerated conditions 

according to the ICH guidelines Q1A (R2) was performed to assess changes during shelf-life. Water 

absorption and plasticizer evaporation combined with physical ageing of amorphous polymers 

affected the mechanical properties and TA content depending on the storage conditions. The extent 

was dependent on the HPMC content. After six months, mechanical properties remained sufficient 

even under accelerated conditions to ensure printability of formulations.  

Changes in TA content were induced by stated processes and likely reflect not true variations. A 

degradation of TA during shelf-life was suspected unlikely. Packaging of filaments in heat-sealed 

impermeable aluminium sachets was found to be beneficial to keep the initial quality of filaments. 
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3.3 Development of an Appropriate Dissolution Method for Long-

term Dissolution Studies of 3D-printed Implants 

3.3.1 Introduction and Objectives 

The final goal of the thesis is the development of customizable implants based on the concept 

presented in section 3.1.2. The assessment of drug release of implants with different printed inlay 

networks over several months is therefore essential. A suitable analytical method is obligatory, 

enabling a precise TA quantification during extended-release studies, even after frequent medium 

change due to the low solubility of TA.  

As glucocorticoids tend to degrade in aqueous dissolution media [207, 208], TA stability in the 

medium and dosage form must be guaranteed to ensure reliable and reproducible results during 

long-term studies. Hence, optimized conditions by testing different dissolution media and a protocol 

for the analytical conduction of drug release supposed to be implemented thereby. 

In the Ph. Eur. and USP, no specified and standardized compendial dissolution method for the 

analysis of long-acting implants is described. Due to the high variability of parenteral depot DDS 

the establishment of standard methods remains challenging [209]. The assessment of in vitro drug 

release performance is crucial for quality control and discriminative analysis during product 

development [66, 210]. The high volume of the established apparatuses and the prevalent 

hydrodynamics limit an in vivo estimation. Commonly used techniques described in the literature 

are the so called “sample and separate” technique, USP apparatus IV (flow-through cell) and 

dialysis [211].  

To assess the release kinetic of different 3D-printed implants, a suitable dissolution set-up covering 

a reduced volume, as present in the articular cavity, under sink conditions was aimed at. In addition, 

multiple different 3D-printed implants shall be investigated simultaneously, limiting the available 

options. Therefore, the chapter deals with the development of an appropriate “sample and separate” 

dissolution method meeting predefined requirements for the discriminative analysis of the different 

designed customizable TA-loaded 3D-printed implant network structures. A biorelevant dissolution 

set-up was not aimed at. 

3.3.2 Analytical Development of an Appropriate Determination of Drug 

Concentration during Long-Term Release Studies of Implants 

3.3.2.1 Preliminary Experiments 

The driver of the TA stability studies in different dissolution media were the results of preliminary 

solubility experiments to maintain sink conditions throughout planned long-term dissolution 

studies. Therefore, solubility studies in the frequently used PBS at a tissue pH of 7.4 were performed 

at three different temperatures (37, 47 and 57 °C; refer to section 5.5.18). The TA concentration 
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was determined UV-spectroscopically and stopped after 29 days as no equilibrium at higher 

temperatures was reached (Figure 53, left). Although at 37 °C a steady state was achieved with 

34.23 ± 1.08 mg/L, the result was higher compared to values specified in literature for TA (distilled 

water: 25.5 mg/L) [174]. Based on these results a degradation in the dissolution medium was 

hypothesized, although PBS has been commonly used [212-216]. A clarification was required to 

ensure reliable data collection during long-term dissolution studies.  

Several oxidation-induced degradation products are described in the literature. The spontaneous 

transformation occurs predominantly at the C17-side chain of steroid’s basic structure (Figure 53, 

right) [217-219]. As cause, trace metals – derived, e.g., as impurities from the manufacturing, 

extracts or leachable from primary packaging - in the presence of oxygen in buffers, depending on 

composition, pH and ionic strength, were discussed [208, 220]. However, the relevance of 

glucocorticoid decomposition during long-term release studies was not addressed, yet. 

For verification of a potential degradation product formed during storage in PBS, HPLC-analyses 

were conducted (refer to section 5.5.12.3). Therefore, TA was dissolved in PBS and treated for 4 h 

in an ultrasonic bath and subsequently analysed. In the obtained HPLC chromatogram (Figure 54) 

compared to a TA reference sample (t = 0; prepared of ethanolic stock solution diluted in water) 

 

Figure 53. Left: TA solubility in PBS pH 7.4 at different temperatures as function of time (mean ± s, n = 3). 
Right: Chemical structure of TA with highlighted 17- side-chain sensitive for degradation.  

 

Figure 54. HPLC chromatograms of TA solutions (6 µg/mL) after t = 0 (reference, prepared of ethanolic stock-
solution diluted in water) and t = 4 h (dissolved in PBS pH 7.4 and treated in an ultrasonic bath). UV detection at 

241 nm (peak at ~ 1.3 min = solvent injection).  
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next to the TA peak (retention time (tR) = 6.2 min) an additional peak at 4.6 min was detected. 

Hence, a degradation was confirmed.  

TA-17-carboxylic acid and TA 21-aldehyde hydrate are the most described decomposition products 

in aqueous solution following an oxidative pathway [208, 219-221] (Figure 55). Latter is also 

described in the Ph. Eur. monograph of TA as impurity C [222]. During the planned studies of TA 

release of different 3D-printed implants, the quantification is prone to error if degradation occurs 

simultaneously. Simple UV-spectroscopy is not suitable for this matter. Consequently, systematic 

studies were mandatory to identify and quantify the degradation product to enable complete TA 

recovery during release studies. Further, the assessment of the extent and favouring conditions of 

decomposition was aimed at identifying potentially an improved analytical protocol.  

For peak identification, an aqueous TA sample forced to degradation (treated 4h in an ultrasonic 

bath at 40 °C) was subjected liquid chromatography-mass spectroscopy (LC-MS) analysis (refer to 

section 5.5.17). The degradation product found at tR of 4.6 min was clearly assigned to TA 21-

aldehyde hydrate (impurity C) based on mass (m/z = 451.2). The corresponding chromatograms and 

spectra can be found in the appendix (Figure A3 and Figure A4). To further verify this, impurity C 

was synthesized as described in section 5.7 according to [223], since no pure European Directorate 

for the Quality of Medicines (EDQM) chemical reference standard (CRS) was available for 

additional analysis.  

 

Figure 55. Chemical structures of TA and potential degradation products.  
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Figure 56, shows obtained HPLC chromatograms of a TA (I) and impurity C sample (II), compared 

to TA CRS for system suitability (III; containing TA, impurity C and impurity B (∆-14-TA, Figure 

55) in unspecified concentration). Based on this, the elution order was determined and impurity C 

eluted at tR = 4.6 min, ultimately verifying previous results from LC-MS. The used HPLC method 

was able to detect TA and its main degradation product with sufficient resolution. 

3.3.2.2 Degradation Analysis of Triamcinolone Acetonide in Different Dissolution 

Media 

A partial oxidative degradation of TA to impurity C in PBS and water was confirmed via the 

previously performed analyses. A medium-induced decomposition was therefore suspected. 

Different authors found for several glucocorticoids, including TA, a dependency of the used buffer 

system related to ionic strength, pH and salt concentration [207, 218, 224]. Oesterling et al. [208] 

and Bundgaard and Hansen [221, 225] hypothesized as already mentioned, trace metal 

contaminants as potential cause for prednisolone and hydrocortisone degradation. Buffer systems 

relevant for realistic pharmaceutical application at 37 °C were not examined.  

Therefore, the degradation-extent in PBS compared to other pharmaceutical relevant media at 

pH 7.4 was systematically investigated. It should be examined if improved conditions for 

dissolution studies of the newly developed TA-loaded implants can be found to avoid or reduce 

 

Figure 56. HPLC chromatograms of TA (I), synthesized impurity C (II) dissolved in PBS pH 7.4 (c = 6 µg/mL; 
injection volume 80 µL, UV detection λ = 241 nm) and TA CRS for system suitability in acetonitrile (ACN)/ water 
60/40 V/V (c = 1 mg/mL, injection volume: 20 µL UV detection λ = 254 nm). Peak A = TA, peak B = impurity B 

(∆-14-TA) and peak C = impurity C (TA 21-aldehyde hydrate). 
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decomposition while enabling a precise TA quantification during release studies of DDS over 

several months.  

Results might provide additional value related to analytical set-up development for assessment of 

glucocorticoid-containing parenteral DDS in general.  

 

For the study, TA was stirred in four different media at 37 ± 0.5 °C over 14 days and subsequently 

analysed via HPLC as described in section 5.5.19. The first selected media was the previously used 

PBS. As the degradation to impurity C follows an oxidative pathway, PBS was additionally 

enriched with 0.1 % sodium pyrosulfite (SPS) as antioxidant. This was already a successful 

approach to prevent oxidation in TA-containing ointments [226]. Further, the alkali-based 

trometamol (TRIS) and acidic-based HEPES were included as monographed Ph. Eur. buffers at 

pH 7.4. Although the addition of sodium edetate has been proven to reduce the decomposition of 

glucocorticoids [208, 218], it was not investigated as it is a potent complexing agent. This might be 

problematic with further excipients of implants. Figure 57 shows the measured HPLC 

chromatograms at predefined time points, showing TA degradation took place in all investigated 

media. The TA peak area decreased with progressing storage time while the one of impurity C 

increased. The extent and rate of TA degradation was clearly dependent on the used buffer system 

(Figure 58). In all cases, a first-order decomposition kinetic was determined (Figure 58; 

R2 > 0.9237). The respective first-order constants were calculated (Table 11). 

Table 11. Determined first-order degradation constants of TA in the different investigated dissolution media at 
37 ± 0.5 °C over 14 days. 

Buffer (pH 7.4) kobs (d-1) 

PBS 5.3 x 10-2 

PBS + 0.1 % SPS 2.8 x 10-2 

TRIS 1.1 x 10-2 

HEPES 0.44 x 10-2 

 

The highest degradation was found for the commonly used PBS. In total 83 % of TA degraded 

during the investigation period. After 14 days an additional unidentified degradation product was 

detected (tR = 5.4 min). The degradation progressed fast (kob = 5.3 x 10-2 d-1) and after 4 h already 

only 93 % were recovered, leading to results prone to error, if conventional UV-spectroscopy is 

used. PBS was considered as inappropriate dissolution medium for the investigation of TA-loaded 

implants. The addition of the antioxidant SPS did not lead to satisfying results. Interestingly within 

the first three days, a higher TA-loss was noticed compared to pure PBS samples, although the 

impurity C peak-area was smaller (Figure 57). Potentially, this was caused by incomplete 

solubilization within the first 4 h. Consequently, undissolved TA particles might have been partially 

withdrawn during sampling. However, although the first-order rate of TA degradation decreased by 

the addition of SPS (Table 11), it was not sufficient to maintain TA stability. 
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In TRIS buffer, although the degradation rate was 5-fold reduced (kobs = 1.1 x 10-2 d-1), the 

formation of a second degradation product is unfavourable for a reliable TA quantification. The 

occurred second degradation (tR = 4.8 min) product is likely ∆14-TA (impurity B tR = 5.1 min; 

Figure 55) as the elution order is corresponding to TA CRS for system suitability (Figure 56, III). 

As TRIS represents a base, a deprotonation at position 14 is probable, although tR is slightly shifted.  

The TA degradation was most prevented in HEPES buffer, reflected in a more than 10-times 

reduced kobs-value of 0.44 x 10-2 d-1 and a TA recovery of 94.99 ± 0.96 % within the first three days 

 

Figure 57. Exemplary HPLC chromatograms of TA dissolved in different pharmaceutical relevant media of 
pH 7.4 at 37 °C after 1, 7 and 14 days (UV detection at 241 nm). The red box marks the peak of degradation 

products and the green box marks TA. 
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(Figure 58A). After seven days still 91.2 % remained. Considering that during dissolution studies 

of 3D-printed implants TA will be constantly dissolved, the results in HEPES were positive.  

The root cause analysis for the increased stability in HEPES compared to the other investigated 

buffer was not performed and is not completely understood. However, it seems conceivable that the 

acid-based buffer shows a stabilizing effect, while PBS provokes degradation. Another assumption 

is that less trace metals are present in HEPES, which are known to catalyse oxidative degradation 

of glucocorticoids [208, 218, 224]. A verification of this hypothesis was not in the scope of this 

work, nevertheless studies of trace metal contents in pharmaceutical relevant buffers are desirable. 

Based on these results, HEPES buffer was successfully identified as preferred medium for 

dissolution studies of TA-loaded DDS. The results might be also valuable for the analysis of 

glucocorticoids in general. A medium change of at least once a week is not only important to ensure 

sink conditions, but also to prevent accumulation of formed impurity C and potential further 

degradation products.  

3.3.2.3 Identification of a Drug Release Study Protocol 

Although the stability of TA was successfully improved in HEPES, a precise quantification next to 

simultaneous proceeding degradation to impurity C was inevitable and must be monitored. Based 

on the first results of the preliminary solubility experiment and the structural similarity, a 

quantification based on the extinction coefficient appeared reasonable to avoid elaborated analysis.  

Therefore, the extinction coefficient (𝐴ଵ௖௠
ଵ% ) of TA and the synthesized impurity C was determined 

via UV-spectroscopy as described in section 5.5.21 at 241nm. Coefficients of 341 ± 4 and 

316 ± 1 were found, respectively. Values deviated by 8 %, but summation of both peak areas 

determined via HPLC for precise recovery of released API during dissolution studies of 3D-printed 

implants appeared reasonable.  

To test if this method allows a complete recovery, the calculation of dissolved TA based on peak 

summation of TA and impurity C was performed for PBS and HEPES (Figure 59A and B). In PBS, 

acceptable results were only obtained within the first two days of the investigation period compared 

 

Figure 58. A = TA degradation as function of time in different investigated pharmaceutical relevant buffer 
systems (n = 3, mean ± s); B = corresponding first-order plots. 
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to the initially measured percentage (Figure 59A; T0.17 = 94.77 ± 1.43 %; T1 = 93.81 ± 2.5 %; 

T2 = 93.86 ± 2.56 %). Already after three days no trustworthy data can be collected with the applied 

method, as recovery was only 90.38 ± 2.95 %. The lower percentage of the first sample (T0.17; 

94.77 ± 1.43 %) might be caused by the removal of undissolved drug while sampling within the 

first 4 h, resulting in an apparent incomplete TA recovery. Reasons for the decrease of TA 

concentration after two days, are likely caused by the high standard deviations of PBS samples and, 

additionally, a second degradation product was formed (section 3.3.2.2). Therefore, the addition of 

peak areas of the drug and its degradation product based on a similar extinction coefficient for PBS 

is not valid. 

For the preferred dissolution medium HEPES, however the sum of the two peak areas without 

additional calibration was acceptable (Figure 59B). Measured TA concentrations varied between 

95.18 ± 0.78 % and 97.85 ± 1.30 % over the investigation period (Figure 59C). Small variations 

occurred potentially as result of the limit of detection (LOD, see section 5.5.12.3), especially if only 

small amounts of impurity C were formed. For example, 100 % TA were not recovered even for 

the first sample. Additionally, a removal of undissolved particles while sampling within the first 

4 h caused potentially the deviation. However, based on the results, a reliable TA recovery during 

drug release studies of 3D-printed implants for discriminative analysis of different samples with 

HEPES as favoured medium next to ongoing, unavoidable degradation is enabled.  

 

 

Figure 59. Sum of normalized area of impurity C and TA for each sampling time point (n = 3, mean) dissolved 
in A = PBS and B = HEPES, both pH = 7.4. C = Recovery of TA [%] calculated as sum of TA and impurity C in 

HEPES (n = 3, mean ± s).  
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As result of the new insights, including the identification of HEPES as favoured dissolution 

medium, an optimized dissolution protocol was developed. Although the degradation of TA takes 

place at an isosbestic point, an HPLC-based quantification of drug release compared to a simple 

UV-spectroscopic determination is the method of choice and was validated for this purpose (see 

section 5.5.12.3). The acceptance by health authorities to calculate the sum of TA and its 

degradation product is potentially not given without sufficient monitoring and specification of the 

amount of formed degradation product. Also, during long-term studies, the API might tend to other 

degradation reactions, e.g., to TA 17- carboxylic acid (Figure 55), especially at higher temperatures 

take place. This was potentially the reason why in the preliminary experiments at 47 °C and 57 °C 

no equilibrium was achieved (Figure 53). As consequence of the identified degradation, an 

acceleration of drug release studies based on the Arrhenius equation at higher temperatures was not 

possible as commonly performed [209]. 

To maintain sink  

conditions, the TA solubility experiments in HEPES at 37 °C were repeated using the sum of TA 

and impurity C as described previously. The equilibrium was achieved faster and values of 

20.27 ± 0.41 mg/L were measured, which are in accordance with the literature [159, 174] (Figure 

60). Based on these results a concentration of 6 mg/L must be not exceeded to maintain sink 

conditions and to ensure that data reflects drug release performance of the dosage form [227]. 

For both, reliable TA quantification and the maintenance of sink conditions a regular medium 

change at least every three days (depending on the proceeding) was selected. 

As TA is not dissolved but mainly suspended within the polymer matrix, a degradation within the 

3D-printed TA-loaded implant is unlikely. A superimposition of in-matrix degradation and drug 

release kinetic was therefore considered as improbable and does not affect collected data.  

The presented analytical protocol was used for the hereafter described discriminative analysis of 

TA release of different designed implant structures.  

 

Figure 60. TA solubility in HEPES buffer at 37 °C as function of time (n = 3, mean ± s). 
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3.3.3 Set-up Development of a Dissolution Method for Implants 

After the analytical method development was accomplished, the next step of the work package 

contained the development of an appropriate dissolution set-up for long-term drug release of 3D-

printed implants. Different requirements for this purpose were identified and are described in the 

following. One goal was to consider a reduced volume of dissolution medium during release studies 

for two different reasons. First, a low volume was decisive to achieve a measurable TA 

concentration of the poorly soluble API released from a highly release-retarding matrix as present 

in the developed formulation [113]. Secondly, an approximation to more biorelevant volume shall 

be provided, as the potential application of the customizable TA-loaded implant supposed to be 

osteo and rheumatoid arthritis. The targeted location is amongst others the knee joint.  

The present synovial fluid in healthy adults is typically below 10 mL, while in inflammatory state 

25 up to 70 mL were measured [228]. The poor solubility of the API limits the possible volume 

reduction during in vitro dissolution studies for analytical reasons. A volume reduction below 

10 mL was considered as not suitable. However, a volume of 50 mL means still an improved 

adaption and is representative for chronically affected, inflammatory knee joints and was therefore 

selected.  

The main goal of long-term release studies was the discriminative investigation of the opportunities 

of 3D-printing to modify and model the drug release from parenteral dosage forms, rather than 

establish a biorelevant dissolution method. Therefore, the maintenance of sink conditions 

recommended by the Pharmacopoeia was aimed at for the analysis of the dissolution behaviour of 

developed dosage forms [227]. Although the flow-through apparatus has been recommended in the 

guidelines on dissolution/ in vitro release testing of novel/special dosage forms by the American 

Association of Pharmaceutical Scientists [229, 230], it was decided to develop a set-up facilitating 

multiple simultaneous analyses based on the “sample and separate” approach. As an automatic 

sampling was not possible, a manual procedure was mandatory, followed by TA quantification as 

previously described (section 3.3.2.3). 

Based on the requirements, a set-up as schematically illustrated in Figure 61 was developed. The 

dissolution chamber is equipped with a self-developed sample holder to ensure a constant distance 

to the bottom of the flask and a stirrer (Figure 61A). The implant is fixed on the sample holder in 

vertical upright position to ensure uniform perfusion and avoid floating during studies. Thereby, 

little hydrodynamics, while simultaneously enabling air escape should be allowed. Hence, the 

investigation of the implants over several weeks in a reduced volume under standardized, 

reproducible conditions is possible.  

For comparison purposes, filaments shall be subjected to analogue analysis. Therefore, self-

designed baskets were produced via 3D-printing as depicted in Figure 61A (black). The flasks are 

then inserted in a water bath, which is placed on a multi-position stirrer plate (Figure 61B). 
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The temperature will be set via a thermostat. Using this set-up, a simple, reproducible analysis of 

several different 3D-printed implant networks at reduced volume was enabled and used for the 

investigations described in section 3.4.4.  

3.3.4 Suitability of Developed Dissolution Method 

To evaluate if the developed dissolution method is suitable for a discriminative and reproducible 

analysis, the drug release profiles of two different two-compartment TA-loaded implant prototypes 

according to the concept described in section 3.1.2 and the TA-loaded filament F12 (HPMC 25 %) 

have been compared. The chosen implants for this purpose varied just in the strand width of the 

TA-loaded network with either 0.4 mm or 0.8 mm (Figure 62). The distance between the printed 

strands (quadratic pore size) was 0.4 mm in both cases. The drug-loaded network inlay (printed 

with filament F12) was surrounded by a drug-free shell (printed with filament F6). The exact 

implant dimensions can be found in (Table 12, section 3.4.2).  

 

Figure 61. Schematic depiction of developed dissolution set-up for long-term dissolutions studies for parenteral 
DDS. A = Dissolution chamber set-up equipped with in-house built sample holder for parenteral DDS and 3D-

printed filament basket (black). B = Dissolution set-up for multi-sample drug release analysis. 

 

Figure 62. Picture of tested implant prototypes. Left: TA-loaded network with a strand width of 0.4 mm and a 
pore size of 0.4 mm; right: TA-loaded network with a strand width of 0.8 mm and a pore size of 0.4 mm. 
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The procedure of printing of implants and the concept to modify systematically the drug release are 

described in detail in the following section 3.4. Implants and filaments (three sections á 2.5 cm per 

sample) were subjected to an exemplary drug release study using the developed dissolution set-up, 

analytical method and protocol as described before (in sections 3.3.2.3 and 3.3.3). Studies were 

performed in 50-75 mL HEPES buffer at pH 7.4 at 37 ± 0.5 °C (n = 3) over three months. The 

lowest settable stirring speed of 200 rpm was applied. The released TA amount was quantified using 

HPLC (UV detection at 241 nm). The exact experimental conditions are described in section 

5.5.22.3. 

In Figure 63, the absolute cumulative TA release profiles are displayed as single curves (left) and 

averaged curves (right). The data demonstrated that a discriminative analysis between implant 

prototypes with different network strand widths and filaments are possible. The low variation of 

individual measurements indicates a reproducible determination of drug release. The standard 

deviation for later time points (> 5 d) is below the acceptance criteria of 10 % during method 

development set by the USP 35 “General information/ (1092) The dissolution procedure: 

development and validation”. It must be emphasized that stated requirements are not standardized 

for implants but solid oral dosage forms. Specifications for long-term studies are desirable in the 

future.  

The slightly higher variations for the implant prototype with a strand width of 0.4 mm are most 

likely caused by the dosage form itself as the standard deviation of the other prototype and filament 

are considerably lower. The developed dissolution method and protocol is therefore considered 

suitable to analyse reliably the long-term TA release of different implant designs as described 

hereafter (section 3.4.4). 

 

Figure 63. In vitro dissolution profiles of implant prototypes with a network strand width of either 0.4 mm or 
0.8 mm and TA-loaded filaments F12 (n = 3) using the developed dissolution method. 

Left: single curves; right: mean ± s. 
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3.3.5 Summary 

In this chapter, the development of an appropriate dissolution method, including analytical and set-

up development for the analysis of different 3D-printed customizable implant networks was 

presented.  

In a first step, a degradation product of the glucocorticoid was observed, which was successfully 

identified as impurity C (TA 21-aldehyde hydrate) in the commonly used PBS. In a systematic 

analysis of different dissolution media (PBS, PBS + 0.1 % SPS, TRIS and HEPES pH 7.4), a 

dependency on the used buffer system was found. PBS was classified as inappropriate for the model 

drug showing the highest degradation rate. HEPES however, showed a 10-fold reduced degradation 

rate and was therefore identified as favoured medium for the long-term dissolution studies described 

in section 3.4.4. The results revealed a high analytical and practical relevance, as a disregard of the 

findings lead to release data prone to error. Selecting the right medium, preforming frequent 

medium changes and a stability-indicating method is mandatory for a precise and discriminative 

TA release analysis. An HPLC assay is essential to monitor and quantify TA for this purpose.  

Based on the extinction coefficient, a simplified TA recovery to simultaneously proceeding 

oxidative degradation to impurity C was established. Optimized dissolution conditions could be 

provided for TA-loaded parenteral dosage forms. The gained knowledge is potentially relevant and 

transferable to other glucocorticoid-containing DDS, simplifying analytical development. 

After the successful establishment of an analytical procedure, a “sample and separate” set-up was 

developed including predefined requirements. An approach for long-term drug release studies under 

controlled conditions at reduced volume was provided. The set-up enabled a simultaneous analysis 

of multiple implants over several months as presented in section 3.4.4.  

It has been demonstrated that the developed dissolution set-up, the analytical method and 

established protocol enables a discriminative and reproducible drug release analysis of different 

3D-printed implant designs. 
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3.4 Modification and Modelling of Triamcinolone Acetonide Release 

from 3D-Printed Implants 

3.4.1 Introduction and Objectives 

The final goal of the thesis was the development of a rational approach to modify and model the 

sustained drug release from 3D-printed implants. 

A target TA release of approximately three months was aimed at justifying minimal numbers of 

surgeries while optimizing therapy efficiency. An innovative modular implant concept should be 

provided to show the ability of the individualization degree related to drug release and shape as 

presented in section 3.1.2. By changing the drug-loaded inlay systematically, the opportunities to 

modify the drug release via 3D-printing should be examined. Ultimately, a prediction of the drug 

release shall be enabled based on the gained knowledge, to lower the expenditure of analytics and 

time, while simplifying individualization.  

Hospitals and community pharmacies do not have the options to conduct such analyses. They have 

neither the equipment nor the time to print and analyze the required sample size in a long-term 

analysis of individualized printed parenteral DDS. Consequently, the gained knowledge makes the 

approach potentially suitable for daily use. This would be an enormous benefit to safe time during 

development and quality assurance of newly printed implants or comparable dosage forms. 

 

Several authors have already studied the influence of the infill density for either dose adjustment or 

drug release analysis mainly for 3D-printed oral DDS [26, 58, 145, 231, 232]. The infill density 

specified as fill percentage is easily controlled via the slicer software. However, this approach has 

certain limitations. First, the degree of freedom is reduced, as the printed strand width is determined 

by the nozzle-diameter and printing speed within one object. Only the distance between the strands 

can be changed by changing the infill percentage as exemplarily depicted in Figure 64. 

Secondly, a discontinuous printing of the strands to enable a real network is not possible (Figure 

64). Double strands at the edges can therefore not be avoided. Depending on the object size and 

selected infill percentage edge effects occur, meaning the distance to the shell is not always the 

same, influencing medium flow-through and complicating drug release estimation [35]. Korte and 

Quodbach used this approach for prediction purposes [35]. Due to the mentioned limitations, drug 

 

Figure 64. Variation of infill density [%] via the slicing software. Orange strands represent the required shell 
and the red strands the different networks. 



94 Results and Discussion
 

 

release prediction was only possible based on linear inter- and extrapolation. This approach is 

therefore not applicable to printed structures not based on varying infill densities. 

To overcome the stated constraints, a CAD software was used to design different drug-loaded 3D-

printed objects generating a high degree of freedom for the modification of the drug release. In 

literature already different structures like mesh geometries and different channel diameter/ pore 

sizes were investigated to accelerate and modify the drug release [36, 233-237]. However, a 

unidirectional drug release in combination with prediction of drug release enabling shape, dose and 

drug release simultaneously was not reported.  

In this study the different published approaches were combined to enable a predictable and 

controllable unidirectional, sustained release of TA-loaded implants. Using dual-printing, a 

simultaneous printing of the drug-free shell for the unidirectional drug release and the drug-loaded 

network shall be enabled. Different network structures of the drug-loaded inlay were created using 

two degrees of freedom - the strand width and pore size - to investigate systematically the drug 

release modification range/ design space of the concept.  

3.4.2 A Modular Implant Concept Via CAD for Modifying the Drug Release 

In this section the design development of the modular implant presented in section 3.1.2. in terms 

of the drug-loaded inlay is evaluated in detail.  

As reminder, the implant consists of a drug-free shape-adjustable part and a drug-loaded inlay to 

model the dose and/ or the drug release. Consequently, the degree of individualization is highly 

increased. The drug-free part enables an adaption to the individual anatomy. Additionally, a 

unidirectional drug release is aspired to reduce potential side effects of the glucocorticoid. 

To model the TA release, the idea for the drug-loaded part was to create an adaptable network 

structure via CAD with a 90-degree arrangement of each strand layer. Two degrees of freedom were 

identified to investigate the opportunities of drug release modification via 3D-printing: the strand 

width and pore size. These were varied systematically. Thereby either the diffusion path of TA 

along the matrix or the introduction of dissolution media between the network strands were 

influenced. Latter is important to investigate the impact of drug diffusion into the medium, which 

should not be the rate-limiting step. Ultimately, the optimal strand-width-pore-size combination 

supposed to be examined to modify the drug release using the benefits of 3D-printing for 

customizable drug-loaded implants.  

As result of the preliminary dissolution studies, filament formulations and the estimation based on 

Higuchi (section 3.1.5.3.6), the TA release must be distinctly accelerated to achieve the targeted 

delivery over three months. An increase of the drug-releasing surface area was therefore aimed at 

by the reduction of the network strand diameter compared to the filament diameter of ~ 1.7 mm. 
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Figure 65 shows the 3D-CAD models designed with the software Inventor® Professional 2019. A 

colour code was used for the respective strand width to improve the presentation and overview of 

the results. During the design development, preliminary printing experiments revealed that the 

smallest printable strand width for the developed formulations is 0.4 mm. To design the network 

structure of the implant-inlay 0.4 mm (red) and multiples of it with 0.8 (blue) and 1.2 mm (green) 

as strand widths were considered. Each strand width was combined with three pore sizes in x, y-

direction: 0.4, 0.8 and 1.2 mm, resulting in nine different TA-loaded networks. The pore size in z-

direction (Figure 65, III) was fixed by the strand width. A quadratic form of the implant was chosen 

for simplification. The object size of the network (x, y) was planned for each strand width according 

to the following equations (7): 

Pore size 0.4 mm:  b = 𝑥𝑐 + 𝑎 (𝑐 + 1) 

(7) Pore size 0.8 mm:  b = 𝑥𝑑 + 2𝑎 (𝑑 + 1) 

Pore size 1.2 mm: b = 𝑥𝑓 + 3𝑎 (𝑓 + 1) 
 

Where b represents the size of the total drug-loaded part in x and y direction, 𝑥 the strand width, c, 

d and f the number of respective strands and 𝑎 the lowest pore size. The term (c/d/f + 1) 

characterizes the number of pores. The size of the drug-loaded part with a strand width of 0.8 and 

1.2 mm varied slightly since comparable dimensions for the nine inlays were targeted. 

Additionally, the size was limited by the opening of the dissolution vessel. The exact network 

dimensions can be taken from Table 12. The height of the objects was chosen to enable a minimum 

dose of 13 mg TA for the lightest inlay (0.4 x 1.2 mm).  

 

Figure 65. Drug-loaded network inlays designed via CAD software to modify the TA-drug release. I = 3D-CAD 
model; II = top-view; III = side view (z-direction). Strand width: 0.4 mm (red), 0.8 mm (blue) and 1.2 mm 

(green) were combined with a pore size of 0.4 mm (A), 0.8 mm (B) and 1.2 mm (C), respectively. 
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Table 12. Terminology and dimensions of the 9 designed drug-loaded network inlays. 

Implant 
No. 

Implant terminology 
(strand width x pore 

size) 

Strand width 
[mm] 

Pore size x,y 
[mm] 

Pore size z 
[mm] 

Network size 
l x w x h  

[mm] 

1 0.4 x 0.4 0.4 0.4 0.4 14.0 x 14.0 x 3.2 

2 0.4 x 0.8 0.4 0.8 0.4 14.0 x 14.0 x 3.2 

3 0.4 x 1.2 0.4 1.2 0.4 14.0 x 14.0 x 3.2 

4 0.8 x 0.4 0.8 0.4 0.8 14.8 x 14.8 x 3.2 

5 0.8 x 0.8 0.8 0.8 0.8 15.2 x 15.2 x 3.2 

6 0.8 x 1.2 0.8 1.2 0.8 15.2 x 15.2 x 3.2 

7 1.2 x 0.4 1.2 0.4 1.2 13.2 x 13.2 x 3.6 

8 1.2 x 0.8 1.2 0.8 1.2 12.8 x 12.8 x 3.6 

9 1.2 x 1.2 1.2 1.2 1.2 13.2 x 13.2 x 3.6 

 

To enable a unidirectional drug release the inlay was embedded into an impermeable EC shell 

covering five sites as depicted in Figure 66. The shell thickness was 1.2 mm for all objects. The 

distance between shell and printed strands was the same as the pore size to reduce additional 

boundary effects and enable uniform circulation of medium. As further degree of freedom the dose 

can be optionally adapted by changing the size and the height of the implant but was not considered 

in this work. The influence on drug release, especially due to the unidirectional TA release must be 

investigated in future studies. 

 

Figure 66. Technical drawing of the modular implant concept, consisting of the drug-free shell (grey) and the 
drug-loaded network (red).  
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3.4.3 3D-Printing of Different Implant Designs  

3.4.3.1 Production of Two-Component Implants via 3D-Printing 

In the next step, a 3D-printing process for the designed two-compartment implants was established 

using the developed EC-based formulations (refer to section 3.1). For the drug-loaded network part, 

filament formulation F12 (TA 10 %, HPMC 25 %) was selected (section 3.1.5.3.5), showing the 

most promising drug release properties. For the shape adaptable part, the drug-free formulation F6 

was used. It was examined if dual printing of shell and inlay with the developed filament 

formulations is possible with sufficient quality. In preliminary experiments, slicing and print 

settings were determined and can be found in section 5.3.3. 

3D-printing of the implants was done with a multiple material unit (MMU, automatic filament 

changer), enabling dual-printing and, consequently, a simultaneous layer-wise printing of shell and 

network. Although the 3D-printer used consisted only of one print-head, it is possible to print with 

up to five different filaments. 

The MMU can swap the filament automatically using a simple mechanical system, localized on the 

top of the printer. It is connected via a filament guide tube to the print-head. Via a horizontally 

moving selector, filaments can be easily changed using motor drivers and a sensor. However, to 

prevent cross-contamination after the filament changes in each layer, a so-called ooze shield was 

printed around each implant (Figure 67).  

As depicted in Figure 68, all nine designed implants were printable with a satisfactory resolution 

and dual printing worked properly. Filaments produced with the optimized HME extrusion settings 

(refer to section 3.2.4) showed acceptable diameter variations to enable homogenous prints 

(F6 = 1.713 ± 0.026 mm and F12 = 1.719 mm ± 0.019 mm). The creation of such sophisticated 

structures is hardly possible with conservative pharmaceutical manufacturing processes for 

implants, e.g., HME or injection moulding [10].The printing time of the implants varied between 

50 to 70 min. The rate-limiting step was the printing of the ooze-shield and the duration of the 

 

Figure 67. Picture of the 3D-printing process of a two-component implant with ooze shield. 
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filament change at each layer. This requires additional printing time and material. To circumvent 

this aspect, a 3D-printer consisting of two print-heads could be used, which has a comparable 

printing precision as the one used in the presented work. By that, a time-consuming filament change 

and the hazard of cross-contamination can be avoided.  

3.4.3.2 Physical Properties of 3D-Printed Implants 

After successful 3D-printing of implants the physical properties were determined. Implants with a 

mass variation below 2.5 % (n = 3) were obtained, indicating a good mass uniformity. For all 

implants the same filaments (F6 and F12) were used. Consequently, the mass increased with 

increasing strand width and decreasing pore size. To determine the actual mass of the respective 

drug-loaded part, the corresponding shells were printed individually (n = 10) and the average 

weight was subtracted from the total implant mass as described in section 5.5.14. All variations are 

therefore assumed to stem from the drug-loaded network structure. Masses of the TA-loaded part 

between 146 and 517 mg were realized, resulting in clinically relevant TA dosages between 13 and 

46 mg (Figure 69). As the dimensions were slightly different for the implants with 0.8 and 1.2 mm 

strand width depending on the strand-width-pore-size combinations (Table 12), only for implants 

0.4 x 0.4 a linear correlation of the mass was found (R2 = 0.998, Figure 69). Results showed the 

feasibility of simplified dose adjustment via 3D-printing without changing formulation 

compositions. 

 

Figure 68. Overview of 3D-printed implants, consisting of the drug-free impermeable shell and the TA-loaded 
network inlay with varying strand width and pore size. I = 3D-CAD model of the network; II = pictures of 

printed implants with strand widths of 0.4 (red), 0.8 (blue) and 1.2 (green) mm combined with a pore size of 
0.4 mm (A), 0.8 mm (B) and 1.2 mm (C), respectively. 
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In addition, 3D-printed dosage forms were subjected to X-ray microcomputed tomography to 

visualize the true structure of the implants. Exemplary obtained images are depicted for each strand 

width in Figure 70. The selected layer height during printing was 0.2 mm for all implants to obtain 

in each case an approximate quadratic macrostructure of the network strands. As the printed single 

strand is limited by the nozzle diameter (0.4 mm), one network strand of 0.4 mm consisted of two 

printed layers (á 0.2 mm) and one extruded branch (Figure 70b), while the strand of 0.8 mm 

consisted of four layers (á 0.2 mm) and two printed branches (Figure 70c) and 1.2 mm analogously 

of six printed layers (á 0.2 mm) and three printed branches (Figure 70d). Thus, the real strand shape 

deviated from an ideal quadratic one. The strands not in contact with the shell (outer edges and 

implant bottom) were fully surrounded by air beside the contact points with the next network layer 

(Figure 70d).  

 

Figure 69. Mass against pore size of the 3D-printed drug-loaded implant inlays for the respective strand width of 
the network (n = 3; mean ± s). 

 

Figure 70. Reconstructed X-ray images of 3D-printed implants. (a) total implant (shell + network; 0.8 x 0.8 mm). 
(b) drug-loaded network 0.4 x 0.4 mm. (c) drug-loaded network 0.8 x 0.8 mm. (d) drug-loaded network 1.2 x 

1.2 mm. 
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X-ray computed tomography was additionally used to determine the true surface area available for 

drug release of the TA-loaded network by subtracting areas in contact with the shell as described 

in detail in section 5.5.16. Results for the surface area can be found in Table 13. Due to the surface 

roughness as cause of the printing process and contact points at the edges close to the shell, the true 

surface area deviated from the calculated one. In addition, the strand width deviated slightly from 

the set one. For a pore size of 0.4 mm, the surface area was in all cases lower. It was hypothesized 

that weight from the upper layers resulted in flattening of the subjacent layer. Due the low pore 

size, which was distinctly influenced by this circumstance, the area was lower than expected. For 

the other pore sizes this effect at the contact points was negligible and due to the surface roughness, 

the surface area was increased compared to the calculated one. However, as expected, the surface 

area decreased with increasing strand width or decreasing pore size. The implant 0.4 x 0.4 showed 

the highest surface area while the implant 1.2 x 1.2 showed the lowest one.  

The implants with 0.8-mm strand width were an exception. The true surface area of the implant 

0.8 x 0.8 was larger than for 08 x 0.4, although in theory, it should be the other way around, caused 

by the mentioned reasons (Table 13). For the implants 0.4 x 1.2 and 0.8 x 1.2 interestingly the same 

true surface area was found.  

For comparison purposes three filaments with a length of 2.5 cm and a diameter of 1.75 mm 

(~ 20 mg TA) have a theoretical surface area of 3.75 cm2. Consequently, a 2- to 5-fold surface 

enlargement was achieved. As the contact areas with the impermeable shell increased with 

increasing strand width and the objects had a slight varying dimension (Table 12) linear fitting was 

not applicable.  

Table 13. Calculated and true drug-releasing surface area (A) and specific surface area (SSA) of TA-loaded 
network of implants (n = 1). 

 Implant  
Strand width 
[mm] 

0.4 0.4 0.4 0.8 0.8 0.8 1.2 1.2 1.2 

Pore size 
[mm] 

0.4 0.8 1.2 0.4 0.8 1.2 0.4 0.8 1.2 

Acal [cm2] 23.02 16.93 12.45 15.78 13.31 10.89 10.25 8.06 7.27 

Atrue [cm2] 20.54 18.54 13.08 12.95 15.30 13.08 9.80 8.69 7.91 

Atrue/ Acal [-] 0.89 1.10 1.05 0.82 1.15 1.20 0.96 1.08 1.09 

SSA [cm2/g] 62.6 83.5 89.3 25.0 39.7 48.1 19.9 25.4 25.0 

3.4.4 Long-term Dissolution Studies of 3D-Printed Drug-Loaded Implants 

3D-printed implants were subjected to in vitro long-term dissolution studies (n = 3). Thereby the 

influence of the different created networks on the TA release behaviour was investigated.  

The self-developed set-up, study protocol and analytical method presented in section 3.3.2 and 3.3.3 

were used. Tests were performed in 50-75 mL HEPES buffer at pH 7.4 at 37 ± 0.5 °C and the lowest 
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settable stirring speed of 200 rpm was applied (section 5.5.22.3). Quantification was done using 

HPLC (UV detection at 241 nm).  

In Figure 71, the drug release profiles of the nine different network structures compared to filaments 

(Ø 1.72 mm) are illustrated. In the following, the dissolution behaviour is discussed and the 

analyses of the dissolution kinetic will be performed afterwards (section 3.4.5). The non-erodible 

EC-matrix stayed intact over the whole investigation period, as expected. Initially for all DDS a 

prolonged burst effect was observed, due to TA present on the matrix surface. After approximately 

five days the drug release rate decreased distinctly. A fast release at the beginning of therapy might 

be beneficial to relieve inflammatory associated pain promptly to improve patient conditions.  

Depending on the strand width and pore size, a different release performance was observed, 

showing a big degree of individualization and adaptability. The TA release could be varied from 20 

to 80 % within three months, using the same starting material (Figure 71). This was only true 

considering the relative drug release as the absolute TA dose varied depending on the strand-width-

pore-size combination. 

Implants with higher strand width tended to release TA slower compared to DDS with a smaller 

strand width as expected (Figure 71a, Figure 74) as diffusion path lengths were increased. The 

relative drug release from the implants was in the order according to their specific surface area 

(Table 13). Interestingly, the drug release of the filament (Ø 1.72 mm) showed a drug release 

behaviour comparable to implants with a strand width of 0.8 mm, although the specific surface area 

 

Figure 71. In vitro drug release of TA-loaded implants with different strand widths (first number) and varying 
pore size (second number) over three months (n = 3, mean ± s). (a) depicts the overview of the nine different 

implants, (b) implants with a strand width of 0.4 mm, (c) 0.8 mm and (d) 1.2 mm in comparison to the filament. 
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was considerably lower (~ 18 cm2/g). This indicates the strong influence of the shell and the 

resulting unidirectional drug release. Additionally, the pore size might affect drug diffusion due to 

a local saturation within the pores.  

The absolute released TA amount was increased compared to the filaments as intended, except for 

the implant 1.2 x 0.4 within three months (Figure 72). The extent of acceleration was limited due 

to the unidirectional drug release. Nevertheless, a successful TA release variation between 

8.58 ± 1.38 mg (1.2 x 0.4) and 21.93 mg ± 1.31 mg (0.4 x 0.4) was achieved, covering the 

clinically relevant dosages, depending on the severity of systems and joint sizes [114]. 

Different factors like surface area, diffusion path length, pore size and resulting ability of medium 

perfusion, as well as unidirectional liberation, have influenced the drug release simultaneously. The 

drug release was primarily driven by the drug-releasing surface area as expected. A pore size of 

0.4 mm showed a strong influence of the drug release as depicted for the implants 0.8 x 0.4 and 

1.2 x 0.4. The drug release was reduced although the surface area was higher (Table 13). Up to 

0.8 mm pore size the influence of the drug diffusion into the medium seemed to be negligible and 

is not rate-controlling. This was not the case for implants with a 0.4-mm strand width, potentially 

caused by a higher influence of the incorporated pore former HPMC. At a low strand width, the 

pore formation and reduced diffusion paths accelerated the TA release in combination with a higher 

specific surface area compared to larger strand widths. Surprisingly the released absolute drug 

amount of the implants 0.4 x 0.8 and 0.4 x 1.2 were lower compared to the 0.8-mm-implants with 

the same pore size although the surface areas were always higher (Table 13), except for 0.4 x 1.2 

(A = 12.08 cm2). Apparently, the pore size of 0.4 mm in z-direction reduced the release rate. With 

the presented approach, it was possible to modify and successfully accelerate the absolute drug 

release of different doses within three months compared to the filament. 

  

Figure 72. Released absolute TA amount [mg] for each implant after 30, 60 and 90 days compared to the 
filament formulation ((n = 3, mean ± s). 
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To enable a comparison to the currently marketed therapy options, a dissolution profile of a TA 

crystal suspension (Volon® A 10-5 mL, n = 3) was measured. The analysis was performed in USP 

apparatus II in 1000 mL HEPES pH 7.4 at 37 ± 0.5 °C with a stirring speed of 100 rpm. 

Experimental settings had to be adapted and a maximum dose of 6 mg was selected to maintain 

sink conditions as a medium change with a suspension was not possible (refer to section 5.5.22.2). 

This enabled a discriminative comparison. The result is depicted in Figure 73. TA crystals of the 

suspension were completely dissolved within 100 min, which was also reported in the literature 

[116, 238]. In the same period, a maximum of 2 % were released from implants. 6 mg TA were 

released between 13 and 40 days depending on the network arrangement. It must be emphasized 

that the in vitro results do not reflect the in vivo conditions in humans, as the residence time in an 

articular cavity is around three days for TA crystal suspensions [117].  

Considering the daily TA concentration, a distinct decrease within the first 30 days for all implants 

was observed, assuming a synovial fluid volume of 50 mL (Figure 74). Implants with lower strand 

widths led to higher initial concentrations. As consequence, the TA concentration within the joint 

cavity might be adapted to the individual patient status. Afterwards the daily concentration-decrease 

slowed down, leading to approximately constant levels between 444 and 2030 ng ∙ mL-1 ∙ d-1 after 

90 days for maintenance treatment. As mentioned in the introduction, next to the TA crystal 

suspension, extended-release microsphere-based formulations were investigated and recently 

  

Figure 73. Dissolution profile of a marketed TA crystal suspension Volon® A (n = 3, mean ± s). 

 

Figure 74. Daily TA release of 3D-printed implants with (a) 0.4 mm, (b) 0.8 mm, (c) 1.2 mm strand width and 
varying pore size (n = 3, mean ± s). Values are normalised to a volume of 50 mL. 
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marketed (Zilretta®) to improve therapy efficiency, as articular residence time is prolonged and TA 

concentrations increased [116, 124, 125]. 

Comparing the data of the 0.8 x 0.8 implants with results of in vivo studies of Kraus et al. [116] of 

TA-loaded PLGA microspheres (FX600), the achieved TA concentrations were considerably higher 

after three months (implant 0.8 x 0.8 = 2158 ng/mL vs. FX 600 = 0.3 ng/mL). 3D-printed implants 

might therefore result in even longer residence times and local concentrations adapted to the patient 

conditions. However, as the synovial clearance was not considered during in vitro studies, a 

bridging to the in vivo data is hardly possible. The systemic absorption, synovial fluid volume, 

composition and other pharmacokinetic relevant conditions influence distinctly the in vivo 

performance [212]. In-vivo-in-vitro correlation are desirable in the future to estimate the 

performance of newly developed DDS in human patients correlated with clinical endpoints.  

With the data collected, it was demonstrated that 3D-printing represents an efficient method for the 

manufacturing of complex, customizable implants, enabling a modification of the drug release. A 

sustained controlled-release was enabled to likely result in a longer residence time within the 

articular cavity applying developed 3D-printed DDS compared to other approaches on the market. 

Thereby the therapy efficiency might be further increased. 

3.4.5 Kinetic Analysis of Dissolution Data 

Based on the preliminary dissolution results of filaments during formulation development (refer to 

section 3.1.5.3.5), a square-root-of-time kinetic was expected also for the implants. To verify the 

assumption obtained dissolution curves were subjected a kinetic analysis according to Korsmeyer’s 

and Peppas’ approach to determine the present release mechanisms based on the diffusional release 

exponent n using Equation (1) described in section 3.1.5.3.5 [179]. 

Table 14 shows the diffusional release exponents n of implants by fitting the drug release data to 

the double logarithmic depiction of Equation (1) (Equation (2), section 3.1.5.3.5). Values > 5 % 

drug release were included to cover the linear range as the drug release of the first days was 

comparatively fast and not representative for the residual drug release behaviour (max. up to 60 % 

drug release). According to Ritger and Peppas a release exponent of n = 0.45 indicates a square-

root-of-time kinetic, while n = 1 proves a zero-order kinetic for cylindrical shaped matrix 

geometries [178, 179].  

Table 14. Data of kinetic analysis of implants fitted to Korsmeyer-Peppas model. 

 Implant  
Strand 
width [mm] 

0.4 0.4 0.4 0.8 0.8 0.8 1.2 1.2 1.2 

Pore size  
[mm] 

0.4 0.8 1.2 0.4 0.8 1.2 0.4 0.8 1.2 

n  
[mean ± s] 

0.76 
± 0.02 

0.69 
± 0.05 

0.54 
± 0.01 

0.66 
± 0.02 

0.68 
± 0.03 

0.60 
± 0.01 

0.65 
± 0.01 

0.59 
± 0.02 

0.58 
± 0.00 

R2 > 0.9933 > 0.9924 > 0.9887 > 0.9952 > 0.9991 > 0.9992 > 0.9986 > 0.9964 > 0.9988 
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For all implants, diffusional coefficients > 0.45 were obtained and varied depending on the pore 

size between 0.58 and 0.70. This indicated an anomalous (non-Fickian) transport  [178]. The 

applicability of the stated thresholds was limited due to the contact points between the strands and 

deviation from a cylindric geometry of printed structures (Figure 70). Although the API was entirely 

suspended in a non-erodible matrix, the assumption of a square-root-of-t-kinetic (diffusion-

controlled) seemed not to be valid for 3D-printed implants. Kinetic deviations to filaments might 

occur by impacts of different appearing factors. First, a uniform perfusion of the medium was likely 

not given at lower pore sizes. This resulted in a slower release and changes in the drug release 

kinetic as already reported by Korte and Quodbach [35]. In addition, the influence of HPMC 

concentration as swellable polymer might have interfered [151]. Likewise, the unidirectional drug 

release showed an impact depending on the strand width. For release modelling and description of 

the obtained release curves different mathematical models are supposed to be fitted.  

3.4.6 Modelling and Prediction of Drug Release  

Drug release studies of long-term parenteral dosage forms are time-consuming, especially in the 

context of quality control and individualized therapy. Often accelerated in vitro release methods 

based on, e.g., temperature, solvent or surfactant addition are used [66]. However, such variables 

might influence and potentially change the drug release mechanism [66, 209]. Mathematical 

modelling is therefore advantageous and was tested for modular implants. Different models in the 

literature are available to describe dissolution curves accordingly [239].  

Based on the matrix properties of the filaments and 3D-printed implants a square-root-of-t-kinetic 

was expected, while the kinetic analysis via Korsmeyer-Peppas (refer to section 3.4.5) indicated an 

anomalous transport. The following mathematical models were selected to fit the obtained 

dissolution data for the implants with varying strand width and pore size (refer to 5.5.24).  

For planar polymer matrix systems with suspended API, as is the case for the novel implants, the 

drug release mechanism can be described with the Higuchi equation, also known as square-root-of- t 

kinetic (Equation (3)) [180, 240].  

To describe anomalous drug release the Peppas-Sahlin equation (Equation (8)) is valid, coupling 

diffusion and relaxation mechanisms [241].  

𝑀௧

𝑀ஶ
ൌ  𝑘ଵ 𝑡௡ ൅  𝑘ଶ 𝑡ଶ௡  (8) 

The first part of the equation describes the Fickian diffusion, while the second term depicts the 

Case-II-transport. 𝑛 is the diffusional release exponent, obtained via the Korsmeyers-Peppas model 

(Equation (1) and (2)). 𝑘ଵ and 𝑘ଶ represent kinetic constants.  

The Weibull equation (Equation (9)) was chosen, as it can be applied to any kind of dissolution 

profile, independent from the underlying physical drug release mechanism [239]. It depicts only an 
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empirical model simply describing the curve, not containing further information about the 

underlying mechanisms.  

𝑐௧ ൌ  1 െ  𝑒
షሺ೟ష೅೔ሻ

್

ೌ   (9) 

The variable 𝑐௧ describes the cumulative drug release at timepoint t. 𝑇௜ is a location parameter in 

case of a lag time (no lag time; 𝑇௜ = 0) and 𝑎 represents a scale parameter defining the time scale of 

the drug release. The shape parameter 𝑏 characterizes the curve (exponential: 𝑏 = 1; sigmoid: 𝑏 > 1; 

parabolic 𝑏 < 1).   

In Table 15, the coefficients of determination (R2) for the respective curve fit are depicted. Values 

until 60 % drug release were considered, as the Higuchi equation is only valid until this limit [242]. 

The Weibull curve fits showed the best results for all implants, followed by the Peppas-Sahlin-

function compared to the Higuchi-model (Figure 75).  

Table 15. Obtained R2 -values for the curve fitting of mathematical models. 

Implant 
No. 

Implant  
(strand width x pore 

size) 

Higuchi Peppas-Sahlin Weibull 

R2 R2 R2 

1 0.4 x 0.4 0.9355 0.9944 0.9994 

2 0.4 x 0.8 0.9567 0.9961 0.9997 

3 0.4 x 1.2 0.9929 0.9977 0.9994 

4 0.8 x 0.4 0.9733 0.9995 0.9998 

5 0.8 x 0.8 0.9818 0.9999 0.9997 

6 0.8 x 1.2 0.9859 0.9994 0.9990 

7 1.2 x 0.4 0.9660 0.9998 0.9998 

8 1.2 x 0.8 0.9900 0.9993 0.9997 

9 1.2 x 1.2 0.9906 0.9998 0.9997 

 

Figure 75. Exemplary fitted dissolution curves for TA-loaded implants (n = 3, mean ± s) using the Weibull (top) 
and Peppas-Sahlin (bottom) function. 
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Windolf et al. [243] used the obtained parameter (Peppas-Sahlin: 𝑘ଵ and 𝑘ଶ; Weibull 𝑎 and 𝑏) from 

fits with both equations to predict successfully dissolution profiles of 3D-printed dosage forms with 

different surface area to volume (A/V) ratio. In the study, DDS with different A/V ratios were 

printed and dissolution profiles were analysed. The dissolution data was used to determine the 

respective unknown variables in dependency of the A/V ratio. For both, the Peppas-Sahlin and the 

Weibull variables, a linear relationship in a common logarithmic depiction was found. Thereby the 

dissolution profiles of oral dosage forms with different A/V were predicted.  

This approach was evaluated for the nine different printed implants to potentially predict the drug 

release. In Figure 76, the logarithmic correlation of the respective constants and the A/V ratio of 

implants are displayed. Neither for the Peppas-Sahlin nor for Weibull function a linear fit was 

obtained. The contact areas within the network and with the shell, as well as unidirectional drug 

release and the associated low hydrodynamics limit most likely the applicability. The correlation 

with the specific surface area or the surface area did not lead to satisfactory results. A drawback of 

this approach is that at least three data sets are required for proper linearization. In addition, the 

prediction based on Peppas-Sahlin presupposes the identical diffusional exponent n for each dosage 

form, which is not the case for the printed implants (Table 14), limiting the applicability. Although 

the presented approach by Windolf et al. is attractive, a drug release prediction of 3D-printed drug-

loaded implants with unidirectional drug release does not appear to be suitable. 

Although the quality of fits was comparably lower (Table 15), the Higuchi model (Equation (3)) 

represents a simple approach to describe the drug releases from non-erodible matrix systems with 

suspended API [180]. The equation was tested to predict the API release from printed implants as 

already evaluated by Korte and Quodbach for printed dosage forms with varying infill density [35]. 

Accordingly, Equation (3) can be simplified as follows:  

 

Figure 76. Logarithmic correlation of the constants k1 and k2 of the Peppas-Sahlin function (a) and constants a 
and b of the Weibull function (b) with the A/V ratio of implants according to [243]. 
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𝐷௞ combines the diffusivity (D) of the API in the polymer, the porosity ε and the tortuosity τ of the 

porous matrix, as well as the initial (C0) and saturation (Cs) concentration. 𝐷௞ was determined as 

slope of the Higuchi-plot (Q against √𝑡) as exemplary depicted in Figure 77 (until 60 % of TA 

release). Q was calculated as quotient of the cumulative absolute TA release 𝑀௧ and the surface 

area of implants determined via X-ray computed tomography (𝑄 ൌ  
ெ೟

஺
ሻ. 

For printing of all implants, filament formulation F12 was used. Hence, it was originally expected 

that 𝐷௞ will be identical if the pore former HPMC does not considerably swell during dissolution 

studies. If HPMC tends to swell, it was expected that with pore sizes of 0.4 mm Dk is smaller, since 

pores are potentially closed, presenting a diffusion barrier and limiting medium perfusion [35].  

In Table 16, the 𝐷௞ for the 3D-printed implants and R2 of linear fits are displayed. The obtained 

results based on the measured surface area via X-ray computed tomography deviated slightly from 

the previously made assumptions. The Dk of implants was only comparable for implants with the 

same strand width and pore sizes ≥ 0.8 mm, indicating an impact of HPMC depending on the strand 

width. The diffusion coefficient (D) is consequently not constant and time-dependent [244]. For 

implants with 0.4 mm pore size and a strand width of 0.4 and 0.8 mm, Dk-values were unexpectedly 

larger (0.4 x 0.4, 0.8 x 0.4). It must be considered that the determination of the surface area was 

only done n = 1 for each implant, leading potentially to deviations from the true Dk. 

In addition, contact areas with the surrounding shell were subtracted manually to determine the TA-

releasing surface area (refer to 5.5.16). The resulted inaccuracy in surface area is larger in case of 

implants with many small surfaces, as the case for strand width with 0.4 and 0.8 mm, compared to 

1.2 mm. This is further supported by the fact that the deviation between the Dks increased for pore 

sizes > 0.4 mm with increasing strand width.  

 

𝑀௧ ൌ  𝐷௞𝐴√𝑡, with 𝐷௞ ൌ
ொ

√௧
  (10) 

 

Figure 77. Exemplary Higuchi-plot of TA release from printed implant 0.8 x 0.8 (n = 3; mean ± s). 
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Table 16. Dk
 of 3D-printed implants obtained from Higuchi-Plots and R2 of linear fits.    

Implant  
(strand width x 

pore size) 

Dk = 
𝑸

√𝒕
  

[mgꞏcm-2ꞏd-0.5] 
based on 

measured A 

Dk = 
𝑸

√𝒕
  

[mgꞏcm-2ꞏd-0.5] 
based on 

theoretical A 

R2 

0.4 x 0.4 0.1401 0.1250 0.9935 

0.4 x 0.8 0,1182 0.1295 0.9977 

0.4 x 1.2 0.1031 0.1083 0.9981 

0.8 x 0.4 0.1460 0.1199 0.9988 

0.8 x 0.8 0.1386 0.1594 0.9993 

0.8 x 1.2 0.1371 0.1647 0.9994 

1.2 x 0.4 0.1005 0.0960 0.9952 

1.2 x 0.8 0.1592 0.1716 0.9997 

1.2 x 1.2 0.1575 0.1713 0.9994 

 

If the theoretically calculated ideal surface area (without considering the surface structure and 

printing unevenness) is taken for the Dk determination, results tend to correspond to previous 

expectations (Table 16), but for pore sizes > 0.4 mm higher Dk-values were obtained. In general, 

the quality of linear fits for 0.4 mm pores were worst, likely due to the low and inhomogeneous 

medium perfusion.  

 

In the following, it was evaluated whether a prediction of TA release is feasible. Due to the 

limitation of the implants with a pore size of 0.4 mm, this data was excluded for prediction. For 

each strand width, the drug release of implants were predicted using Dk of the respective different 

pore size (Table 17).The released API amount was calculated for each time point using the 

respective Dk and the measured or calculated surface area of the drug-loaded network according to 

Equation (10). Obtained values were divided by the total TA content. Values until 60 % drug release 

were used. 

In Figure 78, the results of the observed and predicted dissolution curves of implants are depicted 

using the measured surface area. Although the order of Dk was as previously expected using the 

theoretical surface area, the coefficients derived from measured surface area fitted better to the 

observed drug release data. This is also visible from the root mean squared error of prediction 

(RMSEP) values (Table 17). With decreasing strand width of implants, the deviation between 

observed and predicted values increased. In the study fits with an RMSEP ≤ 5 % were considered 

suitable.  
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The prediction for implants with 0.4 mm strand width is not sufficient in all cases (RMSEP > 5 %). 

The impact of HPMC is relatively higher and the surface area determination is most prone to error.  

Additionally, for these implants the pore size is always 0.4 mm in z-direction (Figure 65III), 

resulting in non-uniform mediums perfusion and consequently a deviating dissolution kinetic. The 

prediction for the implants with a strand width of 0.8 mm and 1.2 mm worked for both pore sizes.  

Table 17. Calculated RMSEP-values of prediction of drug release curves via the Higuchi model.  

Implant  
(strand width x pore size) 

Data set used for 
prediction 

RMSEP 
[%], 

based on 
measured A 

RMSEP 
[%], 

based on 
theoretical A 

0.4 x 0.8 0.4 x 1.2 19.44 18.17 

0.4 x 1.2 0.4 x 0.8 8.24 9.63 

0.8 x 0.8 0.8 x 1.2 4.29 6.31 

0.8 x 1.2 0.8 x 0.8 4.67 3.03 

1.2 x 0.8 1.2 x 1.2 2.32 2.54 

1.2 x 1.2 1.2 x 0.8 2.65 2.44 

 

The lowest RMSEP-values were obtained for drug-loaded networks with a strand width of 1.2 mm 

(2.32 and 2.65 %). Surface changes induced by swelling of HPMC is - relatively seen - less 

pronounced with broader strand widths. Generally, the model is very sensitive. Small changes in 

the fit have a high impact on the predictive performance.  

Based on the results the Higuchi model is a promising and simple approach to predict the drug 

release behaviour of parenteral matrix dosage forms with pores as only one data set per is required. 

  

Figure 78. 8. Observed (n = 3, mean ± s; 37 ± 0.5 °C, 200 rpm, 50-75 mL HEPES pH = 7.4) and predicted 
dissolution curves (dotted line) for printed implants with different strand widths (first number; 0.4 mm = red; 

0.8 mm = blue and 1.2 mm = green) with varying pore size (second number). Predictions are based on the 
surface area measured via X-ray computed tomography. 
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Thereby individualized product development of 3D-printed DDS is potentially facilitated. It is 

possible to predict the drug release with sufficient performance for one strand width. The 

applicability is restricted to implants with strand widths and pore sizes > 0.4 mm, as consequence 

of the non-uniform medium perfusion [35]. Due to the impact of the HPMC in dependency on the 

strand width, it might be beneficial to incorporate non-swelling pore former, e.g., salts or 

polyethylene glycol to predict potentially implants with deviating strand width.  

 

To reduce the analytical and time effort of future studies, the Higuchi model was again applied. It 

was evaluated if based on the initial dissolution data of 15 and 30 days the drug release for the 

remaining time can be predicted. Therefore, the cumulative relative TA release was plotted against 

√𝑡. The obtained linear regression was used to calculate the drug release for the remaining 60 or 

75 days but maximum until 60 % drug release. The results of observed and predicted dissolution 

curves are exemplarily depicted for implants with varying strand width and a pore size of 0.8 mm 

in Figure 79. The R2-values for linear fits and the respective RMSEP-values to evaluate the 

predictive performance for all implants are shown in Table 18. As expected, linear fits based on 

data points for 30 days were better compared to those based on 15 days, reflected in RMSEP-values. 

For all implants the goodness of predictive performance based on the data of the initial 15 days up 

to 60 % drug release was sufficient (RMSEP ≤ 3.15 %). Thereby the time for analysis of implants 

can be drastically reduced to two weeks, which is promising for future studies and quality control.  

 

Figure 79. Exemplary observed (n = 3, mean ± s; 37 ± 0.5 °C, 200 rpm, 50-75 mL HEPES pH = 7.4) and 
predicted dissolution curves for F12 printed implants with varying strand width and a pore size of 0.8 mm based 

on drug release data of initial 30 days (left) and 15 days (right). 
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Table 18. R2 values for linear fits (cumulative TA release against √𝒕) and calculated RMSEP-values of 
prediction of drug release curves via the Higuchi model based on initial 30 and 15 days.  

Implant  
(strand width x pore 

size) 

Prediction based on initial 30 days Prediction based on initial 15 days 

R2 
RMSEP  

[%] 
R2 

RMSEP  
[%] 

0.4 x 0.4 0.9996 1.63 0.9974 2.19 

0.4 x 0.8 0.9997 1.23 0.9989 0.62 

0.4 x 1.2 0.9976 1.55 0.9999 3.15 

0.8 x 0.4 0.9996 0.81 0.9982 0.86 

0.8 x 0.8 0.9997 0.66 0.9989 1.85 

0.8 x 1.2 0.9998 0.52 0.9998 1.21 

1.2 x 0.4 0.9993 1.16 0.9988 1.41 

1.2 x 0.8 0.9995 0.21 0.9979 0.21 

1.2 x 1.2 0.9994 0.57 0.9962 0.57 

3.4.7 Summary 

In this chapter, a novel modular two-compartment implant design was presented, enabling an 

independent customization of the shape or drug release/ dose realized by CAD and applied FDMTM-

printing. This shows the opportunities of 3D-printing of sophisticated unique structures, which 

cannot be realized with conventional manufacturing methods.  

The implant consists of a drug-free shell to adapt the shape and allow simultaneously a 

unidirectional drug release. Within the shell a drug-loaded network inlay is embedded, which can 

be varied in strand width and pore size to modify the dose and drug release. 

In the first part of the study, nine different inlay networks were designed via CAD with varying 

strand width (0.4, 0.8 and 1.2 mm) and pore size (0.4, 0.8 and 1.2 mm). Thereby, the flexibility of 

3D-printing to modify the TA release was examined. It was demonstrated that dual printing of 

different network structures was feasible to enable manufacturing of two-component implant 

composited of the drug-free shell and the TA-loaded inlay with sufficient resolution. Implants with 

mass variations below 2.5 % were obtained. The dose could be varied between 13 mg and 46 mg 

depending on the network structure. Another approach to adapt the dose might be the object size, 

while keeping the strand width and pore size constant. 

In long-term drug release studies over three months using a newly developed set-up, it has been 

successfully shown that the TA release could be varied using the same starting material. It can be 

concluded that using the developed modular implant concept - realized via FDMTM-printing - is 

promising to optimize and individualize the parenteral therapy of TA.  

Clinically relevant doses between 8.6 and 22 mg TA were liberated. With decreasing strand widths, 

the relative TA release was considerably increased. Further, the dissolution kinetics was influenced 

by the pore size and resulting medium perfusion. Above 0.8 mm the pore size seemed to be not 

rate-limiting anymore. The TA release acceleration compared to filaments was slower than 
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expected due to the unidirectional drug release. However, it was shown that the drug release can be 

easily adapted by changing the network structure using CAD. 

Compared to a marketed crystal suspension (Volon® A) TA release was successfully prolonged and 

consequently the residence time within the joint cavity might be drastically increased. Using the 

novel 3D-printed implants, the TA therapy efficiency is potentially improved, while decreasing 

systemic adverse drug effects. In vivo studies are however to be conducted in order to verify 

obtained results.  

A prediction based on mathematical modelling is promising for individualized therapy and 

accelerated quality control of extended-release parenteral DDS. Different factors, such as 

unidirectional drug release, non-uniform medium perfusion at lower pore sizes and the impact of 

HPMC depending on the strand width limited the predictive performance of mathematical models 

based on Peppas-Sahlin, Weibull and Higuchi. However, predictions based on Higuchi for one 

strand width and different pore sizes (> 0.4 mm) based on one data set of implants was feasible to 

a limited extent. The use of different non-swellable pore former might expand the applicability of 

the model. 

A prediction based on the dissolution data of the initial 15 days was feasible until 60 % drug release 

for all implants, considerably facilitating the development and reducing the analytical effort.  
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4. Summary 

The aim of the presented work has been the development of customizable drug-loaded implants via 

fused deposition modelling (FDMTM), addressing all phases of classical drug dosage form 

development. Triamcinolone acetonide (TA) was chosen as model active pharmaceutical ingredient 

(API) as it shows a need for individualized treatment and improvements related to therapy 

efficiency and systemic side effects for parenteral intraarticular (i.art.) applications. 

 

First, an implant concept was designed to define the formulation requirements. For the first time, a 

modular two-compartment implant concept was established, consisting of a drug-free shell for 

shape adaption to individual anatomical structures and a drug-loaded inlay to personalize dose and 

drug release behaviour independently.  

As for the 3D-printing technology FDMTM a filament as starting material is required, the initial part 

of the work focused on a systematic formulation development of a drug-free and a TA-loaded 

printable filament via twin-screw hot-melt extrusion (HME). Therefore, the mechanical properties 

and targeted drug release behaviour over several months were taken as critical selection attributes 

based on an adjusted concept of Korte [109]. Ethyl cellulose (EC) was selected as sustained-release 

polymer to allow a strong retardation effect. Plasticizers were necessary to improve processability 

related to melt viscosity during HME. They needed to be incorporated to achieve sufficient 

mechanical resilience of filaments to be processed inside the print-head as key attribute for 

printability. Further, the handling during continuous filament production was taken into 

consideration to allow a winding on spools for proper storage and continuous feeding during 3D-

printing. Two different plasticizers, the solid stearic acid and liquid triethyl citrate (TEC) were 

investigated in different concentrations. Drug-free and TA-loaded filament formulations with 10 % 

TEC as plasticizer resulted in the best overall performance. They showed appropriate mechanical 

properties with sufficient stiffness in longitudinal direction, expressed in an increased Young’s 

modulus and a reduced brittleness in transversal direction expressed in a high distance at break.  

Once a suitable base filament was found, hypromellose (HPMC) was successfully incorporated as 

pore former in different concentrations to accelerate the TA release from the strong sustaining EC-

matrix. The mechanical properties remained sufficient to ensure printability. Concentrations of 15 

and 25 % HPMC appeared most promising based on the estimated time for drug release via the 

Higuchi model.  

 

Afterwards, a rational HME process analysis for optimization of the filament production was 

performed related to critical quality attributes of filaments and printed dosage forms using a drug-

free formulation consisting of EC, 10 % TEC and 15 % HPMC. This was done to obtain high-

quality filaments and subsequently printed, sophisticated implant geometries, meeting the 
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requirements of the European Pharmacopoeia (Ph.Eur.). The diameter homogeneity was identified 

as key attribute. A winder was successfully implemented in advance into the extrusion line to 

establish a reproducible continuous pharma-grade filament production towards manufacturing 

within the pharmaceutical industry.  

In the systematic analysis, the specific feed load (> 0.04) as dimensionless surrogate for the barrel 

filling degree was identified as key parameter for homogenous melt transport and consistent 

filaments with low diameter variations. A threshold of diameter variations (interquartile range 

(IQR) ≤ 0.041 mm) was empirically determined. IQR-values > 0.041 mm negatively affected the 

critical quality attributes of filaments (distance at break) printed test-geometries (mass uniformity 

according to Ph. Eur. 2.9.5). The gained knowledge is an important step forward in terms of 

throughput upscale and simplified process development for filament production.  

Drug-free and TA-loaded filaments were successfully manufactured using the optimized extrusion 

settings. Filaments with low diameter variations and homogenous drug distribution were obtained. 

The stability analysis according to the International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) Guidelines Q1A (R2) revealed an impact 

of water absorption and plasticizer evaporation during storage on filament quality. Packaging in 

sealed aluminium sachets was found to keep the initial quality over at least six months.  

 

To assess the TA release from novel parenteral dosage forms, analytical development of a 

dissolution set-up for long-term studies over several months was performed. During studies it was 

found that TA degrades rapidly in the commonly used phosphate-buffered saline at pH 7.4.  

After degradation studies in different dissolution media, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer was identified as suitable medium to reduce 

distinctly the decomposition rate. A method protocol with frequent medium change and simplified 

quantification next to simultaneously proceeding degradation based on the extinction coefficient 

was established. A so-called “sample and separate set-up” was developed to allow an investigation 

of multiple implants at reduced volume over an extended period.  

 

Finally, innovative two-compartment modular implants were designed via computer-aided design 

and successfully manufactured via FDMTM-printing to enable a customizable therapy over several 

months. The drug-free filament consisting of EC, 10 % TEC for the impermeable shell and the 

drug-loaded formulation containing additionally 10 % TA and 25 % HPMC for the drug-loaded 

inlay were used. By changing the strand width and pore size of the TA-loaded network inlay the 

TA release could be modified and varied between 20 and 80 % over three months. 

Compared to current TA therapy options for i.art. application the release was drastically extended. 

Novel 3D-printed implants are therefore promising to improve therapy efficiency of the model API. 
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A prediction of drug release from the implants based on the Higuchi model was partially feasible. 

Limitations are caused by kinetic changes due to inhomogeneous medium perfusion, impact of 

HPMC and the unidirectional drug release. Using the dissolution data of the initial 15 days, the drug 

release of all implants for the remaining 75 days (maximum up to 60 % drug release) could be 

described accurately with root mean squared error of prediction values ≤ 3.15 %. Hence, time-

consuming drug release studies also in the context of quality control can be avoided.  

It can be stated that the development of customizable implants related to shape, dose and drug 

release was performed successfully. The generated knowledge in the present work is an important 

step towards continuous filament production and simplified drug product development while 

establishing 3D-printing as novel technology for individualized and optimized parenteral therapy. 
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5. Experimental Part 

5.1 Pretext 

Parts of the methods were already published in a peer-reviewed journal. Sections, tables and figures 

were partially extended and linguistically adapted.  

 

I. Ponsar H., Wiedey R., Quodbach J., 2020. Hot-Melt Extrusion Process Fluctuations and 

their Impact on Critical Quality Attributes of Filaments and 3D-printed Dosage Forms. 

Pharmaceutics. 12(6): p. 511.  

DOI: 10.3390/pharmaceutics12060511 
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5.2 Materials 

Table 19. Model drug 

Substance Abbreviation Source of supply 

Triamcinolone acetonide, 
micronized 

TA Caelo, Hilden, Germany 

 
Table 20. Substances used for HME manufacturing of filaments. 

Substance Trade Name/Grade Abbreviation Source of supply 

Ethyl cellulose Aqualon® N10 EC Ashland, KY; USA 

Hydroxypropyl 
methylcellulose 

Metolose 60SH 50 HPMC Shin Etsu, Tokyo, Japan 

Triethyl citrate Citrofol AI Extra TEC 
Jungbunzlauer, Basel, 

Switzerland 

Stearic acid Baerocid SP-1 A SA 
Bärlocher, Ludwigshafen, 

Germany  

Fumed silica  
Aerosil 200 VV 

Pharma 
-  

Evonik, Darmstadt, 
Germany 

 
Table 21. Materials for drug-free 3D-Printing 

Substance Trade Name/Grade Source of supply 

PLA Filament  Prusament PLA, galaxy silver 
Prusa Research, Prague, 

Czech Republic 

 
Table 22. Substances used for analytical methods. 

Substance Grade Abbreviation Source of supply 

Acetonitrile HPLC Grade ACN Fisher Chemicals, Hampton UK 

Ethanol, absolute p.a.  EtOH Fisher Chemicals, Hampton, UK 

Distilled (ultrapure) water - - 

freshly prepared via Barnstead 
MicroPure System (Thermo 

Fisher Scientific, Massachusetts, 
USA) 

Potassium dihydrogen 
orthophosphate 

p.a. - Fisher Chemicals, Hampton, UK  

Trometamol  p.a. TRIS VWR, Pennsylvania, USA 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic 

acid 
bioreagent HEPES Fisher Chemicals, Hampton, UK 

Sodium pyrosulfite p.a. SPS 
AppliChem Panreac, Darmstadt, 

Germany 

Sodium hydroxide 1M p.a. - Fisher Chemicals, Hampton, UK 

Orthophosphoric acid p.a. - Fisher Chemicals, Hampton, UK 
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Table 23. Used buffer and media according to the Ph.Eur. 9.0. 

Buffer Substance Abbreviation 

Phosphate-buffered saline 
pH 7.4 (0.05 M) 

Potassium dihydrogen orthophosphate PBS 

Phosphate-buffered saline 
pH 7.4  

(0.05 M) + SPS* 

Potassium dihydrogen orthophosphate, 
sodium pyrosulfite 

PBS + 0.1 % SPS 

Trometamol buffer pH 7.4 
(0.5 M) 

Trometamol TRIS 

HEPES buffer pH 7.4 
 (0.1 M) ** 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 

HEPES 

* SPS was added as antioxidant (not described in the Ph.Eur.) 

** according to the Ph. Eur. 9.0 HEPES pH 7.5 labelled, pH adjustment was changed to pH 7.4  
 

Table 24. Substances for synthesis of TA 21-aldehyde hydrate (impurity C) 

Substance Grade Source of supply 

Copper (II) acetate  p.a. Merck, Darmstadt, Germany 

Disodium edetate p.a. Merck, Darmstadt, Germany 

Sodium sulphate anhydrous p.a. Merck, Darmstadt, Germany 

Dichloromethane p.a. Fisher Chemicals, Hampton, UK 

Methanol p.a. Fisher Chemicals, Hampton, UK 

 
Table 25. Chemical reference standards 

Substance Composition Source of supply 

Triamcinolone acetonide - EDQM, Strasbourg, France 

Triamcinolone acetonide for 
system suitability  

TA, TA 21-aldehyde hydrate (impurity 
C), ∆14-TA (impurity B) 

EDQM, Strasbourg, France 
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5.3 Manufacturing Methods 

5.3.1 Preparation of Powder Blends 

To produce powder blends, fumed silica was sieved through a 355-µm-sieve prior weighing to 

remove powder agglomerates. Powder components, usually the API, polymers, fumed silica and 

solid plasticizer (if used) were blended in a Turbula® mixer (T2C, W.A. Bachofen, Switzerland) for 

30 min. The exact formulation compositions can be found in Table 1. Formulations and batch sizes 

varied for different studies (Table 26).  

Table 26. Formulations used in different sections, including study names and batch sizes. 

Study  Formulation 
Batch 
size [g] 

Section 

Formulation development  F1-F12 300-600  3.1.4.1/ 3.1.5.2 

Winder implementation F13 
300-1000 
(2 x 500) 

3.2.3.2 

Process 
analysis and 
optimization 

Influence of 
PFR 

F13 

400 

3.2.3.3/ 
3.2.3.4 

Influence of 
screw speed 

500/ 400 

Influence of 
SFL 

500 

Long-term stability 
F11 400 

3.2.6 
F12 400 

Filaments for printing of implants 
for drug release studies 

F12 500 
3.4.3 

F6 500 

5.3.2 Filament Production via Hot-Melt Extrusion  

5.3.2.1 Twin-Screw Hot-Melt Extrusion for Formulation Development  

For the manufacturing of printable filaments powder blends were fed gravimetrically (KT 20, K-

Tron Soder, Switzerland) into the tempered extruder barrel. The dosing device was internally 

calibrated prior each extrusion. HME was performed using a 16 mm 40D co-rotating twin-screw 

extruder (Pharmalab HME 16, Thermo Fisher Scientific, Germany) equipped with a 1.75 mm die 

(thickness 4.4 mm). For the formulation development (section 3.1) filaments were stretched and 

cooled behind the extruder outlet on a conveyor belt (model 846102.001, Brabender, Germany) to 

achieve the targeted diameter, which was monitored inline (section 5.5.6). For the determination of 

the CBS the time for one-meter conveyance was measured on predefined levels in triplicates. In 

Figure 80A, the obtained calibration is depicted.  
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For F5-F13 the liquid plasticizer TEC was used. During the formulation development studies 

(section 3.1) TEC was fed via a peristaltic pump (Minipuls 2, Gilson, USA) into the barrel. For the 

subsequent studies this was replaced by a micro annular gear pump (MZR 7205, HNP 

Mikrosysteme, Germany) equipped with a nozzle of 0.12 mm inner diameter to ensure a constant 

liquid flow. The LFR (g/min) of TEC was gravimetrically determined prior each extrusion using an 

analytical balance (CP 224S, Sartorius, Germany). The corresponding calibration functions for the 

respective pump are exemplarily depicted in Figure 80B and C. The PFR was 5 g/min and the screw 

speed 30 or 35 rpm. Screw configuration I, applied during formulation development, is displayed 

in Figure 81. The extrusion set-up used for formulation development is schematically depicted in 

Figure 13. 

The applied barrel temperatures and the conveyor belt speed were adjusted individually for the 

respective formulation (Table 2 and Table 3). Sampling of filaments was started once process 

equilibrium was reached, indicated by a constant material pressure and power consumption. The 

material pressure and -temperature were measured at the die (2075J-D8-100B, Terwin, UK). 

Process parameters and PFR were recorded with a sampling rate of 1 Hz using an in-house written 

LabVIEW 2015 application (National Instruments, Texas, USA). 

 

Figure 80. Calibration of CBS (A), LFR of TEC with a peristaltic (B) and a micro annular gear pump (C) as 
function of level (n = 3, mean ± s). 

 

Figure 81. Screw configurations (I, II and III) applied during HME with indicated barrel and temperature zones 
(1-10). LPCE = long pitch conveying elements (helix of 3/2 L/D), CE = conveying elements (helix of 1 L/D); KE = 

kneading elements. 
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5.3.2.2 Twin-Screw Hot-Melt Extrusion Coupled with a Winder  

For process analysis/ -optimization and subsequent filament production for stability analysis and 

printing of implants (section 3.2, 3.2.6 and 3.4.3) the described HME set-up was expanded by a 

winder (Model 846700, Brabender, Germany). This enabled a more precise and reproducible 

diameter adaption. The winder consists of a traverse, a haul-off and a winder unit (rotatable spool) 

as schematically depicted in Figure 82.  

The adapted extrusion set-up is visualized in Figure 31B. Extrusion set-up was described in section 

5.3.2.1 and only changes are described in this section. The extruder was equipped with a 1.85 mm 

die (thickness: 4.4 mm). Behind the die, obtained filaments were cooled on a static conveyor belt 

between extruder and winder. 

Via the haul-off unit of the winder, filaments were stretched to obtain the target diameter of approx. 

1.75 mm. The haul-off speed was adjusted to the PFR as indicated in the respective section. 

For the implementation studies of the winder (section 3.2.3.2), filaments were wound up on a 

125 mm spool with a traction of 4.5 % (percentage of the maximum engine power).  

For the rational HME analysis process parameters varied as presented in Table 4 and Table 6. 

Filament formulations F6, F11 and F12 were produced with a PFR of 5 g/min and a screw speed of 

20 rpm. For the process analysis and optimization screw configuration II was used and a degas port 

was implemented to enable evaporation of TEC-vapor (Figure 81). Afterwards, this was further 

optimized for filament production for subsequent implant printing (F6, F11 and F12). Further TEC 

evaporation was reduced by the adaption of the barrel temperature as depicted in Table 27. 

Therefore, the screw configuration was adapted (screw configuration III, Figure 81).  

 

Figure 82. Schematic extrusion line extension to the Brabender® winder. 



Experimental Part 123

 

Table 27. HME barrel temperatures and haul-off speeds applied for the different filaments during and after 
process analysis. 

Formulation  
Barrel temperature from zone T1 (gear) to T10 (die) [°C]  Haul-off 

speed  
[m/min] T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

F6, F12 - 30 80 120 170 180 180 190 190 190 2.1 

F11 - 30 80 120 170 180 180 190 190 190 2.0 

F13 - 30 100 170 170 180 180 190 190 190 2.0-4.1* 

* haul-off speed was systematically varied for process analysis (section 3.2) 

5.3.3 Fused Deposition Modeling (FDMTM) 

5.3.3.1 3D-Model Processing 

For 3D-printing of test geometries and implants, 3D-models were designed using the CAD software 

Inventor® Professional 2019 (Autodesk®, San Rafael, USA). The CAD-models were converted into 

.stl-files and further processed for 3D-printing using a slicing software. For the simple test 

geometries (Figure 42, section 3.2.3.4 and 3.2.5.2) the open-source software Slic3r Prusa Edition 

(Prusa, Prague Czech Republic) was used. Processing the more complex two-component implants, 

the Simplify3D® software (Ohio, USA) was required, since additional settings for print realization 

were needed. The G-codes were generated based on the .stl-files, dividing the objects into layers 

and containing the instructions for the 3D-printer operations (print, printer and filament settings). 

The applied slicing and printing settings were adapted for the respective aim of the study and the 

used filament formulation. In Table 28, an overview of the most important print parameters is 

depicted. In the appendix, the detailed slicing parameter can be found for each slicing software and 

dosage form (Table 31 and Table 32). The filament diameter was adapted for each batch prior 

printing. 

 

Table 28. Overview of the printing processes, including printer and applied slicing parameters. 

Settings  

Rectangular test objects  
(sections 3.2.3.4 and 3.2.5.2) 

Two-component implants  
(section 3.4.3) 

Commercial 
Filament 

EC/HPMC 
based 

Filament 

Drug-
free 
shell 

Drug-loaded network inlays 

0.4 mm 0.8 mm 1.2 mm 

Software Slic3r Prusa Edition  Simplify3D 

Filament PLA 
F11, F12, 

F13 
F6 F12 F12 F12 

Printer 
Prusa i3 
 MK3 

Prusa i3 
MK3 

Prusa i3 MK3S + MMU2S  

Print temperature 
[°C] 210 180 185 185 185 185 

Build plate 
temperature [°C] 60 90 90 90 90 90 

Nozzle diameter [mm] 0.4  0.4 
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Settings  

Rectangular test objects  
(sections 3.2.3.4 and 3.2.5.2) 

Two-component implants  
(section 3.4.3) 

Commercial 
Filament 

EC/HPMC 
based 

Filament 

Drug-
free 
shell 

Drug-loaded network inlays 

0.4 mm 0.8 mm 1.2 mm 

Layers and perimeters 
Layer height (first 
layer height) [mm] 

0.1 (0.1) 0.1 (0.1) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 

Perimeters 1 1 1 0 1 1 
Solid layers (top and 
bottom) 

0 0 0 0 0 0 

Seam position nearest nearest nearest nearest nearest nearest 
Infill 
Infill density [%] 85 85 100 100 100 100 
Fill pattern rectilinear rectilinear rectilinear 
Fill angle [°] 90 90 45 90 90 90 
Speed [mm/s] 
Perimeters 15 15 25 10 20 15 
Infill  15 15 20 8 16 12 
Travel  180 180 80 120 80 120 
First layer  15 15 12.5 10 10 15 
Others  
Extrusion width [mm] 0.45 0.45 0.39 0.39 0.4 0.4 
Infill/perimeter 
overlap [%] 

25 25 5 N/A 5 5 

Ooze shield no no yes yes yes yes 

5.3.3.2 3D-Printing 

3D-printing of test geometries and implants were performed using the FDMTM printing technology. 

Depending on the printed dosage form, two different Prusa-3D-printer were utilized (Prusa 

Research, Prague, Czech Republic, Table 28). Both were equipped with a polyetherimide print bed. 

For the printing of one-component test objects the printer model Prusa i3 MK3 was used.  

The printing of the two-component implants (F6, F12) was performed using the Prusa i3 MK3S. 

This FDMTM printer was equipped with a MMU 2S, which consists of an automatic filament 

changer, enabling a dual component print. An ooze shield was printed around the implant to prevent 

cross-contamination between F6 and F12 after filament change during printing as depicted in Figure 

67 (section 3.4.3). 
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5.4 Data Handling, Graphing and Statistical Analysis Methods 0F

1 

Data evaluation related to arithmetic operations and conventional statistical analysis were 

performed using Microsoft Excel 2016 (Microsoft Cooperation, Redmond, USA). Two-sample 

t-tests were performed with Origin Pro 2019/2020 (OriginLab Corporation, Northampton, USA) on 

a significance level of α = 0.05. 

The bootstrap analysis used in section 3.2.3.3 was conducted to test the statistical differences of 

IQRs using the software tool R (Version 3.6, R Core Team, Vienna, Austria). As the distribution 

function of the dataset was not known, conventional statistical tests were not applicable. Therefore, 

data sets to be analysed were combined and bootstrap samples were taken with replacement. The 

combined set was split into two parts and the respective IQR was calculated. Subsequently, the 

differences in IQR were determined. The described process was repeated 100,000 times to generate 

the distribution of all possible differences in IQR (based on the assumption the two datasets belong 

to the same population). By calculating in how many of the 100,000 cases the observed difference 

in IQR was as high or higher than the observed value, the p-value was determined. 

 

Data depiction was performed with Origin Pro 2019/2020 (OriginLab Corporation, Northampton, 

USA). Depicted chemical structures were drawn using ChemDraw® Professional 19.1 (PerkinElmer 

Informatics, Waltham, USA).  

5.5 Analytical Methods 

5.5.1 Particle Size Distribution  

The particle size distribution of the TA and excipients was determined (n = 3) using laser diffraction 

with the dry dispersion unit Aero S (Mastersizer 3000, Malvern Panalytical, Malvern, UK). The 

Fraunhofer approximation was used for the data evaluation. The dispersion pressure of 3.0 bar was 

selected to deagglomerate potential powder agglomerates. 

5.5.2 Helium Density  

The true density of formulations was determined (n = 3) via helium pycnometer (AccuPyc 1330, 

Micromeritics, Norcross, GA, USA) equipped with a water bath (Paratherm, King of Prussia, USA) 

for temperature control (25 ± 0.1 °C). A sample chamber of 3.5 cm3 volume filled with ~1 g of 

formulation was selected for measurements. The sample weight was determined using an analytical 

balance (MC210 P, Sartorius, Goettingen, Germany). Measurement accuracy was calibrated with a 

cube of defined volume on each measurement day. 

 
1 The bootstrap analysis was performed together with Dr. Raphael Wiedey at the Institute of Pharmaceutics 
and Biopharmaceutics at the Heinrich Heine University Duesseldorf. 
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5.5.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was carried out using a Phenom G2 pro (Phenom World, 

Eindhoven, The Netherlands) to visualise surface morphology of extrudates with different HPMC 

contents (F9-F12, Table 1). A voltage of 5 to 10 kV was applied. Filament samples were attached 

to aluminium stubs with double-sided carbon tape. Gold-sputter-coating before measurements was 

not required, as no charging effects were observed. 

5.5.4 Offline Analysis of Powder Feed 

5.5.5 Offline Analysis of Powder Feed Accuracy  

Within the scope of the HME process analysis (section 3.2.3), the dosing accuracy of the loss-in-

weight powder feeder (KT 20, K-Tron Soder, Switzerland) at a PFR 5 g/min was examined. An 

offline dosing experiment was performed. For this purpose, the powder mixture F13 was fed on a 

pan placed on an external analytical balance (Sartorius CP 1224, Goettingen, Germany) connected 

to a computer. The software SartoConnect 3.5.2 (Sartorius, Goettingen, Germany) was used to 

record the fed mass as function of time in Microsoft Excel 2016 (Microsoft, Corporation, Redmond, 

USA). A sampling rate of 0.5 Hz was chosen for the determination of the PFR over 60 min. For the 

evaluation of the data, the absolute mass error and the normalized absolute mass error were 

determined according to Meier et al. [187]. As the true fed mass scattered around the set value, the 

integrals between actual and set feed rate could be calculated. Therefore, sections of underdosed (-) 

and overdosed (+) fed powder mass were determined. Sectionalized negative and positive mass 

errors were plotted as function of time intervals. Subsequently, the normalized absolute mass error 

was determined, by dividing the individual absolute mass errors by the set fed mass in the respective 

time interval.  

5.5.6 Diameter and Ovality Determination of Filaments  

The filament diameter was monitored and recorded inline using a laser-based measurement module 

(Laser 2025 T, Sikora, Bremen, Germany), consisting of three lasers as depicted in Figure 16. 

Thereby, the diameter cross-sections were recorded in three different directions with a sampling 

rate of 1 Hz, also captioning shape information. For data evaluation and the calculation of the cross-

sectional area for the YM determination, the smallest measured diameter was used. For the 

feasibility study of the winder (section 3.2.3.2) the filament diameter was measured offline after the 

winding process again. The filament was conveyed with the same haul-off speed as during 

extrusion. The ovality of the filament cross-sections was calculated as difference between the 

minimum and maximum recorded diameter per second. 

For the initial extrusion line set-up during formulation development the laser was placed behind the 

conveyor belt. After the winder implementation and process set-up optimization it was located 
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between the cooling section and the haul-off unit of the winder. For comparison purposes, the 

diameter of commercial PLA-filament was measured over 300 s with a winder haul-off speed of 

2.0 m/min.  

5.5.7 Mechanical Characterization  

5.5.7.1 General  

The mechanical properties of self-produced filament were investigated using a Texture analyser 

(TA.XT plus, Stable Micro Systems, Godalming, UK). The applied testing regime was adopted 

from Korte and Quodbach [27]. The YM in combination with the DaB were determined for the 

characterization of filaments for 3D-printing. The applied test set-up, settings and data evaluation 

were used according to [27, 28]. For representative sampling, filament sections from the beginning, 

the middle and the end of the extrusion process were selected. Samples were tested one day after 

manufacturing to avoid changes during storage except for stability analysis (section 3.2.6). 

5.5.7.2 Young’s Modulus  

The Young`s Modulus (YM) is a measure for the stiffness of filaments in longitudinal direction 

[27]. A tensile test was performed for the determination of the YM (n = 6). Therefore, filament 

sections of 20 mm length were fixed between two holders (90° offset orientation) containing a 

groove for test specimen. A torque of 1 Nm was chosen to ensure consistent test conditions and 

sufficient fixation without breakage or shifting. The experimental set-up is depicted in Figure 83. 

Using a test speed of 0.01 mm/s, the elongation and corresponding forces were measured and 

recorded with the Exponent software 6.1.5.0 (Stable Micro Systems, Godalming, UK). 

Corresponding tensions were calculated by dividing the measured forces by the respective cross-

 

Figure 83. Texture analyser set-up for the determination of mechanical properties (tensile test and 3PBT) and 
corresponding recorded curves. 
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sectional area of filaments. The YM was calculated as slope between 0.05 and 0.25 % elongation 

in obtained stress-strain curves according to DIN EN ISO 527-1 (Figure 83) [173]. All samples 

showed linear elastic behaviour ≤ 0.25 % strain.  

5.5.7.3 Distance at Break  

The distance at break (DaB) as measure for brittleness of extrudates was determined in a three-point 

bend test (3PBT, n = 6) according to [28]. Therefore, filament sections of approx. 30 mm were 

placed on two holders 25 mm (= test length) apart. The U-shaped test-probe of the texture analyser 

moved down with a speed of 10 mm/s to load filaments centrically. The experimental set-up is 

depicted in Figure 83. The applied force upon initial resistance due to first filament contact was 

measured as function of distance. The DaB was defined as distance triggering filament breakage 

(Figure 83). Filaments without breakage under selected test conditions were classified as “not 

breakable”. During initial formulation development as described in section 3.1.4.2.3 a test-probe 

immersion depth of 5 mm was chosen according to Korte et al. [27], which was afterwards extended 

to 19 mm to be able to see differences with less brittle filaments. 

5.5.8 Printability of Filaments 

Printability of filaments is restricted to the feeding performance as described in section 3.1.4.2.3. 

For the assessment, the filaments were fed through the print-head at the temperatures displayed in 

Table 28. Printability was given if constant conveying without breakage or deformation was 

possible.  

5.5.9 Confocal Raman Microscopy1F

2 

For surface and composition analyses of filaments, topographic Raman images and spectra of 

filaments were recorded using a WITec alpha 300 R confocal Raman microscope (WITec, Ulm, 

Germany), equipped with a 532 nm excitation laser, a UHTS 300 spectrometer and an iDus Deep 

Depletion CCD detector (Andor, Belfast, UK). Using a 600 g/mm grating, a spectral range from 68 

to 3742 cm-1 was recorded with an average spectral resolution of 3.8 cm-1/pixel. For each sample, 

an area of 200 x 200 μm with a spatial resolution of 1 μm was measured. Using an exposure time 

of 0.2 s, 40000 Raman spectra could be measured in 40 min. During the measurement, the laser 

power at 532 nm was set to 20 mW. A 100x/0.9 NA objective was applied for formulations F9 and 

F10, whereas a 50x/0.8 NA objective was used for formulations F11 and F12. The reason for the 

change of the microscope objective was the higher surface roughness with increasing HPMC 

content. The lower magnification of the microscope objective allows a larger depth of field for 

topographic measurement of rough sample surfaces. 

 
2 Measurements and parts of the data evaluation were performed by Dr. Björn Fischer at the Institute of 
Pharmaceutics and Biopharmaceutics at the Heinrich-Heine University in Düsseldorf. 
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5.5.10 Differential Scanning Calorimetry (DSC)2F

3 

For thermal analysis samples of powders (API, polymers, solid plasticizer) and filaments were 

measured via DSC (DSC 1, Mettler-Toledo, Columbus, OH, USA). Samples of approx. 5 mg were 

weighed on an analytical balance (XP56, Mettler Toledo, Columbus, OH, USA) and analysed 

(n = 2) in a sealed aluminium pen with a punctured lid. The raw materials were subjected to two 

heating cycles, whereas for filaments only one heating step was applied. The temperature profiles 

for the formulations and applications are depicted in Table 29. The data evaluation and 

determination of thermal events (glass transition and melting temperature (Tg and Tm) were 

conducted using the STAR® software (Version 9.20, Mettler-Toledo, Columbus, OH, USA). 

5.5.11 Static Vapor Sorption Measurement 

A dynamic vapor sorption system (SPS11, ProUmid, Ulm, Germany) was used to determine the 

evaporation of the plasticizer TEC during filament storage. Therefore, pure excipients (n = 1; TEC 

n = 2) of the formulation as reference and filament formulations F6, F11, F12 (n = 2, 10 x ~3 cm 

filament length) were subjected to the analysis. Until the measurement, filaments were stored at RT 

in sealed aluminium sachets in a climatic room. Samples were measured at constant settings with 

40 °C and 40 % rH to investigate the plasticizer evaporation under defined conditions over 21 days. 

 
3 Measurements and parts of the data evaluation were performed by Karin Matthée and Andrea Michel at the 
Institute of Pharmaceutics and Biopharmaceutics at the Heinrich-Heine University in Düsseldorf. 

Table 29. Applied temperature profiles for DSC in the respective section. *Pre-heating to remove residual water. 

Material classification Sample 
Heating and cooling 

profile  
Section 

 
Raw materials 

TA 

60 °C, 30 min*  
0-310 °C, 20 K/min 
310-0 °C, 20 K/min 
0-310°C, 20 K/min 

3.1.4.2.1 

EC 

0-200 °C, 10 K/min 
200-0 °C, 20 K/min 
0-200 °C, 20 K/min 

3.1.4.2.1 

60 °C, 30 min*  
0-310 °C, 20 K/min 
310-0 °C, 20 K/min 
0-310°C, 20 K/min 

3.1.5.3.2 

HPMC 

60 °C, 30 min*  
0-310 °C, 20 K/min 
310-0 °C, 20 K/min 
0-310°C, 20 K/min 

3.1.5.3.2 

SA 
0-120 °C, 20 K/min 
120-0 °C, 20 K/min 
0-120 °C, 20 K/min 

3.1.4.2.1 

Filaments 

F4, F6 -20-220 °C, 10 K/min  3.1.4.2.1 

F9, F11, F12 -20-220 °C, 20 K/min  3.1.5.3.2 

F6 -20-220 °C, 20 K/min 3.2.6 

F11, F12 -20-300 °C, 20 K/min 3.2.6 
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40 % rH was selected to minimize the impact of the relative humidity and subsequent water 

absorption. Each sample was measured every ten min. The potential plasticizer evaporation was 

evaluated as weight loss (%) as function of time and potential simultaneous water absorption as 

weight gain [%].  

5.5.12 Triamcinolone Acetonide Assay 

5.5.12.1 Pretext 

For the determination of triamcinolone acetonide (TA) concentration in different studies, two assay 

methods were applied. In Table 30, the used methods for the respective studies, purposes and 

associated sections are depicted. During initial formulation development and the first month of 

filament stability analysis UV-spectroscopy was used. In the further course and during dissolution 

studies this was replaced by HPLC.  

5.5.12.2 UV-Spectroscopy 

The application of UV/Vis-spectroscopy for different purposes can be found in Table 30. 

For content analysis, sections were taken over the whole filament length (~ 200 mg, n = 6) ensuring 

representative sampling. Extrudates were dissolved in 100 mL ethanol 90 % [w/w] at ~40 °C using 

sonification until a colloidal solution was obtained. Samples were filtered through a 0.45 µm pore 

sized polypropylene (PP) membrane filter (VWR, Leuven, Belgium) prior further dilution to 

Table 30. Overview of the applied TA assay methods for different studies, purposes and corresponding sections. 

Study Purpose Method 

Section 

Sample 
preparation 

Results 
and 

Discussion 
part 

Formulation 
development 

Preliminary TA release from 
filaments, incl. residual content 

determination 
UV 5.5.22.1 

3.1.4.2.4 
3.1.5.3.5 

Triamcinolone 
acetonide assay 

Drug distribution along the 
filament  

UV 5.5.12.2 3.2.5.1 

Content uniformity of printed test 
objects 

HPLC 
5.5.12.3 
5.5.13 

3.2.5.2 

Stability analysis of 
filament 

formulations 
Content analysis  

0-1 month UV 
5.6 3.2.6.4 

3, 6 months  HPLC 

Development of an 
appropriate 

dissolution method 

 Determination of TA solubility 
UV 

HPLC 
5.5.18 

3.3.2.1 

3.3.2.3 

Degradation analysis  HPLC 5.5.19 
3.3.2.2 
3.3.2.3 

Modelling and 
modification of drug 

release 
Dissolution tests  HPLC 

5.5.22.2 
5.5.22.3 

3.4.4 
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remove undissolved polymer. Dilution (1:10) was performed to fit the range of the calibration 

function (5-30 µg/mL) (Figure 84). For the determination of residual TA content in intact EC-

matrices after preliminary drug release studies (n = 3), samples were treated similarly. 

Measurements were either performed using the UV-spectrometer Lambda 25, (PerkinElmer, 

Waltham, USA) or UV-1800 (Shimadzu, Kyōto, Japan) at a wavelength of 238 nm. Each solution 

was measured in triplicates. Calibration was performed on each measurement day, showing a 

coefficient of determination > 0.999 to quantify TA amount in samples. A blank solution of drug-

free extruded EC-matrix showed a minimal absorption at 238 nm, since it is colloidally dissolved, 

indicated via laser scattering. For this reason, an ethanolic blank solution with corresponding EC 

concentration was used for content analysis to consider potential interferences. The UV 

quantification method was tested with respect to TA recovery mimicking different EC sample 

concentrations (60, 85 and 90 %, n = 3). Therefore, corresponding EC amounts were dissolved and 

a defined TA amount was added via stock solution. Samples were filtered and diluted to obtain the 

target concentration simulating sample preparation as described above. TA recoveries between 

99.29 ± 0.45 % and 100.61 ± 0.73 % were achieved. 

5.5.12.3 High Performance Liquid Chromatography (HPLC) 

HPLC was used for different purposes as depicted in Table 30. A method with isocratic elution 

modified from literature [222, 245] was selected and validated. An Elite LaChrome System 

(Hitachi, VWR, Darmstadt, Germany) was used for analyses. It was equipped with an autosampler 

L-2000, an oven L-2300 and an UV-detector L-2400. As stationary phase served a column 

Eurospher II 100-5 C18A with integrated precolumn (150 mm x 4.6 mm). The mobile phase 

consisted of acetonitrile (ACN) and purified water (40/60 V/V). A flow rate of 1.0 mL/min and an 

oven temperature of 40 °C was set. Usually, detection was done at a wavelength of 241 nm.  

TA CRS for system suitability was measured additionally at a detection wavelength of 254 nm 

according to TA monograph in the Ph. Eur. 9.0 [222]. The injection volume for content 

 

Figure 84. Linear fit of TA calibration in ethanol 90 % [w/w] (n = 3, mean ± s); λ = 238 nm. 
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determination was 20 µL. Due to the low TA concentrations in degradation and drug release 

samples, limited by the solubility in aqueous medium, the injection volume was increased to 80 µL 

for detection.  

The sample preparation for TA content determination of filaments and 3D-printed test objects was 

the same as described for UV-spectroscopy (section 5.5.12.2). Sample preparation for other 

purposes can be found in the respective method section (Table 30). 

All samples were filtered prior analyses through an 0.45 µm pore sized PP or nylon membrane filter 

(VWR, Leuven, Belgium). In preliminary experiments the TA filter absorption was tested by 

determining recovery rates after filtering. A sample rejection of the first filtered 2 mL for PP filters 

and 5 mL for nylon filters was necessary.  

The developed HPLC method was validated for all TA assays according to the Reviewer Guidance 

(1994) in alignment to ICH guideline Q2 [246, 247]. In Figure 85, a typical chromatogram of a TA-

loaded filament (F12) dissolved in ethanol for content determination is depicted. The tR was 

5.7 min. The small peak at 3 min originated from the solvent ethanol. Figure 86 shows an exemplary 

chromatogram of a TA peak of a drug release sample in HEPES pH 7.4 with a tR of 6.1 min. The 

additional peak at ~ 4.5 min is TA 21-aldehyde hydrate (impurity C), which is the oxidative 

degradation product of the API, as described in section 3.3.2. Variances in tR occurred between 5.6 

and 6.2 min, due to a column replacement. The method was validated in terms of linearity, 

accuracy/recovery, specificity, repeatability, intermediate precision and specificity. In addition, the 

selectivity and the limit of quantitation (LOQ) was determined for drug release studies.  

The linearity was demonstrated by calibration curves measured on six consecutive days in the 

respective medium including five TA concentrations evenly spread over three different 

concentration ranges. To ensure complete dissolution of TA in HEPES a stock solution in 

ACN/water (60/40 V/V) was prepared and diluted with HEPES to obtain the target concentrations. 

Residual concentrations of ACN in final samples was ≤ 0.3 %. For content analysis a range of 10 to 

 

Figure 85. Typical chromatogram of an ethanolic solution of a drug-loaded filament sample (F12) for TA content 
analysis; injection volume: 20 µL; UV detection at 241 nm. 
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30 mg/L was tested. The coefficient of determination varied between 0.99969 and 0.99993. For 

drug release determination, a low concentration range of 0.2 to 0.8 mg/mL and a higher range of 

2 to 12 mg/mL was evaluated, resulting in coefficients of determination between 0.99991and 

0.99998. 

The repeatability was determined by measuring a sample prepared once 10-times (content 

determination: 20 mg/L; drug release: 0.6 mg/L and 6 mg/L), resulting in a CoV between 0.2 and 

0.43 %. In addition, six separately prepared solutions with the same concentrations for each work 

range were measured. Obtained CoVs were 1.25 %, 1.73 % and 1.35 %.  

For intermediate precision between different days each solution (content determination: 20 mg/L; 

drug release: 0.6 mg/L and 6 mg/L) was prepared on six consecutive days and measured in 

triplicates. The CoVs over the measurement period were 1.3 %, 1.75 % and 0.52 %. 

To exclude influences of the matrix of the DDS, the specificity was determined by measuring pure 

solvents (ethanol 90 % [w/w] and HEPES pH 7.4) and a solution of a corresponding drug-free 

filament amount in EtOH and the corresponding HPMC concentration in HEPES. At a wavelength 

of 241 nm, no influence of the matrix or ethanol was found. HEPES showed no interaction with the 

stationary phase and was separated with sufficient resolution as depicted in Figure 86.  

To determine the recovery of the respective method, defined TA concentrations were added to the 

media (EtOH and HEPES), covering 80-120 % of the working range. For content analysis 

concentrations of 16, 20 and 24 mg/L were measured inclusive the corresponding drug-free 

filament amount and recoveries of 100.03 %, 98.49 % and 99.40 % were obtained. In terms of drug 

release, concentrations of 0.48, 0.6 and 0.72 mg/L, as well as 4.8, 6 and 0.72 mg/L in HEPES were 

tested. Recoveries between 98.46 and 101.81 % were determined. Obtained values were all in the 

range of 97.5 and 102 %.  

 

Figure 86. Typical chromatogram of long-term TA release from two-component implants in HEPES buffer 
pH 7.4; injection volume: 80 µL; UV detection at 241 nm. 
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To ensure sample stability during overnight runs, the ethanolic recovery samples (20 mg/L, n = 3) 

were exposed to light for 72 h. The difference was 0.6 %, which is within the analytical error range 

of the system. The stability of the drug release samples in HEPES is described elsewhere (3.3.2.2). 

 

During drug release studies, a reliable quantitation of low API concentrations must be ensured. TA 

degraded to impurity C at a certain quantity during drug release testing as described in section 

3.3.2.2. For this reason, the LOQ and LOD were determined according to the ICH guideline Q2 

based on the standard deviation of the response (σ) und the slope (m) using Equation (11) and (12) 

[246]. Therefore, the low calibration range consisting of five evenly distributed concentrations (0.2-

1.0 mg/L) were measured on five consecutive days. The residual standard deviation of each 

regression line and the slope were determined. The LOD varied between 1.6 x 10-2 and 

2.5 x 10-2 mg/L and the LOQ between 0.041 and 0.127 mg/L. Since impurity C was self-synthesized 

and a purity grade could not be determined, the LOQ could not be measured. However, it showed 

a similar specific extinction coefficient (section 3.3.2.3), Therefore, it was assumed that even low 

amounts were reliably detectable and quantifiable.  

𝐿𝑂𝑄 ൌ  10 ∙
𝜎
𝑚

 (11) 

𝐿𝑂𝐷 ൌ  3.3 ∙
𝜎
𝑚

 (12) 

To show specificity and selectivity between TA and impurity C, the degradation of TA was forced 

in PBS pH 7.4 at 37 °C. As depicted in Figure 87, the method was able to distinguish between both 

substances. The resolution was > 1.5 in all cases.  

5.5.13 Content Uniformity of 3D-printed Test Objects  

Test objects of drug-loaded filament formulations F11 and F12 were tested according to the 

Ph. Eur. 2.9.6 “Uniformity of content of single-dose preparations” [196] and the Ph. Eur. 2.9.40 

“Uniformity of dosage units” [197]. Therefore, 10 rectangular shapes (3.5 x 15 7.5 mm, Figure 42) 

 

Figure 87. Exemplary chromatogram of TA and impurity C in PBS pH 7.4 after 72 h (1 µg/mL). UV detection at 
241 nm. Peak at ~ 1.5 min =solvent peak. 
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were printed with the settings displayed in Table 28, respectively and weighed precisely using an 

analytical balance (Sartorius CP 1224, Goettingen, Germany). The content of samples was 

determined with the HPLC method described in section 5.5.12.3. 

For the test of the Ph.Eur. 2.9.6 the individual contents of dosage units were calculated as percentage 

of the mean content. The dosage forms comply with Test A if all individual contents are between 

85 and 115 % of the mean content.  

For the analysis according to the Ph.Eur. 2.9.40 the target content of printed dosage forms based on 

mass and predetermined filament content was considered. Subsequently, the acceptance value (AV) 

was calculated according to Equation (13), where 𝑀 is the reference value dependent from 𝑋ത, which 

is the mean of the 10 tested dosage units, here expressed as the percentage of the mean measured 

filament content. 𝑘 represents the acceptability constant (k = 2.4 for n = 10) and 𝑠 the standard 

deviation of the 10 individual contents. The Ph. Eur. specifies an AV < 15 for given uniformity of 

dosage units at the first testing level (Q1).  

𝐴𝑉 ൌ  |𝑀 െ  𝑋ത| ൅ 𝑘 ∙ 𝑠 (13) 

5.5.14 Determination of the Drug-load of Two-component Implants 

The label claim of 3D-printed two-component implants was determined based on mass for the 

evaluation of the long-term drug release. Drug-loaded network inlays were connected to the 

respective drug-free shell and could therefore not be separated. To determine non-destructively the 

mass of the drug-loaded implant part, 10 drug-free shells (F6) were printed individually for the 

respective implant size (Table 12) using the same print settings as during dual-printing (Table 28). 

Obtained shells were weighed precisely on an analytical balance (Sartorius CP 1224, Goettingen, 

Germany). The mean mass of implant shell (Figure 88) was subtracted from the total implant mass 

of the respective two-component implant. The label claim was determined based on the calculated 

masses and the determined filament content. The determined API content of implants was used for 

the quantification of the released TA amount from implants.  

 

Figure 88. Left: Determined mass of pure shells per implant size (n = 10, mean ± s) for the calculation of the 
mass of the drug-loaded network inlay of two-component implants. Right: Exemplary image of the individually 

3D-printed drug-free shell. 
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5.5.15 Mass Uniformity of Printed Test Objects 

For the evaluation of the impact of different diameter fluctuations on the quality of 3D-printed test 

objects, the mass uniformity was determined according to Ph. Eur. 2.9.5 “Uniformity of mass for 

single-dose preparations” (section 3.2.3.4) [192]. Therefore, twenty rectangular shapes 

(3 x 15 x 7.5 mm, Figure 42) were printed from filaments (F13) manufactured at different screw 

speeds (Table 5; B1, B4-B7) using printing settings depicted in Table 28. Obtained geometries were 

weighed precisely on an analytical balance (Sartorius CP 1224, Goettingen, Germany). The 

procedure was repeated with commercial PLA filaments for comparison purposes. According to the 

requirements of the Ph. Eur. for tablets for oral use with mass ≥ 250 mg, only one mass may deviate 

by more than 5 % and none by more than 10 % from the mean value [192]. The specification of 

tablets was chosen for implants, as no definition for solid parenteral dosage forms is given. 

5.5.16 X-ray Microcomputed Tomography3F

4  

The surface area and dimensions of the drug-loaded networks of the two-component implants were 

determined via X-ray microcomputed tomography (CT-COMPACT 130, ProCon X-ray, Sarstedt, 

Germany, n = 1). The following scanning settings were applied: 1300 projections, 20 µm voxel 

size, 80 kV acceleration voltage and 187 µA current. The reconstruction of projections was done 

using VG Studio software 3.0.1 (Volume Graphics, Heidelberg, Germany). Image processing for 

visualization, surface area and dimension determination were performed with Avizo Fire 9.0.1 

 
4 Measurements were conducted by ProCon X-Ray GmbH (Sarstedt, Germany). Parts of the data evaluation were 
performed by Dr. Raphael Wiedey at the Institute of Pharmaceutics and Biopharmaceutics at the Heinrich Heine 
University Duesseldorf. 

 

Figure 89. Intermediate steps of µCT-image processing for surface area determination with Avizo Fire 9.0.1 
software.  

A = 3D-image of reconstruction; B = 3D-depiction of drug-loaded network structure after subtracting sample 
holder and shell; C = Applied anisotropic filter on 2D-images to denoise scalar volume data; D = Image after 

segmentation step (light blue = air; dark blue = polymer); E = Top view of segmented 3D-image; F = Site view of 
segmented 3D-image with excluded edges (red) for surface area calculation 
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software (Thermo Fisher Scientific, Waltham, USA). The holder and drug-free shell volume of two-

component implants were subtracted manually to obtain the individual drug-loaded networks, 

relevant for further analyses (Figure 89A, B). For denoising scalar volume data and contrast 

increase, Avizo’s anisotropic diffusion filter was applied (Figure 89C). Image segmentation via 

grey value thresholding was performed to set start points (air: 0-10,000 and 

polymer: 25,000-65,535; subsequently shrunk by one voxel in all spatial directions). Based on these 

starting points, a watershed algorithm was applied to achieve full separation of air and polymer. 

The described methods ascribed closed pores to the “air”-material, though pore surface is not 

available for drug release. Therefore, the coherent air volume was isolated from the closed pores 

using Avizo’s labelling and arithmetic functions and subsequently inverted to generate the final 

polymer construct (Figure 6E). 

Finally, the inlays’ surface area was calculated using Avizo’s label-analysis function. The contact 

area of the inlay and the drug-free shell – which is also not available for drug release – was assigned 

as a separate material (“edges”) and its surface area subtracted from the previous result (Figure 

89F). 

5.5.17 Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis4F

5 

LC-MS analysis was performed using a maXis system equipped with an electrospray ionization 

source (UHR-QTOF maXis 4G, Bruker Daltonics, Billerica, USA). The UHPLC-plant Ultimate 

300 RS (Dionex, Sunnyvale, USA) was coupled with the MS. Molecular masses were scanned from 

m/z 50-1500 with a gas flow of 9.0 L/min, a gas temperature of 225 °C and a voltage of 4 kV. The 

mobile phase consisted of ACN and purified water. The TA sample was prepared in water 

(cTA = 6 µg/mL) and impurity C was tested in ACN (cImpC = 25 µg/mL). Obtained data were 

evaluated using the software Bruker Compass Data Analysis 4.2, (Bruker Daltonics, Billerica, 

USA). Mass spectra were used for the identification of the found degradation product impurity C 

and the analyses of the self-synthesized product.  

5.5.18 Determination of Solubility  

The solubility of TA was determined to maintain sink conditions during the long-term dissolution 

studies of filaments and 3D-printed implants. Therefore, an excess of TA was placed in glass bottles 

with watertight closure containing 50.0 mL of the test medium. Samples were stirred (200 rpm) 

over several days at predefined temperatures in a water bath placed on a multi-position magnetic 

stirrer. At defined time points, samples were extracted using a 5 mL syringe, filtered through an 

0.45 µm pore sized PP membrane filter. A defined sample volume was withdrawn using a one-

 
5 Measurements and parts of the data evaluation were performed by Dr. Peter Tommes at the Institute of 
organic chemistry at the Heinrich Heine University Düsseldorf.  
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channel pipette (Research® Plus, Eppendorf, Hamburg, Germany) and diluted with the respective 

medium to prevent recrystallisation and to fit in the calibration range.  

The solubility determination in PBS during formulation development was determined at three 

different temperatures (37 °C, 47 °C and 57 °C with maximum variation of ± 0.5 °C each, n = 3). 

Flasks were pre-treated in an ultrasonic bath for 1.5 h at 70 °C to ensure a supersaturation and 

recrystallization at lower temperatures and thus a faster achievement of a saturated equilibrium. 

Afterwards, samples were stirred at the predefined temperatures over 20 days. The concentration 

was measured UV-spectroscopically at 241 nm (UV 1800, Shimadzu, Kyōto, Japan). 

After the degradation analysis of TA (section 3.3.2.2) and the determination of suitable dissolution 

media, experiments were repeated with HEPES buffer pH 7.4 at 37 ± 0.5 °C to ensure sink 

conditions. Therefore, untreated TA samples (n = 6) were stirred over nine days until saturation 

equilibrium was reached. Sample preparation was kept the same. TA concentrations were measured 

with the HPLC method described in section 5.5.12.3. The total dissolved TA concentration was 

calculated as sum of TA and impurity C (refer to section 3.3.2.3). 

5.5.19 Examination of TA Degradation in Different Dissolution Media  

For stability analysis of TA during long-term drug release studies, the degradation in different 

dissolution media was investigated as described in section 3.3.2.2. Studies were conducted in PBS, 

PBS enriched with SPS (0.1 %), TRIS and HEPES buffer at pH 7.4 over 14 days. TA was added to 

the respective medium in flasks with watertight closures yielding a final concentration of 10 µg/mL. 

Samples (n = 3) were stirred in a water bath at 37 ± 0.5 °C placed on a multi-position magnetic 

stirrer (200 rpm), mimicking conditions during long-term release studies. Sampling of precise 

volume at predefined time-points (0.17, 1, 2, 3, 4 7 and 14 days) was conducted using a one-channel 

pipette (Research® Plus, Eppendorf, Hamburg, Germany). Analysis was performed via HPLC as 

described in section 5.5.12.3. First-order rate constants were calculated for assessment (5.5.20).  

5.5.20 Determination of First-Order Rate Constants (kobs) 

For the evaluation of TA degradation kinetics in different media at pH 7.4, the observed first-order 

rate constants (kobs) were calculated as slope of the linear functions of the semi-logarithmic plot of 

remained TA-percentage as function of time.  

5.5.21 Determination of the Specific Extinction Coefficient 

The specific extinction coefficient 𝐴ଵ ௖௠
ଵ%  at 241 nm was determined for TA and impurity C (n = 3). 

Substances were dissolved in ACN-water mixtures (60/40 V/V) yielding a concentration of 

25 µg/mL, respectively. The absorbance was measured UV-spectroscopically (Lambda 25, 

PerkinElmer, Waltham, USA, n = 1). According to the Lambert-Beer law the molar extinction 
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coefficient ε was determined using Equation (14), where 𝐴 is the dimensionless absorbance, 𝑐 the 

molar concentration and 𝑙 the path length. 

𝜀 ൌ  
𝐴
𝑐 ∗ 𝑙

 (14) 

The specific extinction coefficient 𝐴ଵ ௖௠
ଵ%  was determined with the following equation according to 

the Ph. Eur. monograph 2.2.25 “UV/VIS Spectroscopy” (Equation (15): 

𝐴ଵ ௖௠
ଵ% ൌ  

10 𝜀
𝑀௥

 (15) 

where ε is the molar extinction coefficient and 𝑀௥ the molar mass of the respective substance. 

5.5.22 Dissolution Testing 

5.5.22.1 USP Apparatus I (Rotating Basket) 

For preliminary dissolution experiments during formulation development (refer to section 3.1.4.2.4 

and 3.1.5.3.6) the drug release of different filament formulations (F9-F12) was examined in an 

USP-Apparatus I, the rotating basket (DT 756, Erweka, Langen, Germany). The dissolution device 

was equipped with a reciprocating pump (PCP 820, Erweka, Langen, Germany) and an UV/Vis-

photometer (UV-1800, Shimadzu, Kyōto, Japan). TA release of filaments (n = 3) was performed in 

1000 mL PBS pH 7.4 at 37 ± 0.5 °C. One sample consisted of six filament sections á 2.5 cm 

corresponding to approximately 40 mg TA. This was done to keep the surface available for drug 

release comparable. Filaments were placed in the basket to avoid floating and a rotational speed of 

100 rpm was used. Studies were performed over seven days and for F11 and F12 additionally over 

31 days. Sampling was conducted automatically and measured UV-spectrophotometrically at 

λ = 241 nm in a 10 mm flow-through cuvette. As presented in section 3.3.2.2 in later experiments 

it was proven, that the stability of TA in PBS was not given over a longer period. For initial 

assessment results were still considered conclusive. For the investigation over seven days, 

measurements were performed every 10 min for the first 24 h, every 30 min for the subsequent 24 

h, every 120 min on the 3rd day and for the residual four days every 240 min. During sampling over 

31 days additionally every 240 min until day ten and for the remaining 21 days every 480 min were 

measured. Measurements were performed under sink conditions [227]. A medium change was not 

necessary, as a maximum of 25 % TA were released over the investigation period. The EC matrices 

were still intact after dissolution studies as it is a non-erodible polymer. Consequently, the 

remaining TA content of each sample was determined after completion according to section 

5.5.12.2. The sum of the released API amount and the residual API in EC-matrix was considered 

as total TA content. 
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5.5.22.2 USP Apparatus II (Paddle Apparatus) 

The dissolution of the medicinal product Volon® A 10-5 mL (TA crystal suspension, Dermapharm, 

Gruenwald, Germany) was investigated over 4 h using the USP apparatus II (Paddle, DT 700, 

Erweka, Langen, Germany). Studies were performed in 1000 mL HEPES buffer pH 7.4 at 

37 ± 0.5 °C. The applied stirring speed was 100 rpm. The TA suspension samples of 0.6 mL (= 

6 mg TA, n = 3) were taken using a tuberculin syringe equipped with a Luer-Lock connection 

cannula 0.90 x 40 mm and transferred to a vessel. Thereby sink conditions were maintained with a 

maximum concentration of 6 mg/L TA [227]. Drug release samples of 8.0 mL were withdrawn after 

predetermined time points using an automatic syringe pump (Legato 111, KD Scientific, Holliston, 

USA) with a rate of 30 mL/min, enabling reproducible and precise sampling. Syringes were 

equipped with a 10 µm pore sized glass frit to reduce to the greatest possible extent the removal of 

undissolved drug crystals. The withdrawn volume was replaced by fresh medium using a one-

channel pipette (Research® Plus, Eppendorf, Hamburg, Germany). Sampling was conducted after 

1, 3, 5, 7, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 150, 180, 210 and 240 min. Afterwards 

samples were directly filtered through an 0.45-µm pore sized nylon membrane filter (VWR, 

Leuven, Belgium). Released TA amount was determined via HPLC as described in section 5.5.12.3. 

The API amount after reaching the plateau was considered as total API content, since a complete 

avoidance of drug crystal removal was not possible. 

A determination of the TA release of Volon® A suspension with the newly developed dissolution 

set-up described in section 5.5.22.3 was not possible due to the limitations of TA solubility 

(20.27 ± 0.41 mg/L at 37 °C, n = 6) and precise dosing of the suspension.  

5.5.22.3 Long-Term Dissolution Testing in Self-Developed Set-up 

For the investigation of the long-term drug release behaviour from different printed two-component 

implants (Figure 68, n = 3), a “sample and separate” dissolution set-up was developed in a reduced 

volume (50-75 mL) to enable precise TA quantification as described in section 3.3.3. In addition, a 

simultaneous investigation of 30 samples over three months was enabled. For comparison purposes, 

 

Figure 90. Picture of implant fixed in upright position using the inhouse built sample holder for long-term 
dissolution studies.  
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filaments (F12) were also analysed (n = 3). The set-up is exemplary depicted in Figure 61 

(section 3.3.3). Glass flasks with watertight closure equipped with a magnetic stirrer were used as 

dissolution vessels (volumetric capacity approx. 85 mL). As implant holder an in-house built inlay 

was used (Figure 61), consisting of a grid. The implant was fixed upright on the grid with a cyano-

acrylate based, solvent-free glue (UHU® Alleskleber super, UHU GmbH & Co. KG, Bühl, 

Germany) over the drug-free shell (Figure 90). For the analysis of filaments, three sections per 

sample with a length of 2.5 cm were placed in an in-house designed 3D-printed basket to avoid 

floating (Figure 61). Thereby, the surface area available for drug release was kept comparable. 

Both sample holders were equipped with a spacer, providing a 2.5-cm distance between the 

implant/filament and the flask bottom. Flasks were placed in a water bath located on a multi position 

magnetic stirrer (Labomag (4 x 4), SHP Steriltechnik, Haldensleben, Germany). Dissolution studies 

were performed in 50 mL HEPES pH 7.4 at 37 ± 0.5 °C, ensured via thermostats, under sink 

conditions. Over the weekends, the volume was increased to 70 or 75 mL to maintain sink 

conditions during sampling breaks of two days. The minimum available stirring speed of 200 rpm 

was applied. 

For manual sampling at early time points (implants until 10 days and filaments until eight days) a 

volume of 5-30.0 mL depending on the time intervals per day was withdrawn using a one channel 

pipette (Research® Plus, Eppendorf, Langen, Germany). A complete media change was conducted 

either over night or sampling intervals of one day at later time points to maintain sink conditions. 

The withdrawn volume was replaced with fresh dissolution medium. A medium change was usually 

performed after two days, at the latest after three days to reduce TA-degradation in the medium. 

Within the initial 8 h of studies, extraction of implant samples was conducted every 2 h and for the 

subsequent nine days twice a day (minimum 6 h in between). Afterwards it varied between once a 

day, every two or maximum three days. The sampling of filaments was carried out similarly. A 

detailed sampling plan, inclusive withdrawn volume can be found in the appendix (Table 33). 

Samples were filtered promptly through an 0.45 µm pore sized PP or nylon membrane filter (VWR, 

Leuven, Belgium) and analysed latest three days after sampling via HPLC (section 5.5.12.3). The 

released TA concentration was calculated based on the area sum of impurity C and TA as proved 

in section 3.3.2.3. Prepared HPLC vials, which could not be analysed directly due to instrument 

occupancy or instrument defect, were frozen (-18 °C) until measurement to avoid further TA 

degradation. Prior analyses, samples were thawed in an ultrasonic bath at 40 °C and vortexed. 

Non-erodible EC-based implants remained predominantly intact after three months drug release. 

The drug load of implants was determined as described in section 5.5.14, considered as total TA 

content and used for the calculation of the percentage amount drug released. Intact filament matrices 

were analysed regarding their remaining TA content according to section 5.5.12.2. The sum of the 

released API amount from filaments (TA + impurity C) and the residual API in filaments was 

considered as total TA content to calculate the released percentage. 
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5.5.23 Dissolution Kinetics 

For the analyses of drug release behaviour of different implant inlay networks in comparison to 

filaments, the dissolution kinetics of differential curves were determined according to Equation (2). 

Therefore, the released API [%] was plotted against the time [d] in a double logarithmic plot. Values 

above 5 % were evaluated to cover the linear range as the initial drug release of the first days was 

comparatively fast and thus not representative for the actual drug release behaviour (max. up to 

60 % drug release). For the determination of the present release kinetic, the diffusional release 

exponent n was determined as slope of the linear function obtained in the bilogarithmic depiction.  

5.5.24 Fitting of Drug Release Curves 

For the modelling of release profiles, dissolution curves were fitted to the respective mathematical 

equation (Peppas-Sahlin, Weibull and Higuchi; Equations (8), (9) and (10)) using the NLFit 

application of the software Origin Pro 2019/2020 (OriginLab Corporation, Northampton, USA). 

The Levenberg-Marquard algorithm was applied for iteration. Thereby non-defined constants of 

the respective models were determined. Fits were performed up to 60 % of drug release.  

5.5.25 Prediction of Drug Release Based on the Higuchi-Model 

The prediction of TA release from printed implants was done based on DK (refer to Equations (3) 

and (10)) according to Korte and Quodbach [35]. The surface area was either calculated based on 

CAD (theoretical) or measured via X-ray computed tomography (refer to 5.5.16). DK was 

determined as slope of Higuchi-plots (Q against √𝑡). Q (mg/cm2) represents the quotient of the 

absolute released API and the surface area of the dosage form (in this case drug-loaded network).  

Based on Dk of an implant with the same strand width and the surface area of the implant to be 

predicted the release curve was determined. 

For the prediction based on the initial 15 and 30 days of drug release of the respective implant the 

relative released API amount was plotted against √𝑡 as Higuchi plot. The equation of the obtained 

linear regression was used to predict the dissolution curve of the remaining time (60 or 75 days).   

5.5.26 Root-Mean Square Error of Prediction (RMSEP) 

The goodness of a prediction model was evaluated by calculating the RMSEP according to Equation 

(16), where n is the number of samples i, 𝑦௜ the observed and 𝑦ො௜the predicted value for each time 

point of dissolution studies [248]. 

𝑅𝑀𝑆𝐸𝑃 ൌ  ඨ
∑ ሺ𝑦௜ െ 𝑦ො௜ሻଶ
௡
௜ୀଵ

𝑛
 (16) 
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5.6 Stability Testing of Filaments according to ICH Q1A (R2) 

Filaments F6, F11 and F12 were subjected a stability analysis according to ICH guideline Q1A (R2) 

[198] over a period of six months. For this purpose, all filament formulations were stored open 

(unsealed, permeable polyethylene bags) or packed (sealed impermeable aluminium sachets). 

Sampling within one batch was done using filament sections from the beginning, middle and end 

of the manufacturing process. Packed and unpacked samples were stored at RT (21 °C) and at 

uncontrolled relative humidity and under accelerated conditions at 40 °C and 75 % rH in a climate 

chamber (KBF 720, Binder, Tuttlingen, Germany). As quality attributes the mechanical properties, 

thermal stability (DSC) and additionally the API stability (content) for drug-loaded filaments (F11, 

F12) were chosen. Tests were conducted according to the overview listed in Table 10. As starting 

point (T0), the mechanical properties and DSC analysis were performed one day and the API 

stability two days after extrusion according to the methods described in section 5.5.7 and 5.5.12. 

Content analyses for T0 and T1 (1 month) was done via UV/Vis-spectroscopy (section 5.5.12.2), 

whereas residual measurements were performed using the HPLC method for content determination 

described in section 5.5.12.3 to detect potential degradation products.  

5.7 Synthesis of Impurity C 5F

6 

For proper identification and analyses of the degradation product of TA via HPLC, impurity C was 

synthesised. The synthesis was performed based on literature [217, 223]. 600 mg of TA (1.38 mmol 

and 31.5 mg of copper (II) acetate (0.17 mmol) were dissolved in 150 mL methanol absolute. Air 

was bubbled through the solution for 60 min using a tube equipped with a cannula. The addition of 

20 mL aqueous disodium edetate solution (2.5 mg/mL) quenched the induced chemical reaction. 

Under vacuum the solution volume was reduced to 30 mL. The aqueous solution was extracted 

twice with 200 mL dichloromethane. 

Afterwards the obtained two organic phases were combined and extracted twice with aqueous 

disodium edetate solution (2.5 mg/mL). The residual water was removed with sodium sulphate 

anhydrous. The filtered organic solution was evaporated at RT to yield impurity C. The obtained 

white solid was analysed via HPLC (section 5.5.12.3) and LC-MS as described in section 5.5.17 

(HPLC RT: 4.6 min.; m/z calculated for [C24H31FO7]+: 451.2, found: 451.2 (Figure 91), 

Yield > 95 %). 

 
6 The synthesis was performed together with Dr. Tanja Knaab at the Institute of Pharmaceutics and Biopharmaceutics at 
the Heinrich Heine University Duesseldorf. 
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Figure 91. LC (top) and MS (bottom) spectra of synthesized impurity C (m/z 451.2). 
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6. Appendix 

  

 

Figure A1. Recorded DSC thermograms of F11 samples unpacked (left) and right (packed) during stability 
testing T0-T6. Top: stored under accelerated conditions; bottom: stored at 21 °C (RT). 

 

Figure A2. Recorded DSC thermograms of F6 samples unpacked (left) and right (packed) during stability testing 
T0-T6. Top: stored under accelerated conditions; bottom: stored at 21 °C (RT). 
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Figure A3. HPLC chromatogram of TA sample in water (6 µg/mL) via LC-MS (Figure A4) treated for 4 h in an 
ultrasonic bath at 40 °C to force degradation. Measured with developed HPLC method to ensure the presence of 

the degradation product. Red marker indicates the found degradation product (see section 3.3.2.1). 

 

Figure A4. LC-MS chromatogram of aqueously treated TA sample (4 h, 40 °C ultrasonic bath), impurity C was 
detected at min 4 with the applied method (m/z 451.2) and TA at min 5.8 (m/z 435.2). 
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Table 31. Detailed slicing settings using Slic3r Prusa Edition. Categorization was adapted from software. 

Settings  

Rectangular test objects  
(sections 3.2.3.4 and 3.2.5.2) 

Commercial Filament EC/HPMC based Filament 

Software Slic3r Prusa Edition  

Filament PLA  F11, F12, F13 

Print temperature [°C] 210 185 for F11 and F12, 180 for F13 

Heat bed temperature [°C] 60 90 

Nozzle diameter [mm] 0.4  0.4 

Layer settings  

Layer height (first layer 
height) [mm] 

0.1 0.1 

Perimeters 1 1 

Solid layers (top and bottom) 0 0 

Seam position nearest nearest 

Infill settings 

Infill density [%] 85 85 

Fill pattern rectilinear rectilinear 

Fill angle [°] 90 90 

Combine infill every 1 1 

Skirt and Brim 

Skirt loops minimum 1 1 

Distance from object [mm]  2 2 
minimum extrusion length 
[mm] 

4 4 

Brim width 0 0 

Support  

Generate support structures No No  

Speed 

Perimeters 15 15 

Small perimeters (r < 6.5 mm) 25 25 

External perimeter 25 25 

Infill 15 15 

Travel  180 180 

First layer speed 15 15 

Advanced: Extrusion width [mm]  

Default extrusion width 0.45 0.45 

First layer 0.42 0.42 

Perimeters 0.45 0.45 

External perimeters 0.45 0.45 

Infill 0.45 0.45 

Advanced: Overlap  

Infill/perimeter  25 25 

Cooling 

Fan speed [%] 100 100 
Disable fan for the first _ 
layers 

1 1 
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Table 32. Detailed slicing settings using Simplify3D. Categorization was adapted from the software. 

Settings  

Two-component implants  
(section 3.4.3) 

Drug-free shell Drug-loaded network inlays 

 0.4 mm 0.8 mm  1.2 mm 

Software Simplify3D 

Filament F6 F12 F12 F12 

Print temperature [°C] 185 185 185 185 

Build plate temperature [°C] 90 90 90 90 

EXTRUDER 

Overview 

Nozzle diameter [mm] 0.4 0.4 0.4 0.4 

Extrusion multiplier 1 1 1 1 

Extrusion width (manual) [mm] 0.39 0.39 0.4 0.4 

Ooze Control 

Retraction distance [mm] 1 5 5 5 

Extra restart distance [mm] -0.01 0 -0.01 -0.01 

Retraction vertical lift 0.1 0.1 0.1 0.3 

Retraction speed [mm/s] 80 80 80 80 

LAYER 

Layer settings 

Primary extruder  2 1 1 1 

Primary layer height [mm] 0.2 0.2 0.2 0.2 

Top solid layers all 0 all 0 

Bottom solid layers all 0 all 0 

Perimeters 1 0 1 1 
 (1.2 x 0.8 mm = 2) 

First layer settings [% from set values for all layers]  

First layer height  100 100 100 100 

First layer width  100 100 100 100 

First layer speed  50 50 50 100 

Start points 
Optimize start points for fastest 
printing speed 

yes yes yes yes 

ADDITIONS 

Use Skirt and Brim 
Skirt extruder 2 2 2 2 
Skirt layers 1 1 1 1 
Skirt offset from part [mm] 4 4 4 4 
Skirt outlines 2 2 2 2 

Use Ooze Shield  
Ooze shield extruder all all all all 
Offset from part [mm] 10 10 10 10 
Ooze shield outlines 8 8 8 8 
Sidewall shape waterfall waterfall waterfall waterfall 
Sidewall angle change [°] 30 30 30 30 

Speed multiplier 200 200 200 200 

INFILL 
General  

Infill extruder 2 1 1 1 
Internal fill pattern rectilinear rectilinear rectilinear rectilinear 
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Settings  

Two-component implants  
(section 3.4.3) 

Drug-free shell Drug-loaded network inlays 

 0.4 mm 0.8 mm  1.2 mm 
External fill pattern rectilinear rectilinear rectilinear rectilinear 
Infill percentage 100 100 100 100 
Outline overlap [%] 5 not relevant  5 5 
Infill extrusion width 100 100 100 100 
Min. infill length [mm] 5 0.8 5 5 
Combine infill every_layer 1 1 1 1 

Internal/external angle offset [°] 
n x angle* 

45 
-45 

2 x 0 
2 x 90 
2 x 0 

2 x 90 
2 x 0 

2 x 90 
2 x 0 

2 x 90 

not relevant; only 
perimeters 

printed 

6 x 0 
6 x 90 
6 x 0 

6 x 90 

SUPPORT 

Generate support material No No No No  

COOLING 

Pre layer fan controls 

Fan speed [%] 
layer 1: 0 
other: 100 

 

layer 1: 0 
other: 100 

 

layer 1: 0 
other: 100 

 

layer 1: 0 
other: 100 

 
SPEED 

Speeds  
Default printing speed [mm/s] 25 10 20 15 
Outline underspeed [%] 50 50 50 50 
Solid Infill underspeed [%] 80 80 80 80 
X/Y axis movement speed [mm/s] 80 120 80 120 
Z-axis movement speed [mm/s] 16.7 16.7 16.7 16.7 

OTHERS 

Tool change retraction  
Change retraction distance [mm] 85 85 85 85 
Extra restart distance [mm] -25 -3 -25 -30 
Retraction speed [mm/s] 20 40 20 40 

ADVANCED 

Thin wall behaviour 
External thin wall type 

Perimeters only 
Single extrusion 

walls 
Perimeters only Perimeters only 

Internal thin wall type 
Allow gap fill 

Allow single 
extrusion infill 

Allow gap fill 
Allow single 

extrusion infill 
Allowed perimeter overlap [%] 10 10 10 10 

Single extrusions  
Minimum extrusion length [mm] Not relevant 1 Not relevant 1 
Minimum printing width [%] Not relevant 50 Not relevant 50 
Maximum printing width [%] Not relevant 200 Not relevant 200 
Endpoint extension distance 
[mm] 

Not relevant 0.7 Not relevant 0.2 

Ooze control behaviour 
Only retract when crossing open 
spaces 

yes no no yes 

Force retraction between layers yes yes yes yes 
Minimum travel for retraction - - - - 
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Settings  

Two-component implants  
(section 3.4.3) 

Drug-free shell Drug-loaded network inlays 

 0.4 mm 0.8 mm  1.2 mm 
Perform retraction during wipe 
movement  

no yes no no 

Only wipe extruder for outer 
most perimeters 

yes yes yes yes 

* as network braces of inlays are arranged in 90° to each other, the infill angle per brace (consisting of n layers) needs to be changed 
between 0 and 90° to adapt the printing direction to brace orientation. Therefore, the angle 0° was entered n-times (one brace) and then 
this was repeated for 90° until all braces are covered (n = layer number for one network brace (e.g., 1.2 mm brace consists of six 0.2-
mm-layers). 
 

Table 33. Sampling overview of long-term drug release from two-component implants (9, n = 3) and filaments 
(F12). Grey-shading indicates medium change. 

Sampling no. 

Implants Filaments 

Sampling 
time [d] 

Sampling 
volume 
[mL] 

Total 
volume 
[mL]) 

Sampling 
time [d] 

Sampling 
volume 
[mL] 

Total 
volume 
[mL]) 

1 0.08 5 50 0.08 20 50 
2 0.17 5 50 0.17 20 50 
3 0.25 5 50 0.25 20 50 
4 0.33 5 50 0.88 50 50 
5 0.97 50 50 1.17 50 50 
6 1.30 10 50 1.96 50 50 
7 1.90 50 50 2.27 50 50 
8 2.28 10 50 2.90 50 50 
9 2.96 50 50 3.26 50 50 

10 3.25 20 50 4.12 50 50 
11 4.17 50 50 6.07 70 70 
12 5.09 50 50 7.15 20 50 
13 5.97 50 50 8.08 20 50 
14 6.22 20 50 9.16 50 50 
15 6.97 50 50 10.07 50 50 
16 7.21 10 50 13.08 75 75 
17 7.97 50 50 14.98 50 50 
18 8.30 20 50 17.20 50 50 
19 8.97 50 50 19.98 50 75 
20 9.24 20 50 21.92 50 50 
21 9.97 30 50 23.98 50 50 
22 10.22 50 50 26.95 75 75 
23 11.29 50 50 28.94 50 50 
24 12.94 70 70 30.88 50 50 
25 14.15 50 50 33.92 75 75 
26 15.07 50 50 35.92 50 50 
27 16.13 50 50 37.95 50 50 
28 17.27 50 50 41.13 75 75 
29 18.23 50 50 42.95 50 50 
30 19.94 75 75 44.90 50 50 
31 20.95 50 50 47.95 50 50 
32 21.95 50 50 49.83 50 50 
33 23.06 50 50 51.94 50 50 
34 24.11 50 50 54.94 50 50 
35 25.18 50 50 56.92 50 50 
36 27.11 70 70 58.92 50 50 
37 27.99 50 50 61.91 50 50 
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Sampling no. 

Implants Filaments 

Sampling 
time [d] 

Sampling 
volume 
[mL] 

Total 
volume 
[mL]) 

Sampling 
time [d] 

Sampling 
volume 
[mL] 

Total 
volume 
[mL]) 

38 28.98 20 50 63.96 50 50 
39 29.94 50 50 65.96 50 50 
40 30.92 20 50 68.96 50 50 
41 32.13 50 50 70.96 50 50 
42 33.98 70 70 72.96 50 50 
43 35.15 20 50 75.97 50 50 
44 36.06 20 50 78.08 50 50 
45 37.17 50 50 79.94 50 50 
46 38.13 50 50 83.18 50 50 
47 41.13 75 75 84.91 50 50 
48 42.98 50 50 87.02 50 50 
49 45.19 50 50 90.00 50 50 
50 47.98 75 75 

 

51 49.93 50 50 
52 51.98 50 50 
53 54.94 75 75 
54 56.94 50 50 
55 58.89 50 50 
56 61.93 75 75 
57 63.93 50 50 
58 65.94 50 50 
59 69.14 75 75 
60 70.94 50 50 
61 72.90 50 50 
62 75.94 50 50 
63 77.92 50 50 
64 79.95 50 50 
65 82.95 50 50 
66 84.94 50 50 
67 86.95 50 50 
68 89.94 50 50 
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