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Chapter I - Introduction 

1 Introduction 

1.1 3D-printing 

1.1.1 Introduction to 3D-printing 

For years, patients were viewed as a homogeneous group and selected drug treatment was 

based on experience from clinical studies. Consequently, individual factors such as age, 

physiological condition and especially genetic pattern were ignored during the selection of 

appropriate drug treatment. Scientific breakthroughs in molecular medicine and human 

genome research triggered a paradigm shift in health care systems away from the traditional 

“one size fits all” concept towards a more personalized approach [1]. The concept of 

personalized medicine intends to provide the right drug with the appropriate dose at the right 

time to the right patient [2]. Especially, improved understanding of a person´s unique molecular 

and genetic profile enables to individualize the treatment of patients [3]. By individualizing the 

drug therapy, the response rate of an applied drug treatment might increase while minimizing 

the occurrence of adverse effects [4].  

Besides the individualized treatment of patients, novel diagnostic methods enable the 

identification of certain predisposition for a specific disease [5]. An early recognition allows the 

initiation of preventive measures much sooner, which promotes a shift of emphasis in medicine 

from reaction to prevention.   

Currently, individualized drug treatment has been implemented successfully in many 

examples. The introduction of the individualized concept has fundamentally changed the 

strategies in breast cancer treatment. Through the above mentioned newly available genetic 

diagnostic possibilities, breast tumor cells can be analyzed regarding a possible 

overproduction of human epidermal growth factor receptor 2 (HER-2) protein. A positive test 

outcome (HER-2-positive breast cancer) for this specific protein helps the physician to 

individualize the treatment by selecting drugs which target the HER-2-protein [6] specifically. 

By individualizing the treatment, the survival rate of patients might increase significantly, while 

the risk of adverse effects might decrease. 

Besides breast cancer, individualized medicine is expanded for other cancer types like 

colorectal cancer, lung cancer or melanoma. The concept is currently also being tested further 

for Alzheimer´s disease [7], Parkinson´s disease [8] or multiple sclerosis [9].  

Alongside with enhancements in diagnostic procedures and drug treatment selection, changes 

in drug manufacturing are mandatory to ensure successful implementation of individualized 

medicine into existing health care structures.  
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For decades, solid dosage forms like tablets or capsules are manufactured at large scales. 

Pharmaceutical equipment has been designed and optimized to increase the overall 

throughput and therefore to maximize the revenues of the pharmaceutical industry. This profit-

oriented strategy does not allow research and development activities on individualizing the 

manufactured product in order to fulfil patient’s needs. Besides the economical view, there is 

also a lack of suitable equipment that enable a fast adapting manufacturing of tailored dosage 

forms in smaller batch sizes.  

One of the oldest approaches to individualize the administered dose are liquid dosage forms 

(LDF). Especially for the treatment of special patient groups with swallowing difficulties, for 

example pediatrics or geriatrics, LDF were utilized as first choice treatment for individualized 

drug therapy. LDF are delivered to the patient with a dosing device, which helps to achieve the 

right dose [10]. Thereby, the dose can be varied easily and precise by changing the 

administered volume [11]. The LDF show a high patient acceptability and compliance since 

flavor can be added to achieve a taste masking and LDFs are also easy to swallow. 

Nevertheless, most of the available active pharmaceutical ingredients (APIs) are not 

processable due to their solubility. Further, LDF face stability issues and microbiological 

instability, which limit the storage of LDFs. 

The academic research community introduced various new manufacturing technologies as 

well as new dosage forms to individualize the dispensed dose. The research was often 

combined with the development of child-appropriate dosage forms. Multiparticulate dosage 

forms like minitablets (MT) [12-14] or orodispersible minitablets (ODMT) [15, 16] were found 

as promising to adjust the required dose according to the needs of the patients. Combined with 

the development of dispensing devices, MT and/or ODMT dispensed accurate by ensuring the 

required amount of dose. The use of these dosage forms is limited to high potent drugs since 

the processing of low potency drugs require the daily intake of a high number of units. 

Furthermore, academic studies revealed challenges in achieving an acceptable dosage 

uniformity according to the European Pharmacopoeia (Ph. Eur.). Currently, test methods for 

MT and ODMT are lacking and need further research and guidance by health authorities.  

Academic research further demonstrated the potential of implementing orodispersible films 

(ODFs) in regard to individualizing the dispensed dose [17, 18]. According to the literature, 

ODFs are single- or multilayer sheets consisting of suitable polymers, which are intended to 

be placed into the oral cavity where they dissolve rapidly without the need of beverages [19]. 

Due to the rapid disintegration in the oral cavity, ODFs are highly suitable for patients with 

swallowing difficulties especially pediatrics and geriatrics [17]. ODFs have the advantage that 

they can be cut into different sizes after production, which enables an individual dose adaption 

[20]. Alongside with the advantages provided by ODFs there are some challenges limiting the 
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commercial use of ODFs. Currently, manufacturing of larger batches is not applicable. 

Furthermore, the maximum possible drug-load is limited making the dosage forms currently 

only suitable for high-potent APIs, which are dispended in a low dose.  

A recent approach that has been studied intensively to individualize drug therapy is the inkjet 

printing (IJP) of drug-loaded inks onto substrates like ODFs [21-23]. In this application, a pre-

formulated drug-loaded ink is printed dropwise with a print head (thermal or piezoelectric print 

heads) onto a substrate [21]. The interesting point about IJP is that the dose can be precisely 

controlled by varying the number of printed layers. Also, the number of printed drugs can be 

varied to achieve fixed dose combinations [24-26]. Nevertheless, besides the provided 

advantages of IJP, the preparation of suitable drug-loaded inks for printing purposes appears 

to be challenging [27].  

In regard to suitable manufacturing processes for individualization purposes,                                   

three-dimensional printing (3DP) has been explored as a new potential manufacturing 

technology. The healthcare system already recognized 3DP as a promising approach [28-30] 

for the production of customized prosthetics, required surgical instruments, bone replacement 

and implants [31], whereas the use of 3DP for manufacturing pharmaceutical dosage forms is 

in its infancy.  

According to the Government Accountability Office (GAO) of the United States, 3DP is defined 

as a layer-by-layer process of producing 3D objects directly from a digital model [32]. The 

digital model is created using a computer-aided design (CAD) software. Since the designed 

digital model can be adapted relatively easily and fast to changing requirements, a high 

variability of possible structures is given. Furthermore, it is also possible to design complex 

structures, which are rather challenging to obtain by conventional processes [33].  

Due to these possibilities, 3DP has been recognized as a highly potent manufacturing process 

for individualized dosage forms. Aside from this, dosage forms with customized drug release 

characteristics can be manufactured using 3DP [34].  

With the approval of the first printed tablet, Spritam® by Aprecia, by the Food and Drug 

Administration (FDA) in 2015, 3DP technology made its way into the pharmaceutical market 

[35]. By this milestone, the technology was taken out of its niche existence and placed into the 

spotlight as future manufacturing process for individualized dosage forms.   
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1.1.2 Technologies in 3D-printing 

The term 3DP is an umbrella term encompassing several technologies, which differ in the 

printing style and/or used material. Nevertheless, these technologies have the same starting 

point in common as illustrated in Figure 1. All 3DP technologies share the same procedure of 

fabricating solid objects from a digital model. The procedure is divided into 5 subsections which 

are described in detail below. 

1. Creation of a CAD model & conversion to a STL file 

The 3DP process always starts with designing a digital model. CAD software is 

commonly used to create digital models in the first step. After designing the desired 

model with the CAD software, it is converted into a stereo lithography file format                  

(STL file). The STL file contains information about the external surface of the model. 

This STL file serves as basis for the sequential processes in the printing process.  

 

2. Transfer to slicing software 

After the design phase, the STL file is imported within the next step into a slicing 

software. The slicing software converts the STL file into a G-code, numerical control 

(NC) programming language. Through the G-code, the action of the used 3D-printer 

can be controlled. Furthermore, changes of building parameters like supporting 

material, layer height or the orientation of the object are possible in this stage of 

process.  

 

3. Transfer to the machine & machine setup 

Once the G-code has been created, it will be provided to the respective 3D-printer. At 

this stage of process, relevant printing parameters can be set to control the process. 

 

4. Printing phase & removal 

At this stage, the desired object is printed layer-wise. The building step is completely 

automated and needs therefore no supervision by the operator. Most 3D-printers have 

a built-in control unit that controls the process and in the event of a deviation, aborts 

the process and displays an error message.  

As soon as the printing process is finished, the object can be removed from the building 

platform. Depending on the used printing technology safety aspects must be 

considered during removal of the finished object from the platform.  
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Figure 1. Scheme of the general 3DP process. 

5. Post-processing 

Depending on the used printing technology, post-processing procedures are essential 

to achieve a certain product quality. Some printing technologies require for example a 

post-thermal treatment to increase the mechanical strength.  

The relevant printing technologies covered by the term 3DP are indicated in Figure 2.  

 

Figure 2. 3DP technologies: (a) powder-bed fusion, (b) stereo lithography, (c) binder jetting, (d) fused 

filament fabrication (also fused deposition modeling), (e) pressure-assisted microsyringe printing 

The printing technology powder bed fusion (PBF) comprises three different printing techniques:  

selective laser sintering (SLS), direct metal laser sintering (DMLS) and selective laser melting 
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(SLM). These printing technologies share the same working principle and differ from each 

other in the used printing material and therefore the required energy input (Figure 2a).  

DMLS and SLM are predominantly used in the aerospace and automotive industry [36, 37]. 

SLS printing gained recently increasing interest as manufacturing process for pharmaceutical 

products [38-43] as well as for the production of bone scaffolds [44-46] and implants [47].  

During the printing process, a polymer powder layer of the starting material is spread onto a 

building platform using a roller. The spread polymer powder layer is then preheated inside the 

printer to temperatures just below the respective melting point of the polymer [48, 49]. 

Subsequently, a laser scans the surface of the polymer powder layer, sintering selective parts 

of a cross section of the object to be printed. The absorbed laser heat energy causes a melting 

of the powder particles, which leads to a fusion of neighbored particles [50]. After scanning the 

entire cross section, the building platform is lowered by the thickness of one layer and a further 

powder layer is spread over the previous layer using the roller. The sintering process is 

repeated until the complete object is formed. After finishing the printing process non-sintered 

powder must be removed [51].  

SLS has been studied recently as manufacturing process for oral solid dosage forms [41-43]. 

Depending on the used polymer, different dissolution profiles were achieved. Further, 

adjustment of laser scanning speed affected the resulting disintegration of printed tablets [42]. 

SLS has been further utilized to manufacture orodispersible printlets containing ondansetron 

[52]. A recently published study introduced the ability of producing dosage forms with unique 

surface pattern which allows visually impaired patients to differentiate their medication [53]. 

During the printing process, the used powder bed acts as support material for the printed 

object, so no further additional supporting material is needed. Nevertheless, the accumulation 

of non-sintered powder material represents a major drawback of the technology. For 

pharmaceutical applications, a verification must be performed, whether the non-sintered 

powder must be classified as drug containing waste or might be recycled. Since high-

performance lasers are applied during the PBF printing process, degradation of API as well as 

of excipients might occur, which would represent a further problem for any re-use [43].  

The stereo lithography (SLA) printing is based on the selective photo-polymerization of a liquid 

resin via an ultraviolet (UV) laser beam (Figure 2b) [54]. In comparison to the other 3DP 

technologies the resulting resolution of printed products is clearly superior. The use of other 

printing technologies provides objects with a resolution of 50 – 200 µm, whereas with SLA 

printing a resolution of up to 20 µm can be achieved [55]. The printing process starts with filling 

the liquid into a basin, which has an integrated movable building platform [56]. The platform is 

then adjusted to the height of a single layer to the surface. In the next process step, the UV 

laser beam traces a cross-section of the object to be printed on the surface of the liquid resin. 
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Through the exposure of the liquid resin to the UV laser beam, the monomer carbon chains of 

the resin are activated forming a coherent layer through solidification. After the first layer is 

manufactured, the building platform moves down automatically by the thickness of a single 

layer. The scanning and solidification processes then start again from the beginning and are 

repeated until the complete object is manufactured [54]. Post processing is necessary either 

to remove excessive resin with solvents like isopropanol or to increase the mechanical 

properties of the printed object by UV light exposure [55].  

The application of SLA technology is still in the initial development stage and needs to 

overcome some major hurdles and challenges to be recognized as suitable manufacturing 

process for pharmaceutical use. Especially the hazardous properties of the used resins cause 

SLA not being applied in manufacturing of pharmaceutical dosage forms currently [34]. During 

the printing process, residual monomers and photo-initiator molecules might be entrapped into 

the structure of the photo-polymerized structure. These can be cytotoxic upon leaching out of 

the structure and lead to undesirable effects when the printed structure is used for humans. 

Furthermore, the used resins are photosensitive, which also might lead to stability issues 

during storage of produced dosage forms. The occurrence of chemical reaction between a 

photopolymer and an API has to be taken into consideration during the selection process, since 

a chemical reaction might affect the product quality negatively [57]. Nevertheless, there are 

some scientific studies available adapting SLA printing for the manufacturing of pharmaceutical 

dosage forms [58-60]. Further, SLA has been used recently to print a bladder device containing 

lidocaine enabling an intravesical drug delivery [61]. Depending on the printed shape (hollow 

or solid), a sustained drug release up to 14 days was achieved [61]. 

With regard to commercial sales in pharmaceutics, binder jetting (BJ) is currently the most 

successfully applied 3DP technology (Figure 2c). Until now, it is the only 3DP technology that 

resulted in a commercialized product [62]. The drug approval of the 3D-printed product 

Spritam® (Aprecia® Pharmaceuticals) by the FDA represents a significant milestone in the 

development and establishment of 3DP processes as manufacturing processes for solid 

dosage forms. Commercialization of a printed product increase the interest of manufactures in 

printing technologies as manufacturing process and thus financial resources could be 

generated for research and development of 3D-printers as well as for printable materials.  

The printing process of BJ starts with spreading a thin powder layer onto the building platform 

using a recoating blade [63]. Subsequently, an inkjet printer head is moved over the powder 

bed depositing droplets of a binder solution onto the powder bed. The movement of the print 

head is controlled via the G-code. Through the printed solution the powder particles are wetted 

causing a local hardening and therefore layer solidification. After the first layer solidifies, the 

building platform is lowered by the thickness of a single layer and a new powder layer is spread 
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over the previous solidified layer. The printer head is moved to the initial position and the 

deposition process of droplets onto the powder layer is repeated. The printing steps are 

repeated until the desired object is printed completely. After finishing the printing process, the 

printed object needs to be removed from the powder bed and loose powder discarded carefully 

[63, 64]. Execution of post processing like thermal sintering is often necessary to improve the 

mechanical properties of printed objects [63]. In pharmaceutical application, BJ process can 

be carried out in two different variants. The API can be present in the powder mixture as well 

as dissolved in the binder solution. For both variants, the printing process is the same as 

described above. For pharmaceutical application, feasibility of implementing BJ as 

manufacturing process for oral solid dosage forms has been demonstrated in various scientific 

studies [65-71]. These studies revealed the opportunity of manipulating the drug release by 

either using polymers with different characteristic like basic butylated methacrylate copolymer 

(Ph. Eur.) (Eudragit® E 100) and ammonio methacrylate copolymer type A (Ph. Eur.) (Eudragit® 

RL PO) as binder material or by designing complex geometries.  

Due to the low thermal stress during the printing process, BJ printing enables the processing 

of thermo-sensitive APIs. Additionally, colored additives can be added to the printing inks, 

improving the patient´s compliance. Objects printed with BJ printing display a fragile structure 

with high friability and inferior mechanical properties, which make them rather unsuitable for 

further handling and packaging processes [34]. Further, post-processing step is required to 

remove residual powder after the printing process which increase the manufacturing time.  

A further 3DP technology of interest is the fused filament fabrication (FFF) printing technology, 

in the printing community also called fused deposition modeling (FDMTM) (Figure 2d) [72]. In 

most areas of scientific research and development, FFF is the widely used printing technology. 

Thereby, the number of scientific research articles using FFF as manufacturing process for 

pharmaceutical dosage forms increased significantly in the last years compared to the other 

printing technologies. Reasons for this might be that after the expiration of the original patent 

in 2009 [72], the number of available FFF printers has risen tremendously, causing a significant 

drop in the acquisition costs of FFF printers. FFF printing technology requires the pre-

manufacturing of filaments using for example hot melt extrusion (HME) [73, 74] or incubation 

of commercially available filaments like polyvinyl alcohol (PVA) or polylactic acid (PLA) 

filaments in drug-loaded solutions [75-78]. Since the achievable drug load via incubation is 

low, the incubation in drug-loaded solutions is not of interest for pharmaceutical purposes. 

During the printing process the premanufactured filament is loaded into the printer using a gear 

system [75]. The applied filament is mechanically stressed by the gear system, which therefore 

must provide a certain mechanical resilience to ensure  printability [73]. During the FFF 

printing, the printing nozzle is heated causing the filament to melt within the nozzle. The molten 
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filament is then extruded through the heated tip of the nozzle onto a building platform, where 

solidification of printed material takes place. The movement of the print head is repeated layer-

wise until the object is printed completely. The approach of FFF printing as manufacturing 

process has been carried out to manufacture for example patient-tailored tablets [30, 78, 79], 

tablets with combined different drug release mechanisms [79, 80] or to print network structures 

with predictable drug release kinetic [81]. Especially, modulating the resulting drug release 

behavior of printed drug delivery systems has been explored utilizing FFF printing either 

achieving an immediate drug release [82] or a sustained drug release [83-85]. Furthermore, 

general requirements to ensure printability has been investigated intensively [73, 86-89]. The 

exploration of FFF printing technology is already advanced compared to the other 3DP 

technologies. 

Objects printed by FFF technology do not necessarily need a post-process treatment, by which 

the overall manufacturing time might be reduced compared to other printing technologies like 

BJ or SLA. FFF printing provides objects with sufficient mechanical properties, which do not 

need further post treatment, and which allow packaging by the manufacturer as well as safe 

handling by the patients. Besides the mentioned advantages, there are some disadvantages 

to consider regarding the use as pharmaceutical manufacturing process. Especially the 

thermal stress during the filament preparation via HME as well as during the printing process 

might limit the number of processable APIs due to possible thermal degradation of the 

ingredients (API and excipients) [76, 90]. Insufficient temperature adjustment of the printing 

nozzle might lead to nozzle clogging caused by solidification of the polymer within the printing 

nozzle. 

For the present thesis, pressure-assisted microsyringe (PAM) printing technology was selected 

as preferred manufacturing process (Figure 2e). PAM printing technology was invented in 2002 

by Vozzi and colleagues as an alternative manufacturing process in the field of tissue 

engineering and bioprinting [91]. In the first version of the invention, the printer was equipped 

with a glass syringe, an electronic pressure controller and a computer as a control unit for the 

process parameters [91, 92]. Over the last years, the invention has been further elucidated 

resulting in a fully automated and controllable printing process [93, 94].  

The PAM printing technology requires semi-solid formulations as printing material. Semi-solid 

formulations are achieved usually by gelling of polymers [95-97] or by dissolving gel-formers 

into either water or organic solvents [98]. In the first stage of the process, the prepared printing 

formulation is transferred into a printing syringe and closed with a piston or plunger at the top. 

The printing process is carried out by applying pressurized air to initiate the extrusion of the 

semi-solid formulation from the syringe through the adapted printing nozzle [91-94]. The 

printing pressure must be sufficient enough to enable a constant flow of the material out of the 
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printing nozzle. Usually printing pressures ranging from 3 – 5 bar are used during the PAM 

printing process [95-99]. 

To ensure a successful process, the selected material should provide the ability to form a 

stable object without collapsing during the printing process. Since the printing formulations are 

based on solvents (organic and inorganic), a drying step is essential to achieve a solid                     

3D-object [95, 100]. Due to the necessary drying process shrinkage of the printed object is 

expected [34].  

The choice of the nozzle diameter mainly depends on the rheologic properties of the used 

printing material. Materials with high viscosities are not processable with a small nozzle 

diameter due to the occurrence of nozzle clogging. Since the solidification of the printed 

material does not occur directly after being extruded onto the building platform, the printing 

temperature and building platform temperature are of great importance for the PAM 

technology. The printing process is determined by the dynamic viscosity of the material, which 

is also determined by the temperature as well as by the applied shear stress. A high printing 

temperature would decrease the viscosity of the printing material, which would lose its semi-

solid nature and become too liquid for the execution of the printing process. Printing of these 

formulations would lead to the complete spreading of the formulation on the building platform 

without the ability of forming a stable structure. On the other side, a low printing temperature 

would result in a high viscosity which might not be suitable anymore for the PAM printing 

process, since the printing pressure would not ensure a constant flow of material through the 

printing nozzle. The applied printing pressure mainly depends on the viscosity of the printing 

material. Materials with a high viscosity require high printing pressure to enable a constant 

material flow, while low viscosity materials require rather low printing pressure to achieve a 

suitable extrusion through the applied nozzle. Additionally, the viscosity of the printing material 

determines the applicable printing speed. During the printing process, a constant material flow 

should be realized to avoid printing errors, which might result in dose variations for 

pharmaceutical application. For printing materials with a high viscosity, a high printing speed 

would result in an irregular extrusion of the material, which would result in significant 

fluctuations in the dose. For materials with a low viscosity, a lower applied printing speed might 

result in regional over extrusion, which would result in an overdosing of API.  

Although until today this technology is mainly used in the field of tissue engineering and 

bioprinting, it has great potential to be implemented as manufacturing process for 

individualized dosage forms with unique dissolution characteristics [101-104] as well as for the 

manufacturing of fixed dose combinations [95, 96, 105]. Shaban et al. utilized PAM printing to 

manufacture a fixed-dose combination product named polypill [97]. The printed polypill 

consisted of five different APIs with different release profiles [97]. Acetylsalicylic acid and 
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hydrochlorothiazide were printed into one immediate release (IR) compartment, while atenolol, 

pravastatin and ramipril were embedded in a sustained release (SR) compartment. The IR 

compartment was printed on top of the SR compartment and consisted of sodium starch 

glycolate as disintegrants and polyvinylpyrrolidone (PVP) K30 as binder (Figure 3).  

 

Figure 3. Scheme of the polypill concept (adapted and modified from [97], used with courtesy of the 

International Journal of Pharmaceutics, Elsevier). 

A powder mixture of cellulose acetate, mannitol, and polyethylene glycol (PEG) 6000 was 

suspended in a solution of acetone/dimethyl sulfoxide (DMSO) (3:1 v/v) to prepare the printing 

formulation for the hydrophobic shell of the SR compartment. Drug loaded printing formulations 

for the SR compartment were obtained by mixing the respective API with hydroxypropyl 

methylcellulose (HPMC), lactose and water. Dissolution testing revealed that 75 % of the 

incorporated drug of the IR compartment was released within 30 min. In comparison, sustained 

drug release from the SR compartment could be demonstrated over the course of 720 min for 

all three incorporated APIs. In future, the availability of dosage forms with more than one API 

might have a distinct influence on the compliance of patients, since the frequency of daily drug 

intakes might be reduced significantly. 

PAM printing technology enables the execution of the printing process at room temperature. 

Hence, PAM is a promising technology for the processing of thermo-sensitive API even at 

ambient conditions. In addition, printing of pharmaceutical pastes with this technology appears 

to be feasible, which enables a high drug-load for pharmaceutical application [99]. Beside 

manufacturing of tablets, PAM printing was utilized to print ODFs [105]. ODFs were printed 

directly into their final size by which a further cutting step is not required anymore [105]. 

For the execution of printing processes, plastic syringes as well as plastic nozzles are used. 

Besides the plunger to close the syringe at the top, these parts are the only ones that are in 

direct contact to the printing formulation. Since the acquisition cost of these components are 

negligible, they might be used as disposable item to avoid cross-contamination. Therefore, 

complex cleaning concepts for PAM printing are redundant, compared to other 3DP 
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technologies like FFF printing where the starting material is in direct contact to the equipment. 

The use of disposable printing components makes it further possible to switch easily to other 

APIs, since there is no necessity to remove not printed powder material between the printing 

processes as it is the case for printing technologies like BJ or SLA. 

Besides the advantages, the use of PAM technology as pharmaceutical manufacturing process 

shows some limitations. Especially, the use of organic solvents in the preparation of the printing 

formulations like acetone or DMSO must be considered as critical. According to the ICH 

guideline for residual solvents, acetone and DMSO are listed as a class 3 solvents, meaning 

that the daily intake for humans is limited to 50 mg [106]. Especially dosage forms intended for 

paediatric use should not contain the mentioned solvents to avoid possible harm of paediatric 

patients. Thus, for printing formulations containing organic solvents, a determination of the 

residual solvent according to the Ph. Eur. is required [107]. Furthermore, the usually required 

drying process should also be considered as a critical step in the manufacturing cascade. 

Drying processes are often long-term processes utilizing often high drying temperatures [34]. 

Due to the thermal stress, the stability of APIs and excipients might be influenced because of 

their possible thermal degradation. Nevertheless, the overall thermal stress is lower compared 

to printing technologies like FFF printing. Another issue to consider is that the achievable 

resolution is limited by the applied nozzle size. For pharmaceutical applications, nozzles of  

400 – 800 µm diameter are available, which is clearly inferior compared to other printing 

technologies [34, 95, 96, 99, 100].  

1.1.3 Advantages and challenges of pharmaceutical 3DP 

The utilization of 3DP as manufacturing process might provide some potential benefits for the 

pharmaceutical industry as well as for patients. In regard to customization and tailoring of 

pharmaceutical dosage forms, 3DP appears to have a high potential as on-demand 

manufacturing process. Compared to conventional manufacturing processes, 3DP technology 

seems to be rapidly adapting and flexible. Besides the possibility of printing customized and 

complex structures, 3DP might further be used to adjust the drug release characteristics of a 

dosage form as needed.  

The implementation of 3DP might shorten the overall manufacturing chain significantly since 

manufacturing steps like granulation, milling, sieving, tableting, and coating would become 

redundant [34]. Further, 3DP provides the opportunity to be set up as an on-demand 

manufacturing process in community and hospital pharmacies. The on-demand manufacturing 

might shorten lead times as well as decrease the amount of wasted material, since only small 

batches with the required amount of dosage forms would be printed [108]. Furthermore,                   

3D-printers generally have a small footprint, which results in only a small percentage of the 

production area being occupied by the equipment. Therefore, 3D-printers are particularly 
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suitable as stationary manufacturing equipment in community and hospital pharmacies. 

Recently published studies demonstrated the ability of printing tablets with Braille and Moon 

patterns, allowing visually impaired patients to identify the medication and therefore reducing 

the risk of medication errors [53].  

Alongside with the advantages and opportunities provided, 3DP has to overcome major 

challenges [109]. These challenges can be classified into three categories: 1. Technical 

challenges; 2. Regulatory challenges; 3. Good manufacturing practice (GMP) challenges. 

1. Technical challenges:  

Depending on the applied printing technology, printed objects might have insufficient 

mechanical properties and possess a high friability, which makes the further processing of 

these dosage forms rather difficult. Especially during packaging of printed tablets defects might 

occur, which might lead to rejection of complete batches. For some of the 3DP technologies 

like BJ or SLA, a lot of unprinted material accumulates after the printing process. On the one 

hand, technical solution must be found to avoid excessive amount of unprinted material and 

on the other hand clarification is needed whether unprocessed material might be reused for 

further printing. 

Compared to established pharmaceutical manufacturing processes, 3DP is lacking in process 

control strategies. During conventional production of tablets, in-process control (IPC) is carried 

out to monitor the production intensively. For 3DP processes, IPC technologies are currently 

not commonly implemented, by which printed tablets are assessed analytical after being 

printed. Further, 3DP is a time-consuming process, whereas conventional tableting equipment 

is able to manufacture several hundred thousand tablets per hour (depending on the scale of 

tablet press).  

2. Regulatory:  

From a regulatory perspective, 3D-printed dosage forms have to meet the same requirements 

as conventionally manufactured dosage forms. However, at this point a big gap is existing in 

the regulatory framework. While for established processes guidelines are well implemented 

and standardized, the process of 3DP is lacking any guidelines from regulatory authorities. 

Health authorities around the world recognized the lack of guidance and initiated the process 

of developing standards and defining practical guidelines. The FDA designated two internal 

laboratories, the Laboratory for Solid Mechanics as well as the Functional Performance and 

Device Use Laboratory within the FDA´s Office of Science and Engineering Laboratories 

(OSEL), to explore the future potential of 3DP in pharmaceutics [110]. The work of these two 

units should help to gain knowledge in the first step and to help developing standards as well 

as identifying critical aspects affecting the product safety. Nevertheless, health authorities must 
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put more effort into defining standard processes and providing guidance for pharmaceutical 

manufacturers. 

Furthermore, liability as well as responsibility must be discussed in case of occurred incidents. 

If it is intended to use 3DP as on-demand manufacturing process in community and hospital 

pharmacies, different scenarios for supply chain are possible. Regarding FFF technology, 

drug-loaded filaments must be provided by external chemical or pharmaceutical companies 

and the printing process executed in the pharmacy itself. The scenario raises the question of 

how incoming goods should be tested with the equipment at the pharmacy and who would be 

responsible for the release of the starting material for manufacturing [111]. 

3. GMP challenges 

Moreover, qualification standards for 3D-printer manufacturers must be defined to meet GMP 

requirements. Especially, the topic of cleaning validation should be addressed to avoid cross-

contamination. As long as cleaning concepts are not in place and validated, pharmaceutical 

manufacturers are obliged to use 3D-printers as dedicated equipment.  

The mentioned regulatory and GMP challenges must be tackled together by health authorities 

and pharmaceutical manufacturers to establish 3DP as manufacturing process for 

pharmaceutical dosage forms. 
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1.1.4 3D-Bioplotter 

The 3D-Bioplotter of EnvisionTec GmbH (Gladbeck, Germany), equipped with a pneumatic 

extrusion system, was used to manufacture oral solid dosage forms for the research performed 

in the scope of this thesis. An image of the used 3D-Bioplotter is depicted in Figure 4.   

 

Figure 4. 3D-Bioplotter of EnvisionTec GmbH. 

The 3D-Bioplotter is composed of the following components: 

1. Sterile and particle filters  

2. Print head carrier 

3. Platform height control sensor 

4. Connection to the temperature controlling system 

5. Temperature controlled building platform (-10 – 80 °C) 

6. Photo calibration station for needle tip 

7. Cleaning station for needle tip  

8. Parking station of print heads 

9. Print heads (white: low temperature print head; beige: high temperature print head) 

The above-mentioned components ensure that the printing process itself is controlled to a high 

degree. For example, it is always guaranteed by the platform height control sensor that the 

height of the used substrate is measured and fixed during the printing process. At the 

calibration station the geometry of the needle tip is detected by a photo sensor and the 

information thereof transferred to the software of the printer. In general, the printer can operate 

with two different print heads:  
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 Low temperature print head: Disposable polyethylene cartridges with a volume of            

30 ml and a temperature working range of 0 – 70 °C 

 High temperature print head: Reusable stainless-steel cartridges with a volume of                

10 ml and a temperature working range of 30 – 250 °C 

The availability of print heads for different temperature ranges allows processing of a broad 

variety of materials with different physicochemical properties. Printing formulations with a low 

melting point or semi-solid/liquid characteristics are well suited for the low temperature print 

head [112], while materials with high melting points can be processed utilizing the high 

temperature print head. With regard to these options, a broad field of applications is covered. 

In addition, the building platform offers an active cooling and heating option. This feature further 

increases the possible number of processable materials.     

1.2 Levetiracetam as model drug 

Levetiracetam [IUPAC: (2S)-2-(2-oxopyrrolidin-1-yl)butanamide] is an anti-epileptic drug that 

was first approved in 1999 by the FDA. The molecular formula of levetiracetam is C8H14N2O2 

with a molecular weight of 170.209 g/mol. The chemical structure of levetiracetam is depicted 

in Figure 5.  

 

Figure 5. Chemical structure of levetiracetam. 

The external appearance of levetiracetam is a white crystalline powder, which is characterized 

by its high-water solubility (104 g/100 ml). Levetiracetam is freely soluble in chloroform                 

(65.3 g/100 ml) and practically insoluble in n-hexane and is reported as a drug with a bitter 

taste.  

The pharmacological mechanism of action of levetiracetam has not been finally clarified yet, 

however, there are already hypotheses introduced in scientific studies [113, 114]. It has been 

proven that levetiracetam achieves its antiepileptic effect by binding to the synaptic vesicle 

glycoprotein 2A (SV2A). SV2A is a membrane protein located in synaptic vesicles. SV2A is 

known as a key protein in the release of neurotransmitters from the vesicles into the synaptic 
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gap. The binding of levetiracetam to SV2A results in a reduction of the release of 

neurotransmitter. Furthermore, binding of levetiracetam influences the calcium concentration 

in the neurons.  

Levetiracetam is used in the treatment of partial and generalized epilepsy. The recommended 

applications and related doses are listed in Table 1. Levetiracetam tablets with doses of 250, 

500, 750 and 1000 mg [115] are available for oral administration.  

Table 1. Recommended doses of levetiracetam for therapy of epilepsy. 

Application Recommended dose 

Partial onset seizures in patient 4 years 

of age and older with epilepsy 

• 4 years to < 16 years: 10 mg/kg twice 

daily, increase in increments of          

10 mg/kg twice daily every 2 weeks to 

recommended dose of 30 mg/kg twice 

daily 

• Adults 16 years and older: 500 mg 

twice daily, increase as needed and 

tolerated in increments of 500 mg twice 

daily every 2 weeks to a maximum 

recommended dose of 1500 mg twice 

daily 

Myoclonic seizures in patients 12 years 

of age and older with juvenile myoclonic 

epilepsy 

• 500 mg twice daily, increase by             

500 mg twice daily every 2 weeks to 

recommended dose of 1500 mg twice 

daily 

Primary generalized tonic-clonic seizures 

in patients 6 years of age and older with 

idiopathic generalized epilepsy 

• 6 years to < 16 years: 10 mg/kg twice 

daily, increase in increments of            

10 mg/kg twice daily every 2 weeks to                                                         

recommended dose of 30 mg/kg twice 

daily 

• Adults 16 years and older: 500 mg 

twice daily, increase by 500 mg twice 

daily every 2 weeks to recommended 

dose of 1500 mg twice daily 

 

Spritam®, the first licensed 3D-printed drug, contains levetiracetam as API. However, the 

production of Spritam® doses is only performed in discrete steps                                                               
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(doses from 250 – 1000 mg), without the possibility of tailoring the dose to individual conditions 

of patients [62]. The PAM printing technology seems to be a promising approach in this context, 

with the ability of manufacturing dosage forms with individualized doses.  

Levetiracetam´s high-water solubility makes this API highly suitable especially for water-based 

printing formulations.   

As shown in Table 1, the dosage of levetiracetam for paediatrics is based on the respective 

body weight. Since the physical conditions of paediatrics change significantly during the first 

years of life, a fast adapting treatment regime for levetiracetam is necessary. Due to the fact 

that only tablets with higher doses are available, splitting of tablets is used to achieve the 

desired dose. In most cases, medical dividing devices are utilized by patients to control the 

splitting process of tablets [116]. Even though the splitting of tablets is a well-established 

technique for many years, it owns major risks for the patients. It has been shown that splitting 

of tablets results in inhomogeneous fragments and therefore to a high content variation within 

these fragments [116-118]. Furthermore, tablets with a functional coating cannot be divided 

since it would destroy the coating. Therefore, coated tablets are mostly excluded from the 

practice of individualizing the dose manually by splitting. For coated tablets consisting of 

multiparticulate units, splitting of these tablets is feasible (e.g. Nexium® MUPS). The 

implementation of 3DP as manufacturing process for individualized dosage forms might close 

a gap and promote the development of individualized medicine.  

Preliminary studies of this thesis revealed that levetiracetam tends to form needle-shaped 

particles under heat influence (Figure 6), which may make an extrusion process for 

manufacturing of drug-loaded filaments rather difficult [119]. Since the processing of the API 

via HME is rather difficult, execution of FFF printing is not a suitable manufacturing option for 

levetiracetam. However, since PAM printing processes can be conducted at room temperature, 

it appears to be a highly promising option for manufacturing solid dosage forms containing 

levetiracetam. 
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Figure 6. Polarization microscopy images of levetiracetam. A: Before thermal treatment; B: After thermal 

treatment. 

1.3 Selection of polymers suitable for the development of printing formulation for 

PAM printing technology 

As described in chapter 1.1.2, semi-solid formulations are utilized as starting material for the 

selected PAM printing technology. In order to be suitable for the printing process, the printing 

formulation must meet predefined criteria. The most important criterion for the success of the 

process is that the formulation is capable of maintaining the printed structure during the printing 

process, i.e. in a moist state, without collapsing.  Maintaining the structure during the printing 

process is enabled by increasing for example the solid content of the formulation (referred as 

molding agent). After evaporation of the used solvent during the drying process, the suspended 

solid components are able to form a coherent structure. Most of the published scientific studies 

used the combination of different grades of HPMC as hydrophilic matrices and microcrystalline 

cellulose as extrusion molding agent [95-97, 120]. Depending on the desired disintegration 

and dissolution properties of the printed tablets, additional binder material or disintegration 

agents might be added to the printing formulation [95-97].  

After a screening phase, polyvinyl alcohol polyethylene glycol graft copolymer (PVA-PEG) was 

identified as promising polymer. Unlike other polymers, PVA-PEG exhibit water solubility even 

at concentration of up to 40 %. Thereby, a high solid content might be achieved, which might 

impact the printing process positively. 

The selected polymer consists of 75 % PVA, 25 % PEG and approximately 0.3 % of colloidal 

silica. Colloidal silica is added to improve the flowability of the polymer. The structure of               

PVA-PEG is displayed in Figure 7. PVA-PEG is produced by grafting of vinyl acetate onto 

polyethylene glycol followed by saponification of the polyethylene-polyvinyl acetate graft 

copolymers. The synthesis is finished by solvent exchange against water and spray drying to 

a powder. 
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Figure 7. Chemical structure of PVA-PEG. 

PVA-PEG has been developed as coating agent for immediate release. Due to the 

physicochemical properties, PVA-PEG already demonstrated its ability as excipient for further 

pharmaceutical applications such as binding agent in wet granulation processes or as carrier 

for solid dispersions manufactured by hot melt extrusion. In regard to the physicochemical 

properties of PVA-PEG, an immediate drug release was expected.  

With polyvinyl acetate polyvinylpyrrolidone copolymer (PVAc-PVP) a second polymer was 

identified as promising polymer for PAM printing purposes. PVAc-PVP consists of 80 % 

polyvinyl acetate, 19 % polyvinylpyrrolidone, 0.8 % sodium lauryl sulfate and 0.2 % colloidal 

silica. The structure of PVAc-PVP is illustrated in Figure 8.  

 

Figure 8. Chemical structure of PVAc-PVP. 

Compared to PVA-PEG, PVAc-PVP is not soluble in water (only the polyvinylpyrrolidone 

component). Generally, PVAc-PVP is used as pH-independent sustained release matrix for 

dosage forms manufactured by direct compression.  

In combination with HPMC and silicon dioxide, PVAc-PVP appeared to form a highly suitable 

printing formulation with expectable sustained release characteristic.  
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1.4 Aim of the thesis 

3DP has been recognized as potentially revolutionary manufacturing process for individualized 

pharmaceutical dosage forms. In particular, specific patient populations like paediatric and 

geriatric patients might significantly benefit from new opportunities to individualize dosage 

forms. By implementing 3DP as manufacturing process for pharmaceutical dosage forms, a 

broad range of APIs might be processed in future regardless of their physicochemical 

properties (e.g. low solubility) and thus made available for patients.  

The aim of this thesis was to investigate the ability of manufacturing oral solid dosage forms 

containing levetiracetam as API using PAM printing technology. Formulation development as 

well as process development should be performed to achieve the opportunity of manufacturing 

dosage forms with either an immediate or sustained drug release. Further, a concept of 

individualizing the dispensed dose should be implemented for the utilized printing technology.  

More detailed aims of the presented studies were: 

 To provide a detailed overview about the current state of research and to evaluate the 

use of 3DP for individualizing the dosage forms critically (Chapter II) 

 

 To develop a printing formulation for PAM printing technology as well as characterize 

the printing process and required drying process (Chapter III) 

 
 

 To transfer the gained knowledge of PAM printing to develop and establish an 

individualization concept for paediatric patients (Chapter IV) 

 

 To develop a storable printing formulation with adjustable sustained drug release 

(Chapter V) 
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1.5 Outline of the thesis 

The current state of research in the field of manufacturing pharmaceutical dosage forms with 

3DP is provided in chapter II of this thesis in the form of a review article. An overview of the 

different 3DP technologies including the description of the printing processes, relevant process 

parameters as well as advantages and disadvantages for the pharmaceutical use are 

presented. Further, a critical evaluation about the impact of 3DP on individualization drug 

dosage forms is provided by the authors. For PAM printing technology in particular, oral dosage 

forms and especially fixed-dose combinations are producible. Nevertheless, concepts for 

individualizing the dispensed dose are still lacking. Compared to PAM printing, several 

concepts have already been presented and successfully implemented in academic studies for 

the FFF printing technology. 

Chapter III deals with the development of a printing formulation for PAM printing purposes as 

well as with the optimization of the printing process. In order to ensure that the printed tablets 

might also be suitable for paediatric patients, a water-based printing formulation was 

developed. Furthermore, in comparison to other academic studies, additional solvents such as 

DMSO to avoid nozzle clogging during the printing execution were completely avoided. The 

required drying process has been studied intensively, with the focus of defining the shortest 

drying time possible. Thereby, the overall thermal load on the API and excipients should be 

minimized while the overall production time should be decreased significantly compared to 

other academic studies.  

The experience and insights gained in Chapter III have been used to implement a novel 

individualization concept for paediatric patients, which is depicted in chapter IV. The concept 

should enable the fast adaption of the required amount of levetiracetam based on the body 

weight of the respective paediatric sub-population. The printed tablets should further meet the 

requirements set by the pharmacopoeia. 

Chapter V describes the development of a storable printing formulation without reduced loss 

of printability, by which the preparation of stock formulation as intermediate at a local 

manufacturing site might be feasible.  The storage time and storage condition should not have 

a negative impact on the printability or properties of the printed tablets. Furthermore, the 

influence of HPMC as well as influence of different printed infill design on the drug release 

behavior of printed tablets should be investigated intensively.  

In chapter VI, a conclusion of the presented thesis is provided as well as a statement about 

the future perspective of 3DP as manufacturing process of pharmaceutical dosage forms.  

 



Chapter I – Introduction 

23 
 

 

References 

1. Topol, E.J., Individualized medicine from prewomb to tomb. Cell, 2014. 157(1): p. 241-

253. 

2. Sadee, W. and Dai, Z., Pharmacogenetics/genomics and personalized medicine. Hum 

Mol Genet, 2005. 14 Spec No. 2: p. 207-214. 

3. Pokorska-Bocci, A., Stewart, A., Sagoo, G.S., Hall, A., Kroese, M., and Burton, H., 

'Personalized medicine': what's in a name? Per Med, 2014. 11(2): p. 197-210. 

4. Spear, B.B., Heath-Chiozzi, M., and Huff, J., Clinical application of pharmacogenetics. 

Trends Mol Med, 2001. 7(5): p. 201-204. 

5. Evans, W.E. and Relling, M.V., Moving towards individualized medicine with 

pharmacogenomics. Nature, 2004. 429(6990): p. 464-468. 

6. Chan, C.W.H., Law, B.M.H., So, W.K.W., Chow, K.M., and Waye, M.M.Y., Novel 

strategies on personalized medicine for breast cancer treatment: An update. Int J Mol 

Sci, 2017. 18(11). 

7. Reitz, C., Toward precision medicine in Alzheimer's disease. Ann Transl Med, 2016. 

4(6): p. 107. 

8. Titova, N. and Chaudhuri, K.R., Personalized medicine in Parkinson's disease: Time to 

be precise. Mov Disord, 2017. 32(8): p. 1147-1154. 

9. Comabella, M. and Vandenbroeck, K., Pharmacogenomics and multiple sclerosis: 

moving toward individualized medicine. Curr Neurol Neurosci Rep, 2011. 11(5): p. 484-

491. 

10. Tanner, S., Wells, M., Scarbecz, M., and McCann, B.W., Sr., Parents' understanding 

of and accuracy in using measuring devices to administer liquid oral pain medication. 

J Am Dent Assoc, 2014. 145(2): p. 141-149. 

11. Sobhani, P., Christopherson, J., Ambrose, P.J., and Corelli, R.L., Accuracy of oral liquid 

measuring devices: comparison of dosing cup and oral dosing syringe. Ann 

Pharmacother, 2008. 42(1): p. 46-52. 

12. Lennartz, P. and Mielck, J.B., Minitabletting: improving the compactability of 

paracetamol powder mixtures. Int J Pharm, 1998. 173(1-2): p. 75-85. 

13. Tissen, C., Woertz, K., Breitkreutz, J., and Kleinebudde, P., Development of mini-

tablets with 1 mm and 2 mm diameter. Int J Pharm, 2011. 416(1): p. 164-170. 

14. Klingmann, V., Spomer, N., Lerch, C., Stoltenberg, I., Fromke, C., Bosse, H.M., 

Breitkreutz, J., and Meissner, T., Favorable acceptance of mini-tablets compared with 

syrup: a randomized controlled trial in infants and preschool children. J Pediatr, 2013. 

163(6): p. 1728-1732  



Chapter I – Introduction 

24 
 

 

15. Stoltenberg, I. and Breitkreutz, J., Orally disintegrating mini-tablets (ODMTs) - A novel 

solid oral dosage form for paediatric use. Eur J Pharm Biopharm, 2011. 78(3): p. 462-

469. 

16. Comoglu, T. and Ozyilmaz, E.D., Orally disintegrating tablets and orally disintegrating 

mini tablets - novel dosage forms for pediatric use. Pharm Dev Technol, 2019. 24(7): 

p. 902-914. 

17. Slavkova, M. and Breitkreutz, J., Orodispersible drug formulations for children and 

elderly. Eur J Pharm Sci, 2015. 75: p. 2-9. 

18. Hoffmann, E.M., Breitenbach, A., and Breitkreutz, J., Advances in orodispersible films 

for drug delivery. Expert Opin Drug Deliv, 2011. 8(3): p. 299-316. 

19. Haríharan, M. and Bogue, A., Orally dissolving film strips (ODFS): The final evolution 

of orally dissolving dosage forms. Drug Deliv Technol, 2009. 9(2): p. 24-29. 

20. Nishimura, M., Matsuura, K., Tsukioka, T., Yamashita, H., Inagaki, N., Sugiyama, T., 

and Itoh, Y., In vitro and in vivo characteristics of prochlorperazine oral disintegrating 

film. Int J Pharm, 2009. 368(1-2): p. 98-102. 

21. Sandler, N., Määttänen, A., Ihalainen, P., Kronberg, L., Meierjohann, A., Viitala, T., and 

Peltonen, J., Inkjet printing of drug substances and use of porous substrates-towards 

individualized dosing. J Pharm Sci, 2011. 100(8): p. 3386-3395. 

22. Genina, N., Janssen, E.M., Breitenbach, A., Breitkreutz, J., and Sandler, N., Evaluation 

of different substrates for inkjet printing of rasagiline mesylate. Eur J Pharm Biopharm, 

2013. 85(3 ): p. 1075-1083. 

23. Melendez, P.A., Kane, K.M., Ashvar, C.S., Albrecht, M., and Smith, P.A., Thermal inkjet 

application in the preparation of oral dosage forms: dispensing of prednisolone 

solutions and polymorphic characterization by solid-state spectroscopic techniques. J 

Pharm Sci, 2008. 97(7): p. 2619-2636. 

24. Thabet, Y., Lunter, D., and Breitkreutz, J., Continuous inkjet printing of enalapril 

maleate onto orodispersible film formulations. Int J Pharm., 2018. 546(1): p. 180-187. 

25. Thabet, Y., Lunter, D., and Breitkreutz, J., Continuous manufacturing and analytical 

characterization of fixed-dose, multilayer orodispersible films. Eur J Pharm Sci., 2018. 

117: p. 236-244. 

26. Thabet, Y. and Breitkreutz, J., Orodispersible films: Product transfer from lab-scale to 

continuous manufacturing. Int J Pharm., 2018. 535(1): p. 285-292. 

27. Daly, R., Harrington, T.S., Martin, G.D., and Hutchings, I.M., Inkjet printing for 

pharmaceutics – A review of research and manufacturing. Int J Pharm., 2015. 494(2): 

p. 554-567. 

28. Ventola, C.L., Medical Applications for 3D Printing: Current and Projected Uses. Pharm 

Ther, 2014. 39(10): p. 704-711. 



Chapter I – Introduction 

25 
 

 

29. Dodziuk, H., Applications of 3D printing in healthcare. Kardiochir Torakochirurgia Pol, 

2016. 13(3): p. 283-293. 

30. Tan, Y.J.N., Yong, W.P., Kochhar, J.S., Khanolkar, J., Yao, X., Sun, Y., Ao, C.K., and 

Soh, S., On-demand fully customizable drug tablets via 3D printing technology for 

personalized medicine. J Control Release, 2020. 322: p. 42-52. 

31. Schubert, C., van Langeveld, M.C., and Donoso, L.A., Innovations in 3D printing: a 3D 

overview from optics to organs. Br J Ophthalmol, 2014. 98(2): p. 159-161. 

32. Government Accountability Office, U.S. 3D Printing - opportunities, challenges and 

policy - Implications of additive manufacturing, 2015. last access: 22.12.2020; Available 

from: https://www.gao.gov/assets/680/670960.pdf. 

33. Prasad, L.K. and Smyth, H., 3D Printing technologies for drug delivery: a review. Drug 

Dev Ind Pharm, 2016. 42(7): p. 1019-1031. 

34. Alhnan, M.A., Okwuosa, T.C., Sadia, M., Wan, K.W., Ahmed, W., and Arafat, B., 

Emergence of 3D Printed Dosage Forms: Opportunities and Challenges. Pharm Res, 

2016. 33(8): p. 1817-1832. 

35. Food and Drug Administration. Spritam - (levetiracetam) Tablets. last access: 

22.12.2020; Available from: 

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/207958Orig1s000TOC.cf

m. 

36. Rombouts, M., Kruth, J.P., Froyen, L., and Mercelis, P., Fundamentals of Selective 

Laser Melting of alloyed steel powders. CIRP Annals, 2006. 55(1): p. 187-192. 

37. Traini, T., Mangano, C., Sammons, R.L., Mangano, F., Macchi, A., and Piattelli, A., 

Direct laser metal sintering as a new approach to fabrication of an isoelastic functionally 

graded material for manufacture of porous titanium dental implants. Dent Mater J, 

2008. 24(11): p. 1525-1533. 

38. Cheah, C.M., Leong, K.F., Chua, C.K., Low, K.H., and Quek, H.S., Characterization of 

microfeatures in selective laser sintered drug delivery devices. Proc Inst Mec Eng H, 

2002. 216(6): p. 369-383. 

39. Chua, C.K., Low, K.H., Leong, K.F., Du, Z.H., and Cheah, C.M., Characterization of 

SLS parts for drug delivery devices. Rapid Prototyp J, 2001. 7(5): p. 262-268. 

40. Leong, K.F., Chua, C.K., Gui, W.S., and Verani, Building porous biopolymeric 

microstructures for controlled drug delivery devices using selective laser sintering. Int 

J Adv Manuf Tech, 2006. 31(5): p. 483-489. 

41. Fina, F., Goyanes, A., Madla, C.M., Awad, A., Trenfield, S.J., Kuek, J.M., Patel, P., 

Gaisford, S., and Basit, A.W., 3D printing of drug-loaded gyroid lattices using selective 

laser sintering. Int J Pharm, 2018. 547(1-2): p. 44-52. 



Chapter I – Introduction 

26 
 

 

42. Fina, F., Madla, C.M., Goyanes, A., Zhang, J., Gaisford, S., and Basit, A.W., 

Fabricating 3D printed orally disintegrating printlets using selective laser sintering. Int 

J Pharm, 2018. 541(1-2): p. 101-107. 

43. Fina, F., Goyanes, A., Gaisford, S., and Basit, A.W., Selective laser sintering (SLS) 3D 

printing of medicines. Int J Pharm, 2017. 529(1-2): p. 285-293. 

44. Tan, K.H., Chua, C.K., Leong, K.F., Cheah, C.M., Cheang, P., Abu Bakar, M.S., and 

Cha, S.W., Scaffold development using selective laser sintering of 

polyetheretherketone–hydroxyapatite biocomposite blends. Biomaterials, 2003. 

24(18): p. 3115-3123. 

45. Williams, J.M., Adewunmi, A., Schek, R.M., Flanagan, C.L., Krebsbach, P.H., Feinberg, 

S.E., Hollister, S.J., and Das, S., Bone tissue engineering using polycaprolactone 

scaffolds fabricated via selective laser sintering. Biomaterials, 2005. 26(23): p. 4817-

4827. 

46. Kang, H., Long, J.P., Urbiel Goldner, G.D., Goldstein, S.A., and Hollister, S.J., A 

paradigm for the development and evaluation of novel implant topologies for bone 

fixation: implant design and fabrication. J Biomech, 2012. 45(13): p. 2241-2247. 

47. Dawood, A., Marti Marti, B., Sauret-Jackson, V., and Darwood, A., 3D printing in 

dentistry. Br Dent J, 2015. 219(11): p. 521-529. 

48. Duan, B. and Wang, M., Selective laser sintering and its application in biomedical 

engineering. MRS Bull, 2011. 36(12): p. 998-1005. 

49. Mazzoli, A., Selective laser sintering in biomedical engineering. Med Biol Eng Comput, 

2013. 51(3): p. 245-256. 

50. Kumar, S., Selective laser sintering: A qualitative and objective approach. JOM, 2003. 

55: p. 43-47. 

51. Olakanmi, E.O., Cochrane, R.F., and Dalgarno, K.W., A review on selective laser 

sintering/melting (SLS/SLM) of aluminium alloy powders: Processing, microstructure, 

and properties. Prog Mater Sci, 2015. 74: p. 401-477. 

52. Allahham, N., Fina, F., Marcuta, C., Kraschew, L., Mohr, W., Gaisford, S., Basit, A.W., 

and Goyanes, A., Selective laser sintering 3D printing of orally disintegrating printlets 

containing ondansetron. Pharmaceutics, 2020. 12(2); 110. 

53. Awad, A., Yao, A., Trenfield, S.J., Goyanes, A., Gaisford, S., and Basit, A.W., 3D 

printed tablets (Printlets) with braille and moon patterns for visually impaired patients. 

Pharmaceutics, 2020. 12(2); 172. 

54. Hull, C.W., Apparatus for production of three-dimensional objects by stereolithography; 

US4575330B1. 1986, UVP, Inc.: USA. 

55. Melchels, F.P.W., Feijen, J., and Grijpma, D.W., A review on stereolithography and its 

applications in biomedical engineering. Biomaterials, 2010. 31(24): p. 6121-6130. 



Chapter I – Introduction 

27 
 

 

56. Ikuta, K. and Hirowatari, K., Real three dimensional micro fabrication using stereo 

lithography and metal molding. Proceedings IEEE Micro Electro Mechanical Systems, 

1993: p. 42-47. 

57. Xu, X., Robles-Martinez, P., Madla, C.M., Joubert, F., Goyanes, A., Basit, A.W., and 

Gaisford, S., Stereolithography (SLA) 3D printing of an antihypertensive polyprintlet: 

Case study of an unexpected photopolymer-drug reaction. Addit. Manuf., 2020. 

33(101071). 

58. Wang, J., Goyanes, A., Gaisford, S., and Basit, A.W., Stereolithographic (SLA) 3D 

printing of oral modified-release dosage forms. Int J Pharm, 2016. 503(1-2): p. 207-

212. 

59. Martinez, P.R., Goyanes, A., Basit, A.W., and Gaisford, S., Fabrication of drug-loaded 

hydrogels with stereolithographic 3D printing. Int J Pharm, 2017. 532(1): p. 313-317. 

60. Martinez, P.R., Goyanes, A., Basit, A.W., and Gaisford, S., Influence of geometry on 

the drug release profiles of stereolithographic (SLA) 3D-Printed tablets. AAPS 

PharmSciTech, 2018: p. 1-7. 

61. Xu, X., Goyanes, A., Trenfield, S.J., Diaz-Gomez, L., Alvarez-Lorenzo, C., Gaisford, 

S., and Basit, A.W., Stereolithography (SLA) 3D printing of a bladder device for 

intravesical drug delivery. Mater Sci Eng C 2021. 120(111773). 

62. Aprecia Pharmaceuticals LLC. last access: 22.12.2020; Available from: 

https://www.aprecia.com/technology/zipdose. 

63. Gaytan, S.M., Cadena, M.A., Karim, H., Delfin, D., Lin, Y., Espalin, D., MacDonald, E., 

and Wicker, R.B., Fabrication of barium titanate by binder jetting additive manufacturing 

technology. Ceram Int., 2015. 41(5, Part A): p. 6610-6619. 

64. Meteyer, S., Xu, X., Perry, N., and Zhao, Y.F., Energy and Material Flow Analysis of 

Binder-jetting Additive Manufacturing Processes. Procedia CIRP, 2014. 15: p. 19-25. 

65. Katstra, W.E., Rowe, C.W., Teung, P., and Cima, M.J., Pulsatory oral drug delivery 

devices fabricated by Three Dimensional Printing(TM). J Control Release, 1999(26): p. 

167-168. 

66. Katstra, W.E., Palazzolo, R.D., Rowe, C.W., Giritlioglu, B., Teung, P., and Cima, M.J., 

Oral dosage forms fabricated by Three Dimensional Printing(TM). J Control Release, 

2000. 66(1): p. 1-9. 

67. Rowe, C.W., Katstra, W.E., Palazzolo, R.D., Giritlioglu, B., Teung, P., and Cima, M.J., 

Multimechanism oral dosage forms fabricated by three dimensional printing(TM). J 

Control Release, 2000. 66(1): p. 11-17. 

68. Yu, D.G., Branford-White, C., Ma, Z.H., Zhu, L.M., Li, X.Y., and Yang, X.L., Novel drug 

delivery devices for providing linear release profiles fabricated by 3DP. Int J Pharm, 

2009. 370(1-2): p. 160-166. 



Chapter I – Introduction 

28 
 

 

69. Deng, G.Y., Branford-White, C., Yang, Y.C., Zhu, L.M., Welbeck, E.W., and Yang, X.L., 

A novel fast disintegrating tablet fabricated by three-dimensional printing. Drug Dev Ind 

Pharm, 2009. 35(12): p. 1530-1536. 

70. Deng, G.Y., Yang, X.L., Huang, W.D., Liu, J., Wang, Y.G., and Xu, H., Tablets with 

material gradients fabricated by three-dimensional printing. J Pharm Sci, 2007. 96(9): 

p. 2446-2456. 

71. Chang, S.Y., Li, S.W., Kowsari, K., Shetty, A., Sorrells, L., Sen, K., Nagapudi, K., 

Chaudhuri, B., and Ma, A.W.K., Binder-Jet 3D printing of indomethacin-laden 

pharmaceutical dosage forms. J Pharm Sci, 2020. 109(10): p. 3054-3063. 

72. Crump, S.S., Apparatus and method for creating three-dimensional objects 1989, 

Stratasys, Inc.: USA. 

73. Korte, C. and Quodbach, J., Formulation development and process analysis of drug-

loaded filaments manufactured via hot-melt extrusion for 3D-printing of medicines. 

Pharm Dev Technol, 2018. 23(10): p. 1117-1127. 

74. Kempin, W., Development of a dual extrusion printing technique for an acid- and 

thermo-labile drug. Eur J Pharm Sci, 2018. 123: p. 191-198. 

75. Goyanes, A., Buanz, A.B., Basit, A.W., and Gaisford, S., Fused-filament 3D printing 

(3DP) for fabrication of tablets. Int J Pharm, 2014. 476(1-2): p. 88-92. 

76. Goyanes, A., Buanz, A.B., Hatton, G.B., Gaisford, S., and Basit, A.W., 3D printing of 

modified-release aminosalicylate (4-ASA and 5-ASA) tablets. Eur J Pharm Biopharm, 

2015. 89: p. 157-162. 

77. Jamróz, W., Kurek, M., Łyszczarz, E., Szafraniec, J., Knapik-Kowalczuk, J., Syrek, K., 

Paluch, M., and Jachowicz, R., 3D printed orodispersible films with Aripiprazole. Int J 

Pharm, 2017. 533(2): p. 413-420. 

78. Skowyra, J., Pietrzak, K., and Alhnan, M.A., Fabrication of extended-release patient-

tailored prednisolone tablets via fused deposition modelling (FDM) 3D printing. Eur J 

Pharm Sci, 2015. 68(Supplement C): p. 11-17. 

79. Pietrzak, K., Isreb, A., and Alhnan, M.A., A flexible-dose dispenser for immediate and 

extended release 3D printed tablets. Eur J Pharm Biopharm, 2015. 96: p. 380-387. 

80. Ghanizadeh Tabriz, A., Nandi, U., Hurt, A.P., Hui, H.W., Karki, S., Gong, Y., Kumar, 

S., and Douroumis, D., 3D printed bilayer tablet with dual controlled drug release for 

tuberculosis treatment. Int J Pharm, 2020. 593: p. 120147. 

81. Korte, C. and Quodbach, J., 3D-printed network structures as controlled-release drug 

delivery systems: Dose adjustment, API release analysis and prediction. AAPS 

PharmSciTech, 2018. 19: p. 3333–3342. 



Chapter I – Introduction 

29 
 

 

82. Wei, C., Solanki, N.G., Vasoya, J.M., Shah, A.V., and Serajuddin, A.T.M., Development 

of 3D Printed Tablets by Fused Deposition Modeling Using Polyvinyl Alcohol as 

Polymeric Matrix for Rapid Drug Release. J Pharm Sci, 2020. 109(4): p. 1558-1572. 

83. Fina, F., Goyanes, A., Rowland, M., Gaisford, S., and A, W.B., 3D printing of tunable 

zero-order release printlets. Polymers (Basel), 2020. 12(8); 1769. 

84. Gioumouxouzis, C.I., Tzimtzimis, E., Katsamenis, O.L., Dourou, A., Markopoulou, C., 

Bouropoulos, N., Tzetzis, D., and Fatouros, D.G., Fabrication of an osmotic 3D printed 

solid dosage form for controlled release of active pharmaceutical ingredients. Eur J 

Pharm Sci, 2020. 143: p. 105176. 

85. Abbas, N., Qamar, N., Hussain, A., Latif, S., Arshad, M.S., Ijaz, Q.A., Mahmood, F., 

and Bukhari, N.I., Fabrication of modified-release custom-designed ciprofloxacin 

tablets via fused deposition modeling 3D printing. J 3D Print Med, 2020. 4(1): p. 17-27. 

86. Zhang, J., Feng, X., Patil, H., Tiwari, R.V., and Repka, M.A., Coupling 3D printing with 

hot-melt extrusion to produce controlled-release tablets. Int J Pharm, 2017. 519(1-2): 

p. 186-197. 

87. Melocchi, A., Parietti, F., Maroni, A., Foppoli, A., Gazzaniga, A., and Zema, L., Hot-

melt extruded filaments based on pharmaceutical grade polymers for 3D printing by 

fused deposition modeling. Int J Pharm, 2016. 509(1-2): p. 255-263. 

88. Nasereddin, J.M., Wellner, N., Alhijjaj, M., Belton, P., and Qi, S., Development of a 

simple mechanical screening method for predicting the feedability of a pharmaceutical 

FDM 3D printing filament. Pharm Res, 2018. 35(8); 151. 

89. Fuenmayor, E., Forde, M., Healy, A.V., Devine, D.M., Lyons, J.G., McConville, C., and 

Major, I., Material considerations for fused-filament fabrication of solid dosage forms. 

Pharmaceutics, 2018. 10(2); 44. 

90. Goyanes, A., Det-Amornrat, U., Wang, J., Basit, A.W., and Gaisford, S., 3D scanning 

and 3D printing as innovative technologies for fabricating personalized topical drug 

delivery systems. J Control Release, 2016. 234: p. 41-48. 

91. Vozzi, G., Previti, A., De Rossi, D., and Ahluwalia, A., Microsyringe-based deposition 

of two-dimensional and three-dimensional polymer scaffolds with a well-defined 

geometry for application to tissue engineering. Tissue Eng, 2002. 8(6): p. 1089-1098. 

92. Vozzi, G., Flaim, C., Ahluwalia, A., and Bhatia, S., Fabrication of PLGA scaffolds using 

soft lithography and microsyringe deposition. Biomaterials, 2003. 24(14): p. 2533-2540. 

93. Tirella, A., Vozzi, F., Vozzi, G., and Ahluwalia, A., PAM2 (piston-assisted microsyringe): 

a new rapid prototyping technique for biofabrication of cell incorporated scaffolds. 

Tissue Eng Part C Methods, 2011. 17(2): p. 229-237. 



Chapter I – Introduction 

30 
 

 

94. Tirella, A., De Maria, C., Criscenti, G., Vozzi, G., and Ahluwalia, A., The PAM2 system: 

a multilevel approach for fabrication of complex three‐dimensional microstructures. 

Rapid Prototyp J, 2012. 18(4): p. 299-307. 

95. Khaled, S.A., Burley, J.C., Alexander, M.R., and Roberts, C.J., Desktop 3D printing of 

controlled release pharmaceutical bilayer tablets. Int J Pharm, 2014. 461(1): p. 105-

111. 

96. Khaled, S.A., Burley, J.C., Alexander, M.R., Yang, J., and Roberts, C.J., 3D printing of 

tablets containing multiple drugs with defined release profiles. Int J Pharm, 2015. 

494(2): p. 643-650. 

97. Khaled, S.A., Burley, J.C., Alexander, M.R., Yang, J., and Roberts, C.J., 3D printing of 

five-in-one dose combination polypill with defined immediate and sustained release 

profiles. J Control Release, 2015. 217: p. 308-314. 

98. El Aita, I., Breitkreutz, J., and Quodbach, J., On-demand manufacturing of immediate 

release levetiracetam tablets using pressure-assisted microsyringe printing. Eur J 

Pharm Biopharm, 2019. 134: p. 29-36. 

99. Khaled, S.A., Alexander, M.R., Wildman, R.D., Wallace, M.J., Sharpe, S., Yoo, J., and 

Roberts, C.J., 3D extrusion printing of high drug loading immediate release 

paracetamol tablets. Int J Pharm, 2018. 538(1-2): p. 223-230. 

100. Siyawamwaya, M., du Toit, L.C., Kumar, P., Choonara, Y.E., Kondiah, P.P.P.D., and 

Pillay, V., 3D printed controlled release tritherapeutic tablet matrix for advanced anti-

HIV-1 drug delivery. Eur J Pharm Biopharm, 2018. 138: p. 99-110. 

101. Cheng, Y., Qin, H., Acevedo, N.C., and Shi, X., Development of methylcellulose-based 

sustained-release dosage by semisolid extrusion additive manufacturing in drug 

delivery system. J Biomed Mater Res B Appl Biomater, 2021. 109(2): p. 257-268. 

102. Cheng, Y., Qin, H., Acevedo, N.C., Jiang, X., and Shi, X., 3D printing of extended-

release tablets of theophylline using hydroxypropyl methylcellulose ( HPMC ) 

hydrogels. Int J Pharm, 2020. 591(119983). 

103. Karavasili, C., Gkaragkounis, A., Moschakis, T., Ritzoulis, C., and Fatouros, D.G., 

Pediatric-friendly chocolate-based dosage forms for the oral administration of both 

hydrophilic and lipophilic drugs fabricated with extrusion-based 3D printing Eur J Pharm 

Sci, 2020. 147(105291). 

104. Herrada-Manchon, H., Rodriguez-Gonzalez, D., Alejandro Fernandez, M., Sune-Pou, 

M., Perez-Lozano, P., Garcia-Montoya, E., and Aguilar, E., 3D printed gummies: 

Personalized drug dosage in a safe and appealing way. Int J Pharm, 2020. 587: p. 

119687. 

105. Elbl, J., Gajdziok, J., and Kolarczyk, J., 3D printing of multilayered orodispersible films 

with in-process drying. Int J Pharm, 2020. 575: p. 118883. 



Chapter I – Introduction 

31 
 

 

106. International Conference on Harmonisation of Technical Requirements for Registration 

of Pharmaceuticals for Humans Use, Impurities: Guideline for residual solvents Q3C 

(R6). 2016. 

107. European Pharmacopoeia Commission, Residual Solvents. European Directorate for 

the Quality of Medicines & Healtcare (EDQM), Strasbourg, France (2016). 

108. Goole, J. and Amighi, K., 3D printing in pharmaceutics: A new tool for designing 

customized drug delivery systems. Int J Pharm, 2016. 499(1-2): p. 376-394. 

109. Zema, L., Melocchi, A., Maroni, A., and Gazzaniga, A., Three-dimensional printing of 

medicinal products and the challenge of personalized therapy. J Pharm Sci, 2017. 

106(7): p. 1697-1705. 

110. Letourneau, C.A., . Davies, C.T., Tabibkhoei, F.,  Daubert, G.L.,  Beck, J.M.,  Schryber 

J.W.,  Madagan, K. M.,  Baird L. M.,  Jacobson, M.D.,  Maiden T.O. 3D printing of 

medical devices: When a novel technology meets traditional legal principles, 2015. last 

access: 22.12.2020; Available from: 

https://www.reedsmith.com/en/perspectives/2015/09/3d-printing-of-medical-devices-

when-a-novel-techn. 

111. Vijverman, A., Hot legal and regulatory issues of 3D printed medicinal products. oral 

presentation: 2D and 3D Printing - A new Trend in Pharmaceutical Manufacturing: 

Hype or Future? APV conference, Berlin, Germany 2017. 

112. EnvisionTec. last access: 16.04.2020; Available from: https://envisiontec.com/de/. 

113. Grosso, S., Cordelli, D.M., Franzoni, E., Coppola, G., Capovilla, G., Zamponi, N., 

Verrotti, A., Morgese, G., and Balestri, P., Efficacy and safety of levetiracetam in infants 

and young children with refractory epilepsy. Seizure - Eur J Epilep, 2007. 16(4): p. 345-

350. 

114. Wheless, J.W., Levetiracetam in the treatment of childhood epilepsy. Neuropsychiatr 

Dis Treat, 2007. 3(4): p. 409-421. 

115. European Medicines Agency. Keppra. last access: 22.12.2020; Available from: 

https://www.ema.europa.eu/en/medicines/human/EPAR/keppra. 

116. Habib, W.A., Alanizi, A.S., Abdelhamid, M.M., and Alanizi, F.K., Accuracy of tablet 

splitting: Comparison study between hand splitting and tablet cutter. Saudi Pharm J, 

2014. 22(5): p. 454-459. 

117. McDevitt, J.T., Gurst, A.H., and Chen, Y., Accuracy of tablet splitting. 

Pharmacotherapy, 1998. 18(1): p. 193-197. 

118. Freeman, M.K., White, W., and Iranikhah, M., Tablet splitting: a review of weight and 

content uniformity. Consult Pharm, 2012. 27(5): p. 341-352. 

119. Draheim, R., Lipidextrusion – Prozessoptimierung für nadelförmige Arzneistoffe und 

Freisetzungsverhalten, Dissertation. 2010, Heinrich-Heine Universität Düsseldorf. 



Chapter I – Introduction 

32 
 

 

120. Li, Q., Guan, X., Cui, M., Zhu, Z., Chen, K., Wen, H., Jia, D., Hou, J., Xu, W., Yang, X., 

and Pan, W., Preparation and investigation of novel gastro-floating tablets with 3D 

extrusion-based printing. Int J Pharm, 2018. 535(1-2): p. 325-332. 

 

 

 

 

 



Chapter II – A critical review on 3D-printed dosage forms 

33 
 

 

Chapter II – A critical review on 3D-printed dosage forms 

 

Pretext 

Since the successful approval of the first printed tablet by the FDA, 3DP as manufacturing 

process for pharmaceutical purposes has gained increased interest. The increased interest 

can be recognized in particular in the strongly increased number of scientific articles published. 

Enormous expectations were placed in the 3DP technology as a game changer for 

individualized medicine. Especially the possibility to adapt and change the desired dose in a 

fast manner is praised in the existing literature as one of the most important advantages of the 

technology compared to conventional manufacturing processes. The following review article 

evaluates the current state of research and provides a critical evaluation regarding the 

implementation of 3DP as manufacturing process as well as the realizability of individualizing 

the dispended dose.  
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Abstract 

Background: In the last decades, 3D-printing has been investigated and used intensively in the 

field of tissue engineering, automotive and aerospace. With the first FDA approved printed 

medicinal product in 2015, the research on 3D-printing for pharmaceutical application has 

attracted attention of pharmaceutical scientists. Due to its potential of fabricating complex 

structures and geometrics, it is a highly promising technology for manufacturing individualized 

dosage forms. In addition, it enables the fabrication of dosage forms with tailored drug release 

profiles.  

Objective: The aim of this review article is to give a comprehensive overview of the used 3D-

printing techniques for pharmaceutical applications, including information about the required 

material, advantages, and disadvantages of the respective technique.  

Methods: For the literature research, relevant key words were identified, and the literature was 

then thoroughly researched. 

Conclusion: The current status of 3D-printing as a manufacturing process for pharmaceutical 

dosage forms was highlighted in this review article. Moreover, this article presents a critical 

evaluation of 3D-printing to control the dose and drug release of printed dosage forms. 
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Chapter III – On-demand manufacturing of immediate release levetiracetam tablets 

using pressure-assisted microsyringe printing 

 

Pretext 

Evaluation of the review article reported in chapter II showed that PAM printing is lacking in 

process knowledge as well as concepts for individualizing the dispensed dosed. The literature 

research demonstrated that PAM processes are carried out mostly with the use of organic 

solvents during formulation development and further to avoid nozzle clogging during the 

printing process. Since solvents of class 3 (according to the ICH guideline Q3C) are used in 

most studies, the use of these printing formulations for paediatric dosage forms is limited. 

Further, characterization of the required drying process and its influence on the manufactured 

dosage form are not fully examined. The following research study aims to develop a suitable 

printing formulation based on water, which should be processable at room temperature. 

Besides the formulation development, an intensive examination of the drying process is aimed 

to achieve a low and efficient drying time to keep the overall thermal load on the API and 

excipients low. The developed printing formulation should display an immediate drug release 

of the incorporated levetiracetam.  

 

Evaluation of authorship 

The following research paper has been published by the European Journal of Pharmaceutics 

and Biopharmaceutics in 2019 (impact factor 2019: 4.604). The first author of the published 
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by Ilias El Aita. Prof. Dr. Jörg Breitkreutz and Dr. Julian Quodbach as senior authors were 

responsible for the idea and the study design as well as for the revision of the manuscript.  
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Abstract 

Fast and accurate manufacturing of individually tailored solid dosage forms is one of the main 

challenges for personalized medicine. The use of 3D printers has recently been studied to 

determine their suitability for personalized drug manufacturing. 

In the current work, formulations free of organic solvents were developed for a pressure-

assisted microsyringe printing method (PAM). The water-soluble polymer polyvinyl alcohol-

polyethylene glycol graft copolymer (PVA-PEG) was used as matrix, while levetiracetam (LEV) 

was used as model drug. Furthermore, the influence of a second polymer, 

polyvinylpyrrolidone-vinyl acetate copolymer (PVP-PVAc) on the properties of the printed 

tablets was investigated. Tablets were printed using a 3D-Bioplotter. The printed formulations 

were analyzed regarding mass variation, friability, and thickness. Furthermore, the 

disintegration behavior and dissolution profile were analyzed. Investigations of the dissolution 

profiles of printed tablets show that an immediate release of the API could be achieved. For 

tablets with PVA-PEG the drug is released completely within 10 min while the additional use 

of PVP-PVAc leads to a slightly delay with a complete release within 20 min. The same trend 

is observed regarding the disintegration time of printed tablets. Tablets with PVA-PEG 

disintegrated within 95 ± 10 s while tablets with additional PVP-PVAc disintegrated within 

130 ± 20 s. 

Friability of <0.5% indicate that the used PAM printing method provides tablets without loss of 

structural integrity during handling. Furthermore, it could be shown that the production of 

tablets with a good content uniformity using a 3D Bioplotter is suitable. 
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Chapter IV – 3D-Printing with precise layer-wise dose adjustments for paediatric use via 

pressure-assisted microsyringe printing 

 

Pretext 

In the previous research paper, PAM printing was established successfully as an on-demand 

manufacturing process for oral dosage forms. In the subsequent research paper, the 

developed PAM printing process should be used to explore the potential of PAM printing to 

individualizing dosage forms and to manufacture age-appropriate dosage forms. PAM printing 

has been so far utilized successfully to print fixed-dose combinations but is lacking in practical 

approaches for individualizing the desired dose. The following research article aims to 

investigate the existing gap in dose individualization using PAM printing. The individualization 

method should ensure a flexible and fast adapting dose dispensing of levetiracetam to allow 

the manufacturing of age-appropriate dosage forms. 

 

Evaluation of authorship 

The following research paper has been published by the European Journal of Pharmaceutics 

and Biopharmaceutics in 2020 (impact factor 2019: 4.604). The first author of the published 
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Abstract 

The establishment of 3D-printing as manufacturing process for oral solid dosage forms enables 

new options for the individualized medicine.  

The aim of this work was to develop a novel drug-printing model using pressure-assisted 

microsyringe (PAM) technology, which allows the precise dispensing of drug substances.  

Printed tablets with different numbers of layers, mimicking different doses for paediatric 

subgroups, were analyzed regarding mass variation, friability, thickness, and disintegration 

time. Furthermore, the uniformity of dosage units and the dissolution behavior were 

investigated.  

Friability was < 0.3 % in all cases, which demonstrates the ability of PAM printing to 

manufacture robust solid dosage. Disintegration results showed the dependency of the 

disintegration on the number of layers and therefore on the compact mass of polymer. 

However, all tablets disintegrated within 3 min and fulfilled the requirements of immediate 

release tablets of the USP and orodispersible tablets according to the Ph. Eur. Results of 

uniformity dosage units confirmed the successful manufacturing of the intended individualized 

doses. Drug dissolution appeared to be dependent on the number of layers. An increase of 

layers resulted in a decrease of the drug release rate. Further, the drug release could be 

correlated to the surface area/volume (SA/V) ratio. 
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Chapter V – Investigation of semi-solid formulations for 3D printing of drugs after     

prolonged storage to mimic real-life applications 

 

Pretext 

The previous paper demonstrated the ability of implementing a concept to individualize the 

manufactured dose. However, these studies also revealed that there are still some technical 

hurdles to overcome.  

While for other 3DP technologies, the required printing material might be produced as well as 

stored as a stock formulation, this has yet not been implemented for PAM printing technology. 

Since the evaporation of the contained solvent led to a change of viscosity, the printing process 

might need therefore some adjustment. Further, the use of respective polymers as well as 

introduction of different infill designs might influence the drug release of the incorporated API. 

The following research article aims to investigate the development of a storable printing 

formulation for PAM printing purposes. The printability of the developed printing formulation 

should not be impacted negatively by the storage. Storage of printing formulation might reduce 

the preparation time as well as the drug containing waste. 
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Abstract 

The implementation of tailor-made dosage forms is currently one of the biggest challenges in 

the health sector. Over the last years, different approaches have been introduced to provide 

an individual and precise dispensing of the appropriate dose of an active pharmaceutical 

ingredient (API). A more recent approach, which has been intensively researched in the last 

years, is 3D-printing of medicines.   

The aim of this work was to develop printing formulations free of organic solvents for a 

pressure-assisted microsyringe printing method (PAM), which should also be printable over 

several days of storage. Furthermore, the printed dosage forms should provide a sustained 

release of the incorporated API. A mixture of polyvinyl acetate/polyvinylpyrrolidone copolymer 

(PVAc-PVP), hydroxypropyl methylcellulose (HPMC) and highly dispersed silicon dioxide 

(SiO2) was found to be a feasible polymer matrix to achieve a sustained drug release. 

Levetiracetam (LEV) was used as model drug.  

The printed formulations were analyzed regarding mass variation, friability, and thickness. 

Furthermore, the dissolution behavior of freshly printed tablets and tablets printed from stored 

printing formulations were investigated. The dissolution profiles indicate that the dissolution of 

LEV could be modified by varying the amount of HPMC and by changing the infill design of 

tablets. Tablet-like geometries with an infill design of 0.35 mm and 5 % HPMC released 50 % 

of the incorporated drug after 4 h, while for tablets with a higher HPMC amount the release 

was decreased (10 % HPMC: 5.5 h; 15 % HPMC: 8 h). All printed tablets exhibit a friability < 

0.5 %, indicating that PAM printing is suitable for the manufacturing of tablets with a high 

structural integrity. Furthermore, this study demonstrates the ability of producing tablets with a 

uniform content and mass using PAM printing. 
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Chapter VI – Conclusion and future perspective 

3DP technology has been considered as revolutionary for the manufacturing of pharmaceutical 

dosage forms. Published academic studies already indicate the potential of 3DP and its 

beneficial impact on health care systems. Patients, regardless whether young or old, might 

further benefit from the newly acquired opportunities to individualize dosage forms. 

Nevertheless, the technology of printing pharmaceutical dosage forms is still in its infancy and 

must overcome some major challenges. The presented thesis might contribute to the further 

understanding and progression of PAM printing technology. In the following section of the 

thesis, a conclusion of the presented chapters is provided and a perspective about future 

application of 3DP is given. 

1. A critical review on 3D-printed dosage forms  

The published review article provides a detailed overview of the various existing 3DP 

technologies as well as the application of 3DP for the manufacturing of pharmaceutical dosage 

forms. The literature-based research demonstrated the ability of manufacturing simple and 

complex geometries and structures, by which new treatments options arise for patients. In 

particular, the potential for individualizing dosage forms has been emphasized in the existing 

literature.   

Beside the demonstrated abilities and advantages of 3DP, the review article provides further 

a critical evaluation of the 3DP as suitable manufacturing process. In regard of the batch size 

and the maximal possible throughput, 3DP is clearly inferior compared to conventional 

manufacturing processes. Further, deeper insights into the literature revealed that most of the 

published studies do not deliver a concept of individualizing the dispensed dose. Instead of 

this, dosage forms were printed without knowing the resulting dose strengths. The review 

further displays that most of the academic studies aimed to modify the drug release rate either 

by changing the formulation or by modifying the surface area of the respective dosage form. 

Especially for PAM printing technology, concepts for individualizing the dispensed dose are 

currently not being introduced. Published studies are focused mainly on the manufacturing of 

fixed-dose combinations with different release kinetics, which should decrease the number of 

tablets to be taken daily and therefore improve the patient compliance.  
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2. On-demand manufacturing of immediate release levetiracetam tablets using 

pressure assisted microsyringe printing 

Although studies about manufacturing dosage forms with PAM printing technology are already 

available, the process itself is still lacking know-how and knowledge. The PAM printing 

technology appears to be a versatile technology, whose success depends on both the 

characteristics of the developed printing formulation and the selected settings of the 3D printer. 

Further the success of the printing process relies on the ability of the developed formulation to 

maintain the form during the process as well as during the drying without collapsing.  

The results of the present study revealed the successful development of a suitable printing 

formulation for PAM use. After a polymer screening phase, a formulation was developed, which 

consists of a polymer, polyvinyl alcohol-polyethylene glycol graft copolymer, an API, 

levetiracetam, and only water as solvent. The introduction of a water-based printing formulation 

with such a small number of components is a novelty in the field of PAM printing technology. 

It was feasible to set up a printing process, which was executed at room temperature. 

Furthermore, the drying process as well as the shrinkage of tablets caused by the evaporation 

of solvent has been successfully investigated. Compared to existing studies, the drying time 

could be reduced significantly without affecting the mechanical properties of tablets. Due to 

the plastic properties of the used polymer, tablets with a low friability were manufactured, which 

is unusual for products made by PAM printing. Data obtained for the uniformity of mass and 

content displayed the suitability of the 3D printer to manufacture reproducible dosage forms, 

which is mandatory for a pharmaceutical process. 

3. 3D-Printing with precise layer-wise dose adjustments for paediatric use via 

pressure-assisted microsyringe printing 

The implementation of PAM printing as manufacturing process for pharmaceutical dosage 

forms was demonstrated successfully in previously introduced studies of this thesis as well in 

existing literature. As pointed out in the review article, concepts to individualize the dispensed 

dose are currently not presented. Even for the FDA approved product Spritam®, the printing 

technology was used to manufacture dosage forms with discrete doses.  

The present study revealed the opportunity of individualizing the dose of levetiracetam based 

on a calibration model. Based on the developed individualization model, the required amount 

of levetiracetam could be adjusted according to the body weight of the respective patient. 

Especially for paediatric patient, the developed model might be promising, since for the 

paediatric population physiological conditions are proceeding rapidly in the first months and 

years. Therefore, it can be assumed that the implementation of such an individualization 

concept increases the treatment options for paediatric patients. In particular, it should be 
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further emphasized that printed tablets demonstrated in this study fulfilled the necessary 

pharmacopoeial requirements. Beside the provided advantages, the size of printed tablets 

must be recognized as a major drawback. Infants and especially neonates might face severe 

swallowing issues in case of tablets with a diameter of 10 mm.  

4. Investigation of semi-solid formulations for 3D printing of drugs after     

prolonged storage to mimic real-life applications 

The patient compliance is a crucial aspect for the success of an exerted drug therapy. Clinical 

studies have demonstrated that the compliance of patient correlates with the number of dosage 

forms to be taken daily. With increase number of dosage forms per day, the compliance might 

decrease significantly. A preventive action might be the administration of sustained-release 

dosage forms.  

Scientific studies demonstrated the ability of manufacturing sustained-release dosage forms 

using 3DP. Interestingly a sustained-release mechanism was achieved by either using 

polymers such as EC or HPMC or by changing the design of the structure. Especially, variation 

of infills appeared to be a feasible option to slow down the release rate.  

For this study, sustained drug release of levetiracetam was successfully accomplished by 

varying the infill design as well as varying the amount of incorporated HPMC within the 

developed printing formulation. Beside the achievement of a sustained drug release, the study 

revealed further the development of a printing formulation, which might be stored up to five 

days. The storage time and conditions did not affect properties of the printed tablets as well as 

the printability of the stored printing formulation. The development of a storable printing 

formulation was first introduced in this study. Thereby, the possibility is given to produce a 

stock formulation, which can be stored until needed for printing processes. 

Future perspective 

With regards to the pharmaceutical industry, 3DP is an emerging technology with a potentially 

significant impact on current health care systems and patients. Several polymers in 

pharmaceutical quality are available for PAM and offer sufficient stability for practical use in 

community pharmacies. Numerous published scientific studies revealed the tremendous 

potential of 3DP as manufacturing process for both simple and complex structures and 

geometries. 3DP provides the opportunity of tailoring products to the needs of customers. 

Especially for individualized medicine, this platform technology might be highly suitable. Since 

3DP includes different printing technologies, a large number of materials can be processed.  

However, the broad application of the technology is currently limited both by technical hurdles 

and by the lack of regulatory guidance. Fundamental concepts as for example cleaning 
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procedure, which are standard processes for conventional processes, are completely missing 

for 3DP.  

The future fields for application of the technology are defined mainly by its strengths and 

provided advantages. 3DP allows the effective and time-saving manufacturing of small 

batches. Therefore, 3DP might be especially applicable for the manufacturing of clinical 

samples. Furthermore, 3DP might be further implemented as an on-demand manufacturing 

process in community and hospital pharmacies. Studies presented in this thesis revealed the 

potential of a 3DP technology as on-demand manufacturing process.  

In the recent years, the development of the technology itself has been rapid. Keeping up the 

same pace in the development phase, 3DP might achieve its breakthrough in the 

pharmaceutical industry within the next years. As a result of the breakthrough, further drug 

approvals from health authorities are expected. 
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Summary 

With the first drug approval by the FDA in 2015, 3DP has finally arrived in the pharmaceutical 

industry as manufacturing process for pharmaceutical dosage forms. Due to the new arising 

opportunities provided by 3DP, the technology is considered revolutionary for the 

pharmaceutical industry. As described in chapter 1.1, 3DP is an umbrella term, which covers 

several different printing technologies. Among all the different 3DP technologies, the PAM 

printing technology emerges as the technology with the biggest potential as local 

manufacturing process for pharmacies and hospital pharmacies. Compared to other printing 

technologies, PAM printing does not rely on industrially pre-manufactured intermediate 

products such as filaments for FFF printing. Neither is the technology dependent on powder 

mixing processes, which are mandatory for powder-based printing technologies.  Further, the 

use of a semi-solid formulations as printing formulation is advantageous due to several 

aspects. Semi-solid formulations can be produced relatively quickly and in any desired batch 

size. Furthermore, numerous polymers are already established in the production of semi-solid 

formulations. In addition, pharmacists are intensively trained in the production of semi-solid 

formulations during their vocational training. This intensive training enables the possibility of 

the in-house production of high-quality 3D-printed dosage forms.  

The review of existing literature demonstrated that 3DP has mostly been claimed as highly 

promising manufacturing process for individualized manufacturing process. However, the 

provided review article revealed the lack of introduced concepts to individualize the dispensed 

dose. The thesis aims to close the existing gaps in process knowledge as well as in terms of 

individualizing the dispensed dose of printed dosage forms.  

The establishment of a printing platform requires first the screening of suitable polymers. After 

identifying a suitable polymer, a formulation platform was developed. A printing formulation 

consisting of a polymer, levetiracetam as API and water as solvent was successfully 

developed. The printing formulation was able to maintain the printed structure without 

collapsing during the printing process. Further, the drying process as well as its influence on 

the dimension of the final object were characterized intensively. The success of the printing 

process was displayed by the analytical results. The low variation of the mass as well as the 

content uniformity and obtained friability demonstrated that the printing process is reproducible 

and robust. In regard of the chemical properties of the utilized polymer, PVA-PVP, and 

levetiracetam, an immediate drug release was achieved, as expected. The incorporation of a 

second polymer, polyvinylpyrrolidone-vinyl acetate copolymer (PVP-PVAc), into the developed 

printing formulation indicated the ability of manipulating the properties of printed tablets. The 

feasibility of delaying the disintegration and drug release could be achieved by the addition of 

PVP-PVAc. 
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As mentioned before, most scientific studies did not introduce concepts for individualizing the 

dose of dosage forms. Dosage forms were printed without knowing the resulting dose. In order 

to close the existing gap, a calibration model was established, which should enable the 

individualization of dose according to the needs of paediatric patients. Tablets with different 

desired doses were printed according to the calibration model. The success of the calibration 

model was displayed especially by the accomplished acceptance value (AV). For all tablets, 

an AV far below 15 % was achieved, which indicated the consistency of the API content within 

a batch of printed tablets. Beside the establishment of an individualization concept for the 

levetiracetam dose, the dependency of the drug release on the surface area-to-volume ratio 

of printed tablets was demonstrated. By increasing the surface area-to-volume ratio, the drug 

release rate of the dosage forms was also increased. Based on the correlation, the drug 

release might be manipulated as needed.  

In order to reduce the production time as well as the production costs, the development of a 

storable formulation would be advantageous. Through storable formulations, manufacturer 

would be able to manufacture a stock formulation, which might be used to print dosage forms 

when needed. However, since the most PAM printing formulations contain solvents, the 

printability is directly linked to the evaporation of solvents. The thesis presented the opportunity 

of developing storable printing formulations. The printability of the printing formulation as well 

as the properties of printed tablets were not affected by the storage. Furthermore, the drug 

release rate of printed tablets could be manipulated successfully by varying the amount of 

incorporated HMPC as well as changing the infill design of printed tablets.  

The present thesis demonstrated the ability of manufacturing oral solid dosage forms using 

PAM printing. Pharmaceutical finished products with either an immediate or sustained drug 

release of levetiracetam have been printed successfully. In particular, the manufacturing of 

individualized dosage forms based on a calibration model was introduced successfully in this 

thesis. PAM printing appeared to be feasible for the reproducible manufacturing of tablets. The 

results of the thesis contribute to the further process understanding and opportunities of PAM 

printing as manufacturing process. Nevertheless, drawbacks of the current state of the 

technology are recognized as well. For the process, control strategy concepts are still lacking. 

Therefore, dosage forms are printed without knowing the resulting API content per single 

dosage form. Furthermore, inline process controls are also not introduced yet. Especially, 

control of the diameter of the single printed strands as well as the printed mass during the 

printing process would be highly interesting as process control strategy.  
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