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Abstract 

In an era moving towards digital health, 3D printing as successfully proven its applicability in providing 

personalising medicine through a technology-based approach. Among the different 3D printing 

techniques, semisolid extrusion has shown its suitability in producing robust solid dosage forms, 

however, it usually requires the incorporation of a solvent (usually water), which may compromise the 

integrity of moisture sensitive drug molecules. 

Here we demonstrate a new approach that simplifies semisolid extrusion 3D printing process with 

elimination of the post-printing drying step, by adding glyceryl monostearate (GMS). This component 

allowed 3D printing at relatively low temperature (80-110 °C) of Eudragit RL/RS-based tablets, with 

rapid solidification at room temperature. The elimination of solvent will allow the incorporation of 

moisture sensitive active substances. Customization of the Eudragit RL:RS ratio allowed control of 

theophylline release profile.  

  



Introduction 

The increasing trend towards individualised medicine in healthcare led to exploring the potential of 

several 3D printing techniques as an on-demand manufacturing tool of solid dosage forms (1, 2). 

Among these, fused deposition modelling (FDM) 3D printing has been  an extensively researched 

approach, owing to its low cost, lack of drying and/or finishing steps and accounting on an established 

technique of Hot Melt Extrusion (HME) for producing filaments (3-5). Several attempts were carried 

out to reduce the thermal stress associated with this technology through the use of plasticisers (6, 7) and 

low melting/glass transition temperature polymers (8). Nevertheless, the need of pre-printing 

fabrication of drug-loaded filaments drove the effort toward finding a more simplified fabrication 

process that facilitate and shorten the thermal exposure of both active ingredient and excipients. 

Semi-solid extrusion is a 3D printing technology that consists of extrusion of semi-solid materials such 

as pastes (9, 10) and gels (11) through a defined size nozzle to create a new structure after solidification 

(e.g. tablets). The use of a such technique eliminates the need of an intermediate step of filament 

manufacturing prior to 3D printing. Semi-solid extrusion has been used to demonstrate the feasibility 

of producing multidrug solid dosage forms with individualised drug-release profile (16, 17). Later, work 

demonstrated the applicability of the same technology to manufacture gastro-floating tablets (18), dose-

flexible systems with immediate-release profile (19) and orodispersible films (20). In addition, it avoids 

a high processing temperature, thus poses an attractive alternative to FDM. However, the starting 

materials and their mixing ratios should be carefully considered to meet required strict rheological 

properties that allows a smooth, reproducible and efficient extrusion which can solidify following 3D 

printing completion (12, 13). In most cases, solvent (often water) is used to facilitate material flow 

through reducing the viscosity of the mixture (14). However, this approach opens up the door for two 

challenges; the inclusion of an additional drying step for the printed product (quality and logistic issues 

associated with it), and the risk of drug degradation mainly due to hydrolysis. More recently, we have 

reported a hybrid approach of combining both solvent and temperature to produce immediate and 

extended release tablets at a relatively moderate temperature (15).  

A more simplified process that avoiding a post-printing process is needed, HPC-based tablets with 

immediate (21) and sustained release profiles (22) were produced by using elevated temperature and 



pneumatic or screw-based extrusion. An alternative solution was the use of a low melting carrier (e.g. 

PEG4000, melting point of approximately 65 °C) to fabricate immediate-release tablets (23). 

In this work, we report the use of semi-solid extrusion as a single 3D printing step. We also report the 

novel use of fatty glyceride (glycerol monostearate) as both lubricant and solidifying agent. GMS is a 

poorly water soluble excipient used in food, cosmetic and pharmaceutical applications for its emollient, 

emulsifier and plasticiser properties (28). In solid dosage forms, it is usually added as a lubricant (29) 

or a sustained-release matrix (30-32). Eudragit® RL and RS are insoluble poly(meth)acrylates with pH-

independent swelling hydration behaviour with high and low water permeability, respectively (24). 

These have been widely used in combination for customisation of drug release profile (25), including 

using FDM 3D printing (26, 27).  

 

2. Materials and methods  

2.1 Materials  

Theophylline was obtained from Acros Organics (UK). Eudragit® RL100 and RS100 were 

donated by Evonik (Darmstadt, Germany). Triethyl citrate (TEC) was obtained from Sigma-Aldrich 

(Dorset, UK). Glyceryl monostearate (GMS) (Imwittor K900) was a donation from IOI Oleo GmbH 

(Germany). 

2.2 Hansen Solubility Parameters (HSP) calculations 

Functional group contribution method was used to calculate the HSP values of the API and excipients. 

HSPiP software (version 5.3.03) was used to calculate the δD (Dispersion component), δP (Polar 

component, δH (Hydrogen-bonding component) and δT (Total) using the canonical SMILE of each 

compound.  

2.3 Rheological Studies 

Advanced Capillary Rheometer RH10 (Bohlin Instruments, UK) was used to assess the extensional 

rheology of the mixtures presented in Table I. Physical mixtures of Eudragit RL100, and blends with 

theophylline, GMS and TEC were fed into the two barrels of the rheometer each fitted with a 1mm die 



(one long die and one orifice die). The barrel was heated to 110°C for 10 min before the experiment 

started. The formulations were subjected to two precompression stages at 0.5-1MPa. The test was 

carried out at a shearing rate of 20, 50, 100 S-1. The shear and extensional viscosity for each of the 

above formulations was calculated. 

2.4 Preparation of the feed for semi solid extrusion 

The prepared formulations with the required mixing ratios of materials are highlighted in Table 

II. The methacrylate polymer(s), GMS and theophylline were accurately weighed and mixed using a 

mortar and pestle. The blends were then transferred to a Krups F20342 grinder (Germany) where it was 

shear-mixed with TEC. Blends (approximately 10 g) were filled  in a 12 mm diameter metal syringe 

(Hyrel 3D, Atlanta, USA) to be printed as described in Section 2.5. 

2.5 Tablet design and 3D printing 

Cylindrical shaped tablets (diameter: 13 mm, height: 3 mm) were designed using 

Autodesk® 3ds Max Design 2019 (Autodesk, Inc., USA). The designs were imported to the 

Slic3r (version 1.3) software in stereolithographic (STL) format. The latter were then converted to g-

code files using the following settings: first layer thickness: 0.6 mm, layer thickness: 0.3 mm, speed 

perimeters: 50%, infill speed: 8 mm/sec, first layer build speed: 6 mm/sec and travel speed: 15 mm/sec. 

The nozzle and filament diameters were set as 1.194 mm. 

A Hyrel System 30M (Hyrel 3D, Atlanta, USA) equipped with a VOL-25 (Volcano) modular 

head and a 16-gauge stainless steel tip was used to manufacture the tablets. The standard glass plate 

was covered with an acrylic sheet to achieve a better adhesion of the printed layers to the base plate. 

The following settings were used for the Repetrel software (version 3.0) for the printer head: infill 

percentage: 100%, Z layer thickness: 0.3, motor pulses rate: 2.3 pulses/nL and a material flow multiplier 

of 0.8 mm. Prior to 3D printing, the syringe body was placed in an aluminium heated sleeve/housing 

where the feed was heated for 30 min.  

2.6 Thermal analysis 



Raw materials and samples of the 3D printed tablets were analysed by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). Samples of approximately 10 mg were 

scanned in triplicate in platinum pans using a TGA Q500 (TA Instruments, Elstree, Hertfordshire, UK). 

Samples were heated at a rate of 10°C/min from 25°C to 500°C with a nitrogen purge of 40:60 mL/min 

for furnace: sample, respectively. Samples (~5 mg) were scanned in triplicate in standard aluminium 

pans at a rate of 10°C/min from 0°C to 300 °C, with a nitrogen purge of 50 mL/min, using a DSC Q2000 

(TA Instruments, Elstree, UK). TA Universal analysis software (v 4.5A, TA Instruments, Elstree, UK) 

was used to analyse data for both TGA and DSC. 

2.7 X-Ray Powder Diffractometry (XRPD) 

The physical form of the drug and excipients within the 3D printed tablets was assessed using 

a powder X-ray diffractometer, D2 Phaser with Lynxeye (Bruker, Germany). Samples were scanned 

from 2Theta = 5° to 50° using a 1.25 s time count and 0.01° step width. The divergence slit was 1 mm 

and the scatter slit was 0.6 mm. The filament emission was 10 mA with a scan type coupled with a 

theta/theta scintillation counter over 60 min. A voltage of 30 kV was used, the wavelength was 

0.154 nm using Cu source and a voltage of 30 kV.  

2.8 Characterization of the 3D printed tablets 

The mechanical properties of the 3D printed tablets were assessed by measuring tablet hardness using 

an Agilent 200 Tablet Hardness Tester (Agilent Technologies, Germany). The test was done in 

triplicate. A digital calliper (eSYNic, China) was used to measure the radius and the thickness of the 

tablets. The weight uniformity of the 3D printed tablets was determined by weighing approximately 10 

tablets randomly selected from each preparation. The average mass, standard deviation and percentage 

deviation from average mass were determined for each batch.  

2.9 Analysis of drug content using HPLC 

The drug content of the 3D printed tablets was assessed using an Agilent 1260 series 

UV-HPLC (Agilent Technologies, Germany) with XTerra RP 18 column (150 × 4.6 mm, 5 μm 



particle size) (Waters, Ireland) as previously described (6). The injection volume was 5 μL and 

the mobile phase used consisted of 10 mM ammonium acetate buffer: methanol: acetonitrile 

(86:7:7). The analysis was carried out at a flow rate of 1 mL/min, at 40°C, with a run time of 

7 min and wavelength of 272 nm. 

2.10 Scanning Electron Microscopy (SEM) 

The morphology of the external and cross-sectional surfaces of the 3D printed tablets 

were assessed using a JCM-6000 plus NeoScope™ microscope (Jeol, Tokyo, Japan) at 10 kV. 

All samples were gold coated prior to imaging using a JFC-1200 Fine Coater (Jeol, Tokyo, 

Japan). The images were collected using Image J software (v 1.2.0., Tokyo, Japan). 

2.11 In vitro dissolution  

The impact of the ratio of polymers used on the release profile of theophylline was assessed 

using a USP II dissolution test paddle apparatus (Erweka GmbH, Germany). Each experiment 

was carried out in triplicate at 37 ± 0.5 °C with a paddle speed of 50 rpm. The tablets were 

tested in 750 mL of 0.1 M HCl (pH 1.2) for 2 h, followed by 4 hrs exposure to pH 6.8 phosphate 

buffer (through the addition of 250 mL of tribasic phosphate solution 0.215 M). Data was 

collected each 5 min by an UV/VIS spectrophotometer (PG Instruments Limited, UK) at a 

wavelength of 272 nm and a path length of 1 mm. Data were analysed using IDISis software 

version 2012 (Automated Lab, Berkshire, UK). 

2.12 Statistical analysis 

One-way ANOVA was employed using SPSS Software (22.0.0.2) to analyse the results. 

Differences in results above probability level (p < 0.05) was considered significant.  

 

  



4. Results and discussion 

A schematic diagram of the developed 3D printing process can be found in Fig. 1. In this 

process, a polymer-based pharmaceutical ink is loaded to a syringe cartridge at a set temperature. The 

raw materials can be loaded as compressed powder with a cylindric shape with the dimensions of the 

syringe (12 mm diameter x 60 mm height). In the future, single-use syringes could be used instead to 

avoid any cleaning step and contamination between formulation. 

Initial screening of compatibility using Hansen solubility parameters indicates potential for 

good miscibility between the polymer, plasticiser (TEC) and GMS (δT<7 MPa½) (Table III).  

The shear and extensional viscosity of the polymer and various formulations was measured using 

extensional rheometer. The shear viscosity of Eudragit RL (as a model polymer) confirms its highly 

elastic nature at 110°C (Fig. 2A). In fact, the diameter difference between the extruded polymer from 

the long and orifice die due to die swelling was significant (3.5mm vs 5 mm) (Fig. 3A). The extensional 

viscosity of the formulations detailed in Table I are presented in Fig. 2B. The incorporation of GMS 

into Eudragit RL maintained extensional viscosity <10 kPa.s. The figure shows that adding increasing 

concentrations theophylline (20 and 43%w/w) resulted in higher extensional viscosity values. It is 

possible that the insoluble theophylline crystals added more elasticity to the formulation. TEC reduces 

the viscosity significantly.  Overall, adding TEC and GMS to drug: polymer blend (the actual 

formulation used for producing the Eudragit RL tablets) has the lowest viscosity thanks to combination 

of the plasticiser and the glycerides (Fig. 2B). In fact, the extruded filaments have a significantly smaller 

diameter compared to the pure polymer (Fig. 3B) confirming the reduction in the elasticity of the 

sample. 

The rheological behaviour of the initial polymer blend was reflected initial 3D printing trials. 

By using Eudragit RL or its blend with theophylline, no material could be extruded through the syringe. 

However, adding excess amount of plasticizer (TEC) allowed a facile flow of materials, yet it yielded 

flexible matrices unsuitable for 3D printing. GMS was then added to the formulation due to its thermal 

lubrication and rheological properties. The use of such combination (TEC and GMS)  has been 

previously reported to facilitate hot melt extrusion (HME) of an Eudragit RS PO-based formulation 



(29). TEC demonstrated to lower both the Tg and melt viscosity of the polymer, while GMS acted only 

by decreasing its melt viscosity. The inclusion in the formulation contributed to a controlled flow of the 

material during extrusion. With a melting point at 58-65 °C (33, 34), it allows 3D printing at a relatively 

low temperature (90-110 °C), with a rapid solidification at room temperature without the need of a post-

printing drying step.  

 

TGA was performed to assess the stability of the raw materials at the processing temperatures 

(90-110 °C). Eudragit RL and TEC showed 2 % of weight loss up to 110 °C (Fig. 4) which is believed 

to be due to moisture evaporation, similarly to previous studies (6, 26). All components were stable at 

the 3D printing temperatures, confirming their suitability for the developed method. DSC thermographs 

of the 3D printed tablets showed an endotherm event at around 53-55 °C (Fig. 4), which is believed to 

be the melting of GMS, indicating the presence of this component in crystalline form. Therefore, a 

printing temperature above 55 °C deemed necessary to liquidate GMS crystals and allow successful 3D 

printing the formulation.  

Following extrusion of the nozzle, the solidification of these matrix will then provide a stable 

polymeric layer that will withstand the weight of stacking layers. The shift of GMS melting from 63oC 

to lower temperatures, may be explained by the plasticising effect of TEC. A shift however, this could 

not be visualised on the DSC thermographs, probably due to the very low onset of the temperature. The 

presence of thermal events in the 3D printed tablets at >200 °C could not be investigated due to sample 

degradation at high temperatures. 

The XRPD pattern of the 3D printed tablets revealed diffraction peaks distinctive of 

theophylline at 2(Ɵ)= 7°, 12°, 14° and 24° (Fig. 6), indicating the presence of the drug in crystalline 

form. A subtle peak, which is believed to be characteristic of GMS, can be seen at 2(Ɵ)= 20 ° (Fig. 6). 

This may indicate incomplete dissolution of GMS and the presence of crystals of this component within 

the polymeric matrix. 

 

SEM images of the 3D printed showed a smooth glossy surface, similar to GMS-based 

films(35, 36), which can be explained by its lubricant characteristics. The tablets showed uniform layers 



(300 µm) and in general, the cross-section images showed fusion between the layers (Fig. 7) The 3D 

printed tablets demonstrated friability properties pharmaceutically acceptable (<1%) (37) and a high 

resistance to crushing force values that were not significantly different between formulations (p>0.05) 

(Table IV). 

 

Customizing theophylline release was achieved by manipulating the methacrylate polymer 

ratios: Eudragit RL: RS ratio (Fig. 8). By increasing content of Eudragit RS, led to further delay of 

theophylline release from the matrix structure. This may be explained by the lower number of 

quaternary ammonium groups of Eudragit RL when compared with Eudragit RL (38). These groups 

provide higher hydrophilicity, promoting more intense interaction within the polymeric matrix, 

explaining the higher permeability of the polymer (39, 40). 

The mechanism of drug release from Eudragit RL and RS-based drug delivery systems has 

been proposed to take place through the control of fluid permeation and consequent dissolution and 

diffusion of the drug (41, 42). It has been shown that drug diffusion is pH independent, which can be 

explained by the ionisation of the quaternary ammonium groups of the polymers at all pH levels with 

the gastrointestinal tract. On the other hand, it is dependent of its size and steric effects (43), ionic 

strength and the buffer used in the dissolution medium (44, 45). 

Although the developed pharmaceutical ink proved to be highly efficient in providing a low-

temperature solution and in avoiding pre- and post-printing processes, it is limited to extended-release 

dosage forms. Further advancement of the system is necessary to adapt it to immediate- and relayed 

release carriers.  

 



4. Conclusions 
 

The presented approach provides a significant advancement for semi-solid extrusion. Rather than 

starting with aqueous semi-solids that risks API hydrolysis, the system enables a direct ink writing at 

moderate temperature range 80-110 oC with readily-available tablet without the need for finishing or 

drying steps. An important inventive solution of incorporating fatty glyceride as dual solidifying agent 

and lubricant. This glyceride facilitates semi-solid extrusions at lowered temperature and rapid 

solidification following layer formation. The system proved compatible with widely-used methacrylate 

polymer where modulation of the release profile of the model drug could be achieve by manipulating 

polymer permeability. 
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Fig. 2 (A) Shear viscosity of Eudragit RL 100 at temperature range of 90-110°C, (B) Extensional viscosity data of mixtures. 



 
 

Fig. 3 (A) Eudragit RL extruded at 110°C using a long die (left, d=3.5mm), and an orifice die (right, d=5mm) (B) Eudragit RL formulation extruded at 90°C 

using long die (left, d=1.5mm), and an orifice die (right, d=4mm). 

 

 

 



 

Fig. 4 TGA thermal degradation profiles of raw theophylline, Eudragit RL, Eudragit RS, TEC, GMS, and 3D printed tablets based on Eudragit RL: RS: 100:0, 

75:25, 50:50, 25:75 and 0:100.  



 

 



Fig. 5 DSC thermograph of raw theophylline, Eudragit RL, Eudragit RS, TEC, GMS, and 3D printed tablets based on Eudragit RL: RS: 100:0, 75:25, 50:50, 

25:75 and 0:100. 

 

Fig. 6 XRPD of raw theophylline, Eudragit RL, Eudragit RS, TEC, GMS, and 3D printed tablets based on Eudragit RL: RS: 100:0, 75:25, 50:50, 25:75 and 

0:100. 



  



  



 

 

Fig. 7 SEM images of side-view (A1,B1, C1, D1 and E1) , top view (A2,B2, C2, D2 and E2) and cross sections of 3D printed tablets based on Eudragit RL: 

RS: 100:0, 75:25, 50:50, 25:75 and 0:100 respectively. 



 

 

Fig. 8 In vitro release of theophylline from 3D printed tablets based on Eudragit RL: RS: 100:0, 75:25, 50:50, 25:75 and 0:100 using pH-change USPII 

dissolution test ( pH 1.2 for 2 hours followed by pH 6.8 for 10 hours, n= 3, ±SD). 



Table II Samples analysed in the rheology studies 

Sample nr Eudragit RL GMS TEC Theophylline Temperature (oC) 

1 100%       90, 100, 110 

2 40% 8% 12% 40% 90 

3 77% 23%     90 

4 43.5% 13%   43.5% 90 

5 66.7% 13.3%   20% 90 

 

  



Table II Composition and printing temperature of 3D printed tablets 

Tablets/Ingredients Eudragit RL Eudragit RS GMS TEC Theophylline Printing 

Temperature 

( C) 

 Plate 

Temperature 

( C) 

 

Eudragit RL 3D printed tablets 40% - 8% 12% 40% 90  45  

Eudragit RL:RS 75:25 3D printed tablets 30% 10% 8% 12% 40% 110  45  

Eudragit RL:RS 50:50 3D printed tablets 20% 20% 8% 12% 40% 105  45  

Eudragit RL:RS 25:75 3D printed tablets 10% 30% 8% 12% 40% 95  45  

Eudragit RS 3D printed tablets - 40% 8% 12% 40% 80  40  

 

  



Table III Solubility parameters of raw materials (MPa1/2) 

Excipient name δD δP δH δT 

Eudragit RL 17 11 4.2 20.7 

Theophylline  19.7 15.5 10.5 27.1 

GMS 16.2 4.2 10.3 19.7 

TEC 16.8 6 10.1 20.5 

 

 



 

Table IV Dimensions, weight, friability, crushing strength, disintegration time drug contents and doses of 3D printed tablets. 

 

 

 

 

 

 

3D printed tablets Dimensions Weight Friability 

(%) 

Crushing 

strength 

(N) 

Drug contents (%) 

(SD) 

Dose (mg) 

(SD) Diameter 

mm (SD) 

Height 

mm (SD) 

Average 

mg (SD) 

SD% 

Eudragit RL  130.1 30.1 457.37.9 1.7% 0.01% 339.40.4 94.651.44 183.33.65 

Eudragit RL:RS 50:50 12.70.2 2.70.1 449.45.5 1.2% 0.02% 340.44.5 97.861.44 173.2315.29 

Eudragit RS 130.2 2.80.2 4425.3 1.2% 0.02% 342.31.1 98.194.7 178.54.62 


