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A B S T R A C T

Medicine individualisation remains constrained by the limited availability of age-appropriate strengths and by 
extemporaneous practices that can compromise dose consistency. Direct extrusion 3D printing offers an alter
native manufacturing method for personalised medicine, without introducing solvents, complex preparation, or 
post-processing that challenge the adoption in pharmacy. However, achieving uniform weight and drug content 
in small objects (e.g., paediatric-friendly minitablets) and lowering the preparation temperature remain chal
lenges for direct extrusion-based 3D printing technologies.

In this work, we introduce a facile low-temperature direct granules extrusion 3D printing strategy to manu
facture carvedilol minitablets, starting from carvedilol powder or crushed licensed tablets as starting materials, 
using a high-precision pharmaceutical-grade 3D printer. Methacrylate-based polymers, polyethylene glycol, and 
glyceryl monostearate were used to enable extrusion at 70–75◦C. When the 3D printer was challenged with 
minute-dimensional designs, it was possible to manufacture batches of minitablets up to 2 mm in diameter with 
0.8 mm in thickness. The lowest minitablet weight variation was 1.48%, achieved with an optimal diameter of 
3.6 mm and a thickness of 1.6 mm; this was also reflected in the drug content uniformity (within ± 5%). The 
batches also met British Pharmacopoeia requirements for dissolution (>80% in 45 min).

These findings extend direct extrusion 3D printing to a viable manufacturing platform for accurate, low-dose 
small solid units, such as minitablets. By coupling a GMP-compliant 3D printer with a simplified preparation 
workflow, this work provides a realistic blueprint for integrating direct extrusion-enabled personalised mini
tablets into hospital pharmacy and point-of-care settings.

1. Introduction

Children exhibit a wide range of body physiologies, including 
weight, height, body composition, and organ development, which leads 
to different pharmacokinetic profiles of drugs (Khan et al., 2022; Taylor 
et al., 2024). Only about a quarter of the approved indications by the 
FDA Centre for Drug Evaluation and Research (CDER) for new drugs 
were designated for patients under 18 years old (Kakkilaya et al., 2025). 

As a result, conversion of the existing dosage forms is commonly per
formed to adjust paediatric acceptance and doses, but this approach has 
raised several problems, including preparation error, dose accuracy, 
consistency, and stability (Abu-Geras et al., 2017; Kasahun and Sen
dekie, 2023; Paulsson et al., 2025). The most widely used off-label 
forms, oral liquid solutions and suspensions, may pose a palatability 
issue due to the lack of taste masking and/or flavouring agents for bitter- 
taste medicine and dose accuracy issue (Galande et al., 2020; Neves and 
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Auxtero, 2021).
Age-appropriate solid preparations in multiparticulate forms, 

including minitablets, are more suitable in most cases, given their 
promising dose accuracy and taste-masking effect (Meyers, 2024; Rouaz 
et al., 2021; Zuccari et al., 2022). Minitablet, tablet with a diameter of 
2–4 mm (Lennartz and Mielck, 1998; Meruva et al., 2024), has been 
recommended by the European Medicines Agency (EMA) as an exem
plary formulation for children (EMA, 2013). Several exploratory studies 
worldwide have shown that minitablets are accepted by children 
(Duncan et al., 2026; Klingmann et al., 2013; Miyazaki et al., 2022; 
Spomer et al., 2012). Minitablets are conventionally manufactured on a 
large scale using a tablet rotary press with specialised punches and dies, 
which lacks personalisation and requires excellent properties of powder 
(Flemming and Mielck, 1995; Kachrimanis et al., 2005; Loo et al., 2023; 
Lura et al., 2025).

Personalising tablets is an attractive application for additive (Auel 
et al., 2025) and subtractive manufacturing (Kaba et al., 2023; Liu et al., 
2023). Several reports indicated the potential of high accuracy 3D 
printing technologies for manufacturing bespoke minitablets, such as 
digital light processing (DLP) and drop-on-demand (DOD) (Adamov 
et al., 2022; Sundarkumar et al., 2023). However, DLP technology uti
lises photo initiators, raising safety and toxicity concerns about residues 
in the final product, while DOD requires post-processing to remove re
sidual solvent, which may not be practical in a clinical setting (Cui et al., 
2021; Ghazali et al., 2023; Kim et al., 2022). Extrusion-based methods 
offer safer excipient options, but they suffer from unsatisfactory printing 
resolution of minitablets less than 50 mg in weight. Semi-solid extrusion 
(SSE) often exhibits lower printing resolution and greater weight vari
ation than others (3.12–20.73%) (Ayyoubi et al., 2025; Eduardo et al., 
2021; Hu et al., 2023; Protopapa et al., 2024), largely because semi-solid 
feeds can spread after deposition, and because SSE frequently operates 
with larger nozzle diameters to maintain shape fidelity and avoid 
clogging (Aina et al., 2025). In contrast, fused deposition modelling 
(FDM) commonly uses narrow nozzles and thin-layer thickness control 
at high temperature, which can enable finer feature definition and lower 
weight deviation (1.6–17.46%) (Gorkem Buyukgoz et al., 2022; Krause 
et al., 2021). Meanwhile, direct extrusion has been reported to exhibit 
unsatisfactory weight uniformity (RSD > 5%), even with a small nozzle 
size (0.2 mm) (Fratini et al., 2025).

Direct extrusion offers a significant advantage over FDM and SSE, as 
it is filament-free and solvent-free, thereby gaining production effi
ciency and minimising stability issues (Bernatoniene et al., 2025; Mil
liken et al., 2024). One essential parameter in the direct extrusion 
process is the printing temperature, which affects the extrudability of 
the ink. In the printing sample compartment, solids require higher 
temperatures to change their viscoelastic behaviour to the point of 
extrusion. Therefore, plasticisers and/or lubricants are often added to 
reduce the matrix glass temperature (Aguilar-de-Leyva et al., 2024; 
Waterman and Adami, 2005). Previous attempts at minitablet produc
tion via direct extrusion reported printing temperatures at 170–180◦C 
using PVA-HPMC and HPC polymers with PEG 6000 as a plasticiser 
(Fratini et al., 2025; Totaro et al., 2025). With regular-sized tablets, only 
two studies produced direct extrusion tablets at 80–95◦C using Eudragit 
RL-RS with TEC and HPMC with PEG 4000, respectively (Kuźmińska 
et al., 2021; Malebari et al., 2022). Achieving precise extrusion at 
relatively low temperatures is an elusive technical challenge, as it re
quires managing high viscosity while preventing extrusion artefacts 
such as oozing, stringing, and bridging, which lead to printing tailing 
and poor shape fidelity.

A qualified 3D printer is required for standardised production of 
medicines in hospital pharmacies. For pharmaceutical-grade printers to 
comply with good manufacturing practices (GMP), several design 
changes should be applied, e.g., product-contact parts material, extru
sion accuracy, movement accuracy, containment from the environment, 
and validated software (Ahmed et al., 2025; Lafeber et al., 2024). In the 
last few years, a new breed of pharmaceutical-grade printers has 

emerged, such as M3DIMAKER for FDM, SSE, and direct extrusion 
(FabRx, UK), DoseRx1 for SSE (Doser, The Netherlands), Pharma Printer 
1 for SSE (CurifyLabs, Finland), and Flexdose for FDM and inkjet 
(DiHeSys, Germany). Unlike the other 3D printers, DoseRx1 is equipped 
with an AISI 316 L stainless steel cartridge/syringe using the mechanical 
piston pressure technique, and a suitable AISI 316 L stainless steel 
nozzle, making this printer familiar with the SSE technique to produce 
3D-printed (3DP) tablets (Ait Hoummad et al., 2025; Lyousoufi et al., 
2023). In this study, the potential of this printer to manufacture accurate 
minitablets via direct extrusion will be explored. Even though the 
printhead is generally different from the ordinary single-screw extruder 
for direct extrusion, the mechanical pressure produced by the stainless 
steel printhead in the printer could be promising for extruding more 
viscous feedstock, which is common in low-temperature direct extrusion 
through a narrow nozzle. This feature plays an important role in 
manufacturing drug products with high accuracy and extrusion 
consistency.

This study proposes an alternative workflow for the accurate 
manufacturing of personalised minitablets via direct extrusion-based 3D 
printing at the point of care. We produced accurate single-unit paedi
atric minitablets using an SSE pharmaceutical-grade 3D printer. We 
employed a formulation strategy of using granules that can be extruded 
at relatively low temperature (70–75◦C). The process parameters were 
optimised to enable the production of reliable, highly uniform mini
tablets as small as 2 mm. As a model active ingredient, carvedilol was 
loaded into the minitablets. In the UK, carvedilol is licensed only for 
adult use at doses of 3.125–25 mg (twice daily), whereas in practice it is 
regularly prescribed to children as an extemporaneous suspension at 
lower doses to treat heart failure (Chiclana-Rodríguez et al., 2023).

2. Materials and methods

2.1. Materials

Carvedilol (CAS no. 72956-09-3) was purchased from Kemprotec 
Ltd. (Carnforth, UK). Carvedilol film-coated tablets 12.5 mg were ob
tained from Milpharm Ltd. (Ruislip, UK). Eudragit E PO and Eudragit RL 
PO were donated by Evonik Operations GmbH (Darmstadt, Germany). 
Lactose monohydrate and PEG 400 were supplied by Sigma Chemical 
(St. Louis, USA). Glyceryl monostearate (GMS) (IMWITOR 900 K) was 
provided by 101 Oleochemical (Oleo GmbH) (Witten, Germany). 
Methanol (for HPLC, ≥99.9%) was purchased from Merck Life Science 
UK Limited (Dorset, UK). Orthophosphoric acid HiPerSolv Chroma
norm® (85%) and hydrochloric acid AnalaR Normapur® (37%) were 
purchased from VWR International Limited (Lutterworth, UK). Anhy
drous tribasic sodium phosphate was supplied from Acros Organics 
(New Jersey, USA). Deionised water was prepared by Elga LabWater UK 
Purelab® Chorus 1 (High Wycombe, UK) in King’s College London 
(London, UK).

2.2. Preparation of the feeding powder for direct granule extrusion

All accurately weighed powder materials were transferred into a 
Wahl powder grinder (Kent, UK) and sheer-mixed for 1 min. Then, PEG 
400 was added directly by pouring it into the pre-blended powder, and 
the mixture was thoroughly mixed using the powder grinder for 2 min. 
PEG 400 was chosen due to the greater lowering of the glass transition 
temperature (Tg) for some polymers, including methacrylate polymer, 
compared to triethyl citrate (Khodaverdi et al., 2012; Repka et al., 
1999). After a wet mass (6 g) was formed, the mixture was loaded into a 
stainless-steel printing cartridge with a spatula. The breakdown of tri
alled (F1-F3) and optimised (F4-F8) minitablet formulations is detailed 
in Table 1. F5 was produced from licensed carvedilol tablets (12.5 mg/ 
tablet). In many hospital environments, licensed tablets are commonly 
used (and sometimes preferred) as starting materials for extempora
neous preparations when API raw materials are not available due to 
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procurement, storage, safety handling, and regulatory constraints. In 
this formula, the licensed tablets were crushed with a mortar and pestle, 
and a measured weight of Eudragit E and GMS was added. This was 
followed by the addition of PEG 400 as detailed above. To demonstrate a 
different release profile, Eudragit E in the optimised formula (F4) was 
replaced with an equivalent percentage of Eudragit RL (F6), with a 
target dose of 1.8 mg carvedilol. Higher carvedilol contents in the 
minitablets (2 and 3 mg per tablet) were also manufactured (F7 and F8) 
to investigate the uniformity.

2.3. Granule size distribution

Granule size characterisation was conducted using a Malvern Pan
alytical Morphologi 4 instrument (Worcestershire, UK). Samples from all 
mixtures were dispersed onto the glass platform using a powder 
dispersion unit with compressed air. Optic was set at 5× and 2.5× for 
mixture samples before and after mixing with PEG 400, respectively.

2.4. Rheology study

Three sets of steady-state rheology measurements were performed on 
the sample using a TA Instruments Discovery HR-20 instrument (New 
Castle, USA), with the temperature controlled by a Peltier unit. First, a 
viscosity curve was measured with shear rate ranging from 0.01 to 100 
s− 1 using a 20 mm parallel plate at printing temperatures (70 and 75◦C 
for Eudragit E- and Eudragit RL-based formulations, respectively). The 
second measurement was performed to evaluate the thixotropy behav
iour of the melted powders under conditions simulated within the sy
ringe/cartridge at printing temperatures, using a three-interval 
thixotropy test (3-ITT). Those three intervals included a rest condition 
(low shear rate of 0.01 s− 1 for 60 s), an “extrusion” mimicking step 
during which pressure was applied (high shear rate of 100 s− 1 for 30 s), 
and a recovery condition (low shear rate of 0.01 s− 1 for 60 s). The last 
rheology measurement, referred to as the “cooling step” test, was per
formed to simulate the behaviour of the melted powder after deposition 
on the printing platform. The test included a high shear rate of 100 s− 1 

for 30 s at the printing temperature, followed by a low shear rate of 0.01 
s− 1 for 10 min, after which the temperature was reduced to 20◦C.

2.5. Direct granule extrusion 3DP process

The 3DP process involved running a JavaScript Object Notation (. 
json) configuration file containing printing instructions and parameters 
on the DoseRx1 3D printer (Leiden, The Netherlands). This file con
tained printing instructions, including all parameters listed in Table 2. In 
general, powder preparation and printing processes are illustrated in 
Supplementary data, Fig. S1.

The granule-filled cartridge was maintained at printing temperatures 
within the heated sleeve inside the printhead for 60 min before printing 
commenced. Cylindrical minitablets were printed from melted feeding 

powder through a stainless-steel nozzle with an internal diameter of 0.4 
mm onto a stainless-steel printing platform covered with cellophane 
plastic film to prevent sticking. Extrusion was performed at 70 and 75◦C 
for Eudragit E- and Eudragit RL-based formulations, respectively, with a 
speed of 10 mm/s. A batch of 10 minitablets was printed for each 
formulation using a layer-by-layer sequence and a predefined contin
uous circular (concentric) fully dense deposition path (equivalent to 
100% infill). The printed tablets were then removed after 10 min to 
allow for complete solidification. The minitablet dimension was chal
lenged to find the minimum weight variation (relative standard devia
tion, %RSD) by varying the tablet diameter (2.0–4.4 mm) and the 
number of printed layers (1–5) using F4 formulation.

2.6. Weight measurement of 3DP minitablets

Minitablet weight was measured directly after printing using an 
Ohaus Adventurer Analytical AX324 balance (Nänikon, Switzerland). 
All measurements were performed in ten replications. The averages, 
standard deviations, and relative standard deviations of tablet weight 
were calculated.

2.7. Scanning electron microscope (SEM) imaging

The morphology of 3DP minitablets was observed using FEI Quanta 
200 SEM (Hillsboro, USA) with a FEI detector and an Oxford Instruments 
EDS attachment (INCAx-act) (High Wycombe, UK). Samples were 
scanned at high vacuum (70 Pa) with a spot of 3.0 and a voltage of 10.00 
kV. Samples were analysed at various magnification powers, as indi
cated at the bottom of each figure. The top surface and the cross- 
sectional area of each tablet were analysed. Samples were gold-coated 
with about 20 nm of Au using Quorum Technologies Emitech 550X 
sputter coater (Ashford, UK) at 25 mA.

2.8. Carvedilol content uniformity assay

Carvedilol content was assessed by the HPLC method, modified from 
British Pharmacopoeia (British Pharmacopoeia Commission, 2025a), 
using an Agilent 1260 Infinity equipped with an ultraviolet–visible 
(UV–Vis) detector (Santa Clara, USA) and an Agilent Zorbax Eclipse 
XDB-C8 (150 x 4.6 mm, 5 µm) column (Santa Clara, USA) as a stationary 
phase. A 50:50 (v/v) mixture of methanol and 0.1 M orthophosphoric 
acid (pH 2.0) in water was used as the isocratic mobile phase at a flow 
rate of 1.0 mL/min at 25◦C. Each tablet was disintegrated in 50 mL 
mobile phase for 30 min using a GT Sonic ultrasonic bath (Guangdong, 
China). The mixture was then filtered through a 0.22 μm Fisher Scien
tific filter membrane (Massachusetts, USA) and diluted with mobile 
phase. Each sample solution was injected at 50 µL and measured at 285 
nm. Carvedilol was eluted at approximately 5 min, with a total run time 
of 7 min. A set of standard solutions was also injected to plot a cali
bration curve over 0.05–25 µg/mL, yielding an R2 value of 0.9996, a 
limit of detection (LOD) of 3.45 ng/mL, and a limit of quantification 
(LOQ) of 10.45 ng/mL.

Table 1 
Feeding powder composition of direct granule extrusion 3DP (F1-F8).

Materials Content (%)
F1 F2 F3 F4 F5 F6 F7 F8

Carvedilol 2.5 2 2 3.5 − 6.25 7 10.5
Licensed carvedilol 

tablet (powder)*
− − − − 43.6 − − −

Eudragit E 48.5 37 37 30 29.4 − 30 30
Eudragit RL − − − − − 30 − −

GMS 10 8 8 8 8 8 8 8
PEG 400 39 30 30 19 19 18 19 19
Lactose − 23 − 39.5 − 37.75 36 32.5
Talc − − 23 − − − − −

*Each licensed carvedilol tablet (~155 mg) contains 12.5 mg carvedilol (~8% 
w/w).

Table 2 
Printing parameters of minitablets (F1-F8).

Parameters Value

Nozzle diameter 0.4 mm
Tablet diameter 2.0–4.4 mm (optimal diameter = 3.6 mm)
Number of layers 1–5 (optimal number of layers = 4)
Layer height 0.49 mm
Nominal density 1.41 kg/L
Retraction 11.9 mm
XY speed 10 mm/s
Cartridge temperature 70/75◦C
Nozzle temperature 70/75◦C
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2.9. Thermal analysis

Thermogravimetric analysis (TGA) was performed on approximately 
10 mg of each raw material, physical mixture, and 3DP minitablet. All 
samples were analysed in triplicate using a TA Instruments TGA Q50 
(New Castle, USA) at a heating rate of 10◦C/min from 30 to 500◦C with 
nitrogen flow rates of 40 and 60 mL/min for balance and sample, 
respectively. Data were analysed using TA Universal Analysis software 
(version 4.5A, New Castle, USA).

TA Instruments DSC 2500 (New Castle, USA) was utilised to inves
tigate the heat flow of each material, physical mixture, and 3DP mini
tablet. A small portion (around 3–7 mg) of each sample was placed into a 
TA Instruments DSC Tzero pan with hermetic lid (New Castle, USA) and 
crimped promptly. Samples were heated from 10 to 170◦C (except for 
PEG 400, − 20 to 30◦C, and for GMS, 10 to 150◦C), at a heating rate of 
10◦C/min under nitrogen flow (50 mL/min). All samples were analysed 
in triplicate. The DSC thermograms were analysed through TA In
struments TRIOS Software version 5.1 (New Castle, USA).

2.10. X-ray diffraction (XRD)

A Rigaku PXRD MiniFlex600 (Tokyo, Japan) equipped with a D/teX 
Ultra2 1D advanced silicon strip detector was used to investigate the 
physical state of each material, the physical mixture, and 3DP mini
tablets. The diffractometer was operated with transmission geometry 
using Cu Kα radiation at 40 kV and 15 mA. The instrument was 
computer-controlled and analysed using Rigaku SmartLab Studio II 
software (version 5.2.0.3, Tokyo, Japan). Samples were mounted 
directly on the top of a low background silicone sample holder for 
measurement. Data were collected with 2θ ranging from 3◦ to 35◦, with 
a step size of 1◦/min and a counting time of 0.02 s per step.

2.11. In vitro drug release profile

The carvedilol dissolution method was adapted from the British 
Pharmacopoeia under the Carvedilol Tablets monograph for immediate- 
release and under Appendix XII B for modified-release (British Phar
macopoeia Commission, 2025a) and performed using an Agilent auto
matic dissolution apparatus 850-DS (Santa Clara, USA), with a USP II 
apparatus (paddle) rotating at 50 rpm. The dissolution medium con
sisted of 900 mL of a 0.7% hydrochloric acid solution at pH 1.5, main
tained at 37 ± 0.5◦C. Sample solutions were collected by an autosampler 
at 5, 10, 15, 20, 30, 45, and 60 min for Eudragit E-based minitablets. 
Dissolution samples of F6 were collected at 15, 30, 60, and 120 min in 
the acid medium described above, and were then collected at 2.5, 3, 4, 6, 
8, 12, 18, and 24 h in a pH 6.8 medium. Each withdrawn sample was 
automatically replaced by an equal volume of fresh dissolution medium. 
All collected samples were filtered through a 0.45 μm nylon Agilent filter 
membrane (Santa Clara, USA) before being placed in the sample vials. 
The carvedilol concentration was then determined using the same HPLC 
procedure as the drug content uniformity assay.

2.12. Statistical analysis

One-way ANOVA and t-test were performed using GraphPad Prism 
version 10 for Windows (San Diego, USA). Differences in results less 
than the probability level (p < 0.05) were considered significant.

3. Results and discussion

This study aimed to accurately manufacture low-dose carvedilol 3DP 
minitablets using a simple, low-temperature direct extrusion technique 
with a pharmaceutical-grade 3D printer, from carvedilol raw material 
and licensed tablets. Low-temperature direct extrusion was chosen for 
this work because of its simplicity and the absence of solvent. The 
minitablets were produced to exhibit different release profiles using two 

types of Eudragit, methacrylic acid-based copolymers.

3.1. Direct granule extrusion process and formula development for 3DP 
minitablet

The minitablet diameter and printing layer number were optimised 
to achieve minimum weight variation at low carvedilol doses (1–3 mg). 
British National Formulary (BNF) stated that the initial dose of carve
dilol in infants and children should be 0.05 mg/kg, given in two divided 
doses daily. The dose might be titrated at least every 2 weeks to 
0.2–0.35 mg/kg daily as a maintenance dose (National Institute for 
Health and Care Excellence, 2026). The recommended carvedilol dose 
for children of different weights is summarised in Supplementary data, 
Table S2.

In the formula, PEG 400 was used as a plasticiser. The preblended 
powder was shear-mixed with PEG 400 to form granules, which were 
then loaded into the printing cartridge. Granule size characterisation 
was conducted to investigate particle-size enlargement resulting from 
high-shear mixing with PEG 400. All formulations exhibited particle- 
size enlargement (agglomeration) after mixing with PEG 400, with 
average sizes ranging from 76 to 198 µm (Table 3).

F1 ink exhibited sufficient flow through the nozzle at 70 and 75◦C 
(~252 Pa.s), but did not adhere well to the base platform. At lower 
temperatures of 60 and 50◦C, the material became too viscous (805 and 
2711 Pa.s, respectively) and failed to extrude from the nozzle. However, 
the produced minitablets appeared to be stringing at 70 and 75◦C 
(Supplementary data, Fig. S2A), an unwanted strand between two tab
lets caused by molten powder extruded during the nozzle travel between 
them, even with optimised retraction parameters (distance and speed). 
A thermostable filler was added to increase the solid content of the 
molten mixture, thereby improving printability and shape support (Yang 
et al., 2021). Lactose and talc (F2 and F3) were selected for optimisation 
due to their inertness and stability at the printing temperature. As a 
result, the printing process of the lactose-added formula (F2) showed 
superior shape fidelity compared to those containing talc 
(Supplementary data, Fig. S2B and C). Further optimisation by 
increasing lactose content in F4 resulted in fewer stringing defects at 
70◦C (Supplementary data, Fig. S2D and Video S1). Formula F5 was 
prepared using licensed carvedilol tablets without additional lactose. 
The printing process for this conversion formula also ran smoothly at 
70◦C, and the product appeared visually acceptable (Supplementary 
data, Fig. S2E). F6 with Eudragit RL was extruded well and printed at 
75◦C, yielding satisfactory visual results (Supplementary data, Fig. S2F). 
In addition, 2 mg and 3 mg carvedilol tablets (F7-F8) were produced 
using the optimised parameters from F4, without changing the tablet 
size. Both mixtures were printed smoothly at 70◦C without noticeable 
stringing defects (Supplementary data, Fig. S2G-H).

3.2. Rheology study

The rheology of F4-F6 was explored to investigate mixture powder 
behaviour at each printing temperature (70◦C for F4-F5 and 75◦C for 
F6), including shear-sweep tests, three-interval thixotropy tests (3-ITT), 
and cooling-step tests (Fig. 1).

Flow curves measured at printing temperatures showed a decrease in 
viscosity with increasing shear rate for all inks (Fig. 1A). The viscosity 
gradually reduced during a shear rate of 0.01–10 s− 1, then dropped 
more steeply (3 magnitudes drop) at higher shear rates. This shear- 
thinning behaviour likely resulted from the disentanglement of poly
meric chains and their alignment in the flow field, thereby reducing flow 
resistance and viscosity. PEG 400, as a plasticiser, also contributed to 
this decrease in viscosity (Bonifacio et al., 2023). This characteristic was 
critical for extrusion-based 3DP during printing, as it ensured the melted 
mixture flowed consistently under applied pressure. There was no dif
ference in the flow curve pattern among all Eudragit types.

Viscosity curves for all types of melted ink powder mixtures over 
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three intervals are presented in Fig. 1B. The viscosity of all compositions 
was initially sustained around 766–8186 Pa.s under the rest condition in 
the first interval. When a high shear rate of 100 s− 1 was applied, all 
formulations showed a significant viscosity decline of up to 99.9% 
compared to the initial condition. During this stage, the viscosity of 
mixture F4 dropped considerably to 0.3 Pa.s. In the third (recovery) 
interval, all mixtures exhibited thixotropic behaviour, which can simu
late the shear that the ink undergo though during the 3DP process. F4 
and F5 recovered at 55–60%, while F6 exhibited a viscosity recovery of 
65% within 60 s.

While the initial physical state of the pharmaceutical ink is granules, 
the extrusion process resembles the operational principles of SSE 
extrusion following the softening of the matrix at 70–75 ◦C. The simu
lation of ink deposition on the build platform is shown in Fig. 1C. When 
temperature control and shear were turned off (i.e., after extrusion, 
during ink deposition on the build platform), the viscosity recovered in 
two steps. In the initial stage, the internal chain structure reformed, 
providing the first rise in viscosity. Then, as the environment's temper
ature dropped approaching Tg, the mobility decreased, and the chains 
rearranged into better entanglements, resulting in another viscosity rise 
to a high final plateau (Lavygin and Chistov, 1985).

3.3. Minitablet dimension limitation challenge

To evaluate the impact of tablet dimensions on the tablet 
morphology and weight uniformity, the 3D printer was challenged with 
a set of minitablet designs by decreasing diameters and heights using 
optimal ink (F4). Minitablets could be printed with diameters of 2.0–4.4 
mm in 1–5 layers. Fig. 2A showed that all tablets developed an appro
priate cylindrical shape across the trialled size range. However, greater 
weight variation was observed when the tablets were printed with fewer 
layers (Fig. 2B). In constant-pressure extrusion, the ink flow rate remains 
unstable at the beginning of the printing process until it reaches a steady 
state (Fu et al., 2024; Wenger et al., 2022). As a result, the amount of 
extruded ink might vary among tablets with fewer layers. Printing three 
layers appeared to be the minimum number required to achieve precise 
tablet weight (<5% weight variation) across all investigated diameters. 
In this step, the optimal dimension, with the lowest RSD (1.70%), was 
achieved with minitablets printed in 4 layers and a diameter of 3.6 mm. 
The printing time for a batch of 10 minitablets with this size was 6 min 
20 or 38 s per minitablet. This size was used in subsequent works in this 
study. The weight and content uniformity of all diameter configurations 
in 4 layers were also investigated.

3.4. Minitablet appearance and morphology

All formulations were then printed using the optimised size. The 
appearance and SEM images of the printed minitablets are displayed in 
Fig. 3. Fig. 3A illustrates that 3DP minitablets appeared as glossy white, 
cylindrical tablets across all optimised inks. A cross-sectional view of F4 
minitablets revealed a uniform layer thickness of approximately 0.4 mm 
(Fig. 3B), which corresponded to the nozzle size. The figure also in
dicates that the two adjacent layers were fused, and spiral grooves were 
observed on the top surface (Fig. 3C) due to the printing pattern, with a 
width of around 0.4 mm, corresponding to the nozzle size. A minor 
printing tail was also observed due to the retraction movement of the 
printer nozzle at the end of each layer. The process exhibited high 
reproducibility in appearance across methacrylate polymers used in the 
formula.

During feeding and melting of granules, air in the intergranular 
spaces can become entrapped in the molten mass, leading to a porous 
tablet surface. These entrained bubbles can disturb pressure build-up 
and strand continuity during extrusion (Vajda et al., 2023). This was 
mitigated by introducing a preheat step for the granules in the relatively 
narrow stainless-steel cartridge within the heated sleeve, thereby max
imising the contact area of the granules with the cartridge wall, which Ta
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enhance extrusion quality in heated syringe 3D printing processes (Yu 
et al., 2025).

3.5. Minitablet weight and carvedilol content uniformity

Minitablet weight and carvedilol content uniformity tests were 

performed to demonstrate printing consistency and drug distribution in 
the ink mixture (Table 4).

Weight uniformity across all 3DP minitablet formulations and 
representative size configurations revealed low variation among random 
samples, with RSDs as low as 1.48%, which were below the British 
Pharmacopoeia requirement for solid oral dosage forms of <80 mg 

Fig. 1. (A) Flow curve with shear rate varying from 0.01 to 100 s− 1 at printing temperatures. (B) Three interval thixotropy test (3-ITT) under low (0.01 s− 1), high 
(100 s− 1), and low (0.01 s− 1) shear rates at printing temperatures. (C) Cooling step test at high shear rate (100 s− 1) and printing temperatures, then switching to low 
shear rate (0.01 s− 1) with heating off.

Fig. 2. (A) The appearance of 3DP minitablets in different diameters and layer numbers using F4, and (B) 3D graph of RSD percentage of the weight of minitablets (n 
= 10) in different investigated diameters and layer numbers.
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weight (British Pharmacopoeia Commission, 2025b). Such a high level 
of accuracy at comparable tablet weights has been reported with DLP 
(Adamov et al., 2022) and DOD (Sundarkumar et al., 2023). While 
previous attempts at extrusion-based 3D printing technologies, such as 
FDM (Gorkem Buyukgoz et al., 2022; Krause et al., 2021) and SSE 
(Ayyoubi et al., 2025; Eduardo et al., 2021) reported a weight variation 
of 1.63–19.13%.

Previous studies using direct extrusion for minitablet production at 
170–180◦C reported higher weight variation (RSD > 5%) at comparable 
tablet weights (Fratini et al., 2025; Totaro et al., 2025). The employment 
of low tempeature mitigate the risk of thermal degradation during 
printing (Yang et al., 2023). The use of a compact stainless-steel syrin
ge/cartridge (with a load capacity of only 7 g) for the DoseRx1 
pharmaceutical-grade printer in this work enabled uniform heat distri
bution to melt the feeding powder and hold sufficient pressure to 
extrude a more viscous ink mass at lower temperatures. The 
hollow-diameter precision in the stainless-steel nozzle also contributed 

to the shape regularity of the molten extrudate. In addition, the piston 
pusher was not attached to the top piston, which directly contacted the 
material in the cartridge, resulting in more consistent extrusion flow and 
better retraction control. Such accuracy might not be achievable using 
heated plastic syringes, where pressure buildup and temperature dis
tribution are common issues in material extrusion 3D printing 
(Díaz-Torres et al., 2022; Eichler et al., 2024; Weidenfeller et al., 2004). 
Nevertheless, the use of multi-use direct-material-contact parts in the 3D 
printer would require the hospital pharmacy to develop validated 
cleaning procedures to prevent cross-contamination between batches.

Carvedilol content appeared consistent for all formulations and 
representative size configurations. The content uniformity demon
strated high accuracy and low variation, with an average ranging from 
94.4% to 98.2% of the label claim and RSDs of 1.2–2.9%, complying 
with the British Pharmacopoeia specification for Carvedilol Tablets 
(British Pharmacopoeia Commission, 2025a). These observations 
demonstrate the clinical potential of this direct extrusion printing 

Fig. 3. (A) The appearance of 3DP minitablet’s top surface across different formulations. (B) SEM images of 3DP minitablet in cross-section view and (C) top surface 
view with 33x and 100x magnification using F4 tablet as a representative.

Table 4 
Weight and content uniformity of 3DP minitablets (n = 10) across different formulations (F4-F8) at optimum size (diameter 3.6 mm, 4 layers) and other representative 
size configurations.

Minitablets Minitablet weight Carvedilol content
Average (mg) SD (mg) RSD (%) Nominal (mg/tab) Average (%) SD (%) RSD (%)

F4, Ø 3.6 mm, 4 layers 29.15 0.47 1.60 1.0 98.15 1.94 1.98
F5, Ø 3.6 mm, 4 layers 27.81 0.97 3.48 1.0 97.44 1.13 1.16
F6, Ø 3.6 mm, 4 layers 28.17 0.42 1.48 1.8 97.34 2.61 2.68
F7, Ø 3.6 mm, 4 layers 30.02 1.10 3.67 2.0 97.44 2.25 2.31
F8, Ø 3.6 mm, 4 layers 29.59 0.81 2.74 3.0 97.80 2.31 2.36
F4, Ø 2.0 mm, 4 layers 11.14 0.45 4.00 0.3 94.99 2.52 2.66
F4, Ø 2.8 mm, 4 layers 18.59 0.60 3.22 0.6 94.37 2.77 2.94
F4, Ø 4.4 mm, 4 layers 42.73 0.88 2.06 1.5 95.52 2.10 2.20
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approach for producing a precisely carvedilol-dosed minitablet. It is 
likely that manipulating minitablet size is a more practical approach to 
achieving a wide dose spectrum without modifying the ink composition. 
Preliminary stability data showed that weight uniformity and carvedilol 
content remained within the pharmacopeial range for up to 9 months at 
ambient temperature (20–25◦C) (Supplementary data, Table S1).

3.6. Thermal analysis

The thermal stability of the ingredients and 3DP minitablets was 
assessed by the TGA method scan from 30 to 500◦C (Fig. 4). TGA profiles 
showed no significant weight loss with carvedilol until ~250◦C 
(Fig. 4A), in line with a previous report (Ye et al., 2024). At the printing 
temperature (70–75◦C), all Eudragit polymers exhibited approximately 
2–3% weight loss due to water loss during heating, consistent with the 
material specification. In addition to Eudragit polymers, PEG 400 also 
showed moisture loss at below 100◦C. The moisture loss in each material 
contributed to the weight drop of F4-F6 mixtures, losing approximately 
1–2% at printing temperatures (Fig. 4B). Meanwhile, the tablet weight 
dropped at a slower rate below 150◦C than that of the physical mixture, 
because they had undergone moisture loss during thermal extrusion 
through the direct extrusion 3D printing. All curves showed a significant 
drop at temperatures (material degradation) well above the processing 
temperature (~200◦C). This confirmed that the printing temperature 
range (70–75◦C) is appropriate for all materials used in this study.

Thermal behaviour and the effects of the printing process were also 
evaluated using DSC. The material thermograms (Fig. 5A) showed that 
carvedilol exhibited a sharp endothermic peak at 117◦C, indicating its 
crystalline form, which was TGA-confirmed as thermally stable under 
3D printing temperatures (70 and 75◦C). In the mixture and tablet 
thermograms (Fig. 5B), two subtle endothermic peaks were observed at 
around 65◦C and 140–155◦C, corresponding to GMS and lactose mon
ohydrate compositions, respectively. The absence of the carvedilol 

endothermic peak in the mixture and tablet thermograms could be 
attributed to its low fraction within the matrix and/or to its dissolution 
in PEG 400 (Ha et al., 2019).

3.7. X-ray diffraction (XRD)

To investigate the crystal behaviour of carvedilol in the 3DP mini
tablets, XRD profiling was performed (Fig. 6). The diffractogram from 
the XRD analysis (Fig. 6A) showed that carvedilol appeared to be crys
talline form, with characteristic peaks at 2θ = 5.8◦, 11.6◦, 13.0◦, 14.8◦, 
17.5◦, and 18.4◦, resonating with previous reported observations 
(Deshpande et al., 2024; Prado et al., 2014; Ye et al., 2024). Those 
distinctive peaks were not observable in the licensed tablet pattern, as 
carvedilol accounted for only ~8% of the tablet. By contrast, the lactose 
diffractogram, which appears in crystalline form, is dominant in the 
licensed tablet diffractogram, indicating a significant component in the 
marketed tablet. Talc also contained crystalline forms in the raw ma
terial, while broad typical peaks were observed in GMS at around 2θ =
20–25◦. No peaks were detected in the diffractograms of all Eudragit 
polymers, showing an amorphous nature.

Fig. 6B showed that all physical mixtures exhibited peaks at 
approximately 2θ = 20◦, indicating the presence of lactose and GMS in 
the formula. However, those peaks were absent in the minitablet dif
fractograms, indicating a transformation of the lactose form. Carvedilol 
peaks were not observed in either the physical-mixture or tablet graphs, 
possibly because it was present at a low fraction in the tablets. There
fore, it was not possible to establish the physical form of carvedilol 
within the minitablet matrix, consistent with the DSC results above.

3.8. In vitro drug release profile

The drug-release data for carvedilol minitablets are shown in Fig. 7. 
After 30 min, >80% of the drug had been released in the F4 and F5 

Fig. 4. TGA profiles of (A) all raw materials and (B) mixtures and tablets across different formulations, investigated at 30–500◦C. The right images are magnified up 
to 200◦C.
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formulations. This indicates that the minitablets conform to the British 
Pharmacopoeia requirements for Carvedilol Tablets (British Pharmaco
poeia Commission, 2025a). In a simulated gastric environment, the 
amino group in Eudragit E is protonated, allowing hydration and 
dissolution of the methacrylate polymer within 30 min (Moustafine 
et al., 2006). This also confers an advantage for a bitter-tasting drug, as 
Eudragit E encapsulates the drug and prevents its dissolution in the 
mouth (pH ~ 7.4). As a result, the unpleasant taste does not reach the 
taste buds (Abdelhakim et al., 2019; Mashaqbeh et al., 2024).

Changing the polymers in the formula from Eudragit E to Eudragit RL 
showed dissolution retardation from 30 min (F4-5 in Fig. 7A) to 2 h (F6 
in Fig. 7B), as indicated by 80% carvedilol achievement. Eudragit RL 
polymer is insoluble, but hydrated in aqueous medium, allowing water 
to penetrate and the drug to escape by diffusion through the pores or 
channels during polymer relaxation (Akhgari and Tavakol, 2016; Nikam 
et al., 2023). A significant drop was observed on F6 after the pH was 
adjusted from 1.2 to 6.8. This result indicates that dissolved carvedilol 

could be precipitated in the base-adjusted medium. Carvedilol is a weak 
base that is predominantly protonated and more soluble in acidic me
dium, whereas at higher pH, it becomes largely unionised and poorly 
soluble (Han et al., 2020; Loftsson et al., 2008). Even though the dose 
was 3 times the solubility limit at pH 6.8, precipitation might occur 
during the pH transition due to a sudden change in pH upon adding the 
phosphate buffer to the medium. Therefore, the further drug release 
during the buffer stage can reflect two processes: continued release from 
the dosage form and possible resolubilisation of the precipitate formed 
immediately after the pH change.

Rational design and optimisation of modified-release formulations, 
including geometry optimisation based on surface area-to-volume ratio 
and porosity, could be carried out to tune matrix hydration, diffusion 
pathways, and erosion, thereby achieving the desired release profile. 
Increasing the ratio (e.g., thinner constructs or channelled designs) 
generally accelerates release by increasing the exposed area and short
ening the diffusion or erosion path length. 3D printing has previously 

Fig. 5. DSC profiles of (A) all raw materials and (B) mixtures and tablets (F4 and F6), investigated up to 170◦C.

Fig. 6. XRD profile of (A) all raw materials and (B) mixtures and tablets (F4 and F6), which were investigated at 2θ = 3–35◦.

Fig. 7. (A) Drug release profile of 3DP minitablets (F4 and F5) in 60 min (n = 6). Statistical significance (p < 0.05) based on the paired t-test. ** p-value 0.001–0.01. 
(B) Drug release profile of 3DP minitablets (F6) in pH 1.5 for 2 h, continued to 24 h in pH 6.8 (n = 6).

B.V.E.B. Abdillah Akbar et al.                                                                                                                                                                                                               International Journal of Pharmaceutics 697 (2026) 126871 

9 



demonstrated controlled modification of geometry (diameter, thickness, 
and channels) to predict or intentionally shift dissolution profiles (Sadia 
et al., 2018; Windolf et al., 2021).

4. Conclusions

In summary, this study demonstrates that direct granule extrusion 
3D printing is a feasible and reliable approach for manufacturing ac
curate low-dose carvedilol minitablets. Printing was performed using a 
pharmaceutical-grade 3D printer equipped with a high-precision stain
less-steel cartridge and nozzle assembly. This study demonstrates a 
formulation strategy built on granule-based pharmaceutical inks that 
enable extrusion at relatively low processing temperatures (70–75◦C). 
These conditions improved process robustness while minimising the risk 
of thermally induced drug degradation. Through process optimisation, 
minitablet exhibited satisfactory printing resolution, a weight-variation 
RSD as low as 1.48%, and content uniformity approaching that achieved 
with higher-resolution 3D-printing technologies.

Beyond dose accuracy, this work establishes a facile, solvent-free 
workflow for producing high-quality minitablets from raw materials 
and from licensed tablets as practical extemporaneous starting mate
rials. The approach eliminates the need for filament manufacturing and 
post-print finishing, supporting the potential adoption of direct extru
sion of high-accuracy personalised medicine in hospital pharmacies and 
at the point of care.
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