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A B S T R A C T

Adherence to treatment is one of the major challenges in chronic diseases. Inappropriate dosage forms or bad 
taste are the main factor for non-adherence, especially in paediatric patients. 3D printed medicines could be 
tailored to specific patients to make medicines more acceptable, however the clinical implementation in hospitals 
is still limited. This study addresses the challenge of developing pharma-inks (mixtures of drugs and excipients) 
for semi-solid extrusion (SSE) to produce chewable tablets of Sulfamethoxazole (SMX) and Trimethoprim (TMP) 
for paediatric oncology patients in a hospital setting. SMX and TMP pharma-inks were stable and printable on 
demand for more than 3 months. The chewable tablets were also stable, and the drug dissolution profiles were 
comparable to those of the commercial formulations, indicating potential bioequivalence. Human sensory 
evaluations confirmed that the formulation improved palatability compared to traditional suspensions. 3D- 
printed SMX/TMP formulations are an alternative to traditional formulations for paediatric patients in hospi
tal settings, enhancing acceptability and adherence while enabling personalized dosing.

1. Introduction

The treatment of young patients in hospital settings presents unique 
challenges, especially with regards to dose personalization and medi
cation acceptability. Paediatric patients, particularly those in oncology, 
often require medication formulations that are not only appropriately 
dosed but also palatable to ensure adherence and maximize therapeutic 
efficacy. For antibiotics like Sulfamethoxazole and Trimethoprim (SMX/ 
TMP), commonly used for prophylaxis and treatment in children (Gillet 

et al., 2023; Madhi et al., 2023; Mattoo et al., 2021; Nelson et al., 2016; 
The RIVUR Trial Investigators, 2014; ESPGHAN, 2014), adherence is 
often compromised due to unappealing formulations (Baguley et al., 
2012; Kardas et al., 2021). Current oral dosage forms, such as tablets and 
suspensions, pose significant challenges: tablets are frequently difficult 
to swallow for children, and the bitter taste of suspensions often leads to 
refusal, undermining treatment efficacy (Piana et al., 2017; Romandini 
et al., 2021; Santer et al., 2014; WHO, 2014). Paediatric patients, who 
are particularly sensitive to bitterness and generally prefer sweet 
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flavours, are disproportionately affected by these issues, complicating 
the administration of SMX/TMP and similar medications (Mennella and 
Bobowski, 2015; Wooding and Ramirez, 2022). Numerous strategies 
have been explored to improve palatability such as the incorporation of 
sweeteners, bitter blockers, and cyclodextrins, yet no single approach 
fully addresses this adherence challenge (Walsh et al., 2014; Flammer 
et al., 2024; Schwiebert et al., 2021).

Hospital pharmacies have traditionally turned to custom com
pounding to address these challenges; however, compounding alone has 
not resolved issues of taste and dosing precision (Heitman et al., 2019); 
highlighting the need for innovative approaches. Given these limita
tions, three-dimensional (3D) printing technology offers a trans
formative, scalable solution, providing precise and personalized dosing 
capabilities, particularly valuable for paediatric care where adherence is 
critical (Binson et al., 2021; Juárez-Hernández and Carleton, 2022).

3D printing enables the precise preparation of pharmaceutical forms 
layer-by-layer, with specific applications in personalized medicine and 
drug delivery. The adaptability of 3D printing is especially promising in 
hospitals, where it facilitates the on-demand production of medications 
tailored to individual needs (Huanbutta et al., 2023; Annereau et al., 
2021). This flexibility is crucial for children, who require doses that 
standard manufacturing methods cannot always provide, thereby 
enhancing treatment precision and therapeutic outcomes. Semi-solid 
extrusion (SSE) 3D printing that uses semi-solid pharmaceutical inks 
(pharma-inks) extruded through a nozzle offers unique advantages.

While SSE-based 3D printing offers significant advantages, such as 
precise dose personalization, modular drug release, and improved 
palatability, it also faces several limitations that must be addressed. A 
key drawback is the longer production time compared to compressed 
dosage forms, due to the layer-by-layer printing process and the addi
tional drying phase required for water-based chewable tablets. How
ever, gummies can be dried in a conventional oven outside a cleanroom, 
providing flexibility for hospital-based compounding where controlled 
environments may be limited. Another challenge is the relatively lower 
drug loading capacity compared to compressed tablets. Moreover, the 
extrusion-based nature of SSE can affect printing precision and layer 
adhesion, potentially resulting in minor variations in tablet dimensions. 
Lastly, while hydrophilic excipients improve drug solubility, they may 
increase bitterness, posing a challenge for taste masking—especially in 
paediatric settings. Despite these limitations, SSE remains a promising 
approach for personalized medicine in hospital environments (Wang 
et al., 2023; Seoane-Viaño et al., 2021; Cerveto et al., 2024; Rodríguez- 
Pombo et al., 2024).

SSE-based 3D printing has gained significant attention for paediatric 
applications, allowing for the precise fabrication of dosage forms 
personalized to each child’s age, weight, and metabolic needs (Basit and 
Gaisford, 2018). Recent studies have demonstrated SSE’s potential for 
individualizing doses and achieving modified-release profiles, particu
larly beneficial for children who may struggle with swallowing or 
frequent dosing requirements (Rodríguez-Pombo et al., 2024; Chatzitaki 
et al., 2022; Yi et al., 2023; Panraksa et al., 2022; Li et al., 2019). 
Additionally, SSE technology supports the combination of multiple 
active ingredients and even the integration of medications with nutri
tional components, which can address the unique dietary needs of 
certain patients (Carou-Senra et al., 2023).

This study aims to harness the flexibility of SSE-based 3D printing to 
develop novel SMX/TMP chewable formulations tailored for paediatric 
patients to improve adherence, to enhance palatability, and to ensure 
precise, customizable dosing with suitable stability. Additionally, the 
clinical implementation of this 3D printed formulations in the Depart
ment of Clinical Pharmacy in Gustave Roussy hospital was assessed 
according to French compounding regulations. The stability and print
ability of stored pharma-inks was evaluated. 3D printed formulations 
were benchmarked against the commercial medicine (BACTRIM®). This 
research aims to improve therapeutic outcomes for paediatric patients, 
showcasing the transformative potential of 3D printing in personalized 

medication production.

2. Materials & methods

2.1. Materials

Sulfamethoxazole, Trimethoprim, glacial acetic acid and hydro
chloric acid 1 N were purchased from Sigma Aldrich (Sigma-Aldrich 
chemicals, USA). Maltitol syrup (LYCASIN® 80/55), mannitol (PEAR
LITOL® 50C), and pregelatinized starch (LYCATAB® PGS) were pro
vided by Roquette (Roquette Frères, Lestrem, France). Gelatine 
(Emprove® Ph Eur; Bloom degree 110 [90–130]) and sucralose were 
obtained from Sigma (Sigma-Aldrich chemicals, Saint-Louis, USA), and 
the water for injection from B.Braun (Aqua B.Braun, Melsungen, Ger
many), peppermint and cooling aroma were obtained from IFF pharma 
(International Flavors and Fragrances, New-York, USA). 20-mL Injekt® 
syringes were supplied by B.Braun (Saint-Cloud, France), food colouring 
was purchased from Exberry (GNT International B.V, Mierlo, 
Netherlands). Water, acetonitrile (ACN), triethylamine (TRA) and 
methanol were HPLC grade and purchased from VWR chemicals (Rad
nor, Pennsylvania, USA).

2.2. Method for developing a 3D-Printed drug in the hospital setting

The development of a 3D-printed drug form in the hospital followed 
an established process (Fig. 1). The first step is to prepare pharma-inks to 
be loaded into the 3D printer and print test batches, then optimize these 
two stages before scaling up and validating the process for clinical use.

The use of two independent batches was intended as an initial step 
toward validating the process reliability under routine hospital pro
duction conditions. Mastery of this process requires an understanding of 
the factors that determine accurate, precise, and repeatable printing. For 
this purpose, the rheological characterization of the pharma-inks was 
carried out in the hospital, accompanied by physical characterization. 
Similarly, the final pharmaceutical form obtained was studied within the 
hospital to ensure that the set objectives were met.

2.3. Pharma-ink development and characterization

2.3.1. Hospital preparation of pharma-inks
As outlined in Fig. 1, three types of pharma-inks were developed to 

support both immediate clinical application and exploratory research.
The first pharma-ink, containing both active ingredients (SMX and 

TMP) in a single mixture, was designed to produce single-layer chewable 
tablets for clinical application. This approach emphasizes simplicity, 
reproducibility, and dosage consistency.

Additionally, two separate pharma-inks were formulated, each con
taining only one of the active ingredients, to be printed in layers to 
create bilayer chewable tablets. This bilayer approach, also shown in 
Fig. 1, explores the potential to reduce bitterness by physically sepa
rating the drugs. Although exploratory, it could lay the groundwork for 
future taste-masking strategies.

The final formulations for each ink are provided in Table 1.
The pharma-inks were prepared to yield syringes containing 15 mL 

of pharma-ink. Gelatine was heated to 45 ◦C in a beaker containing 
water and stirred magnetically for 20 min at 300 rpm. Subsequently, 
Trimethoprim, Sulfamethoxazole, pregelatinized starch, mannitol 50C, 
dye, sucralose, and flavourings were weighed and mixed. The mixture 
was ground using an automatic mixing machine, Topitec Touch® 
(WEPA Apothekenbedarf, Hillscheid, Germany). A suitable mixing jar 
was used for grinding, in which steel balls were added to facilitate 
particle size reduction. After 25 min of mixing at 400 rpm, a homoge
neous powder blend was obtained.

Next, the powder blend was gradually added to a beaker containing 
maltitol syrup 80/55, which was stirred at 200 rpm using an overhead 
stirrer (Ika RW 20 digital with an anchor stirrer). Once the powders were 
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incorporated, the gelatine solution was transferred to the same beaker. 
After 2 min of additional mixing, the preparation was manually trans
ferred into 20 mL B.Braun® syringes. The syringes were then cooled for 
12 h at 2–8 ◦C, after which the pharma-inks were ready for use.

After preparation, the palatability of the pharma-inks was assessed 
by the formulator using the “swirl and spit” technique, with pharma-inks 
showing a bitter taste excluded from further stages.

2.3.2. Pharma-ink rheological characterization
The rheological properties of the hydrogels were studied using an 

MCR302 rheometer (Anton Paar, Austria) equipped with a Peltier hood 
HPTD 200 and a disposable aluminium measurement plate with a 
diameter of 70 mm, where the test samples were placed. An equilibra
tion time of 10 min was set following sample deposition. The geometry 
used was a plate-plate measurement geometry with a diameter of 25 
mm, and a gap of 1 mm was set for each measurement.

Amplitude sweeps were conducted by applying a strain ranging from 
0.001 to 100 % at room temperature to evaluate the potential shear- 
thinning behaviour of the hydrogels. For this purpose, the storage 
modulus (G’), strain rate (γ), loss factor (tan δ) and limit of the linear 
viscoelastic region (LVE) were monitored for each sample. The linearity 
limit was calculated in terms of strain γ as a percentage, with a ± 5 % 
deviation (according to ISO 6721–10 standard) set as the tolerance 
range of deviation of G’ around the plateau.

Subsequently, while maintaining a constant oscillatory shear within 
the Linear Viscoelastic (LVE) behaviour of the sample, the melting 
temperatures of the hydrogels were determined through temperature 
sweeps ranging from 25 to 90 ◦C, with a heating rate of 3 ◦C.min− 1. For 

this purpose, G’ and tan δ were monitored for each sample.
Creep recovery tests were performed for a total of three cycles, in 

which a shear stress of 500 Pa was applied for 60 s – the approximate 
time required to obtain a chewable tablet of 1460 mg – followed by a 
subsequent time of 60 s without applying shear stress, during which the 
recovery of the analysed material was evaluated. Finally, tests were 
conducted to observe the ability of the ink present in the syringe to 
recover its properties after being heated to 45 ◦C. Briefly, after being 
heated to 45 ◦C for 20 min, the syringe was left at room temperature, and 
the storage modulus was observed immediately, as well as after 15 min, 
30 min, 2 h, and 6 h of rest at room temperature during a heating step 
from 23 to 45 ◦C. Each measurement was performed without replicates, 
at the indicated time points. Data collection was performed using the 
RheoCompass software (version 1.32) of the instrument.

2.3.3. Thermogravimetric analysis (TGA)
TG measurements were performed with an STA 6000 thermogravi

metric analyser (Perkin Elmer, Villepinte, France) equipped with a 
chiller water circulator and controlled by Pyris 13.3 software. Com
pounds or ink samples were placed in an open alumina crucible (200 μL) 
and loaded in the furnace. The initial weight of the samples was around 
20 mg, and nitrogen was used as the purge gas at a constant flow of 20 
mL.min− 1. The weight of the material was recorded during heating from 
30 to 600 ◦C at a heating rate of 10 ◦C.min− 1 after isotherm at 30 ◦C for 
1 min. Each measurement was performed without replicates.

2.3.4. Differential scanning calorimetry (DSC)
High-speed differential scanning calorimetry (hyperDSC) 

Fig. 1. Development Process Flow Chart for Clinical Batch Production in a Hospital Setting *Initial palatability assessment: Informal evaluation of bitterness by the 
formulator to exclude unacceptable formulations before printing. **Accuracy: The deviation of the average mass of printed chewable tablets from the theoretical 
target mass in each batch, aiming for less than 5%. ***Precision: Assessment of mass uniformity within each batch according to European Pharmacopeia, permitting a 
deviation of up to 5%. ****Repeatability: Validation of two independent test batches for accuracy and precision criteria for consistent dosing.
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experiments were carried out using a DSC8500 calorimeter (Perkin 
Elmer, Villepinte, France) equipped with an Intracooler II and controlled 
by Pyris 13.3 software. HyperDSC Aluminium Sample pans were filled 
with around 2 mg of the studied compound or ink with a balance sen
sitive to 0.01 mg and sealed. The compounds or ink samples were heated 
from − 70 ◦C to a maximum of 280 ◦C at 700 ◦C.min− 1 depending on the 
compound. Each measurement was performed without replicates. The 
objective was to observe the behaviour of the drugs within the final form 
before degradation began.

2.3.5. X-ray powder diffraction (XRPD)
The XRPD experiments were performed on both pharma-inks and 

samples on a Aeris Research Edition diffractometer (Malvern Pan
alytical, Palaiseau, France) with a sample changer of 6 positions and a 
PIXcel 1D detector. The working power is 300 W (30 kV − 10 mA). The 
used radiation is copper Kα1 + α2 (approx. 1.5406 Å). Compounds or ink 
samples were placed on a Si (510) zero background sample holder 
(AlpyX, Sainte-Hélène-du-Lac, France). Data were measured from 2 to 
60◦ in 2θ with a total scan time of 10 min per scan and a rotation of the 
sample during acquisition. Each measurement was performed without 
replicates.

2.3.6. Infrared hyperspectral imaging (IHI)
IHI experiments were conducted using a PerkinElmer MIR/NIR 

Spotlight 400 Imager. Measures were performed on ink filament sam
ples. The images obtained in the mid-IR using ATR imaging, ranging 
from 4000 cm− 1 to 690 cm− 1 with a spectral resolution of 8 cm− 1 and a 
pixel size of 1.5 µm. The near-IR image in reflection mode ranges from 
7800 cm− 1 to 4000 cm− 1, with a resolution of 16 cm− 1 and a pixel size of 
25 µm. Each measurement was performed in duplicate. Both images are 
followed by a principal component analysis with 8 factors. The factors 
corresponding to SMX and TMP are displayed in red and green 
respectively.

2.4. Chewable tablet development and characterization

2.4.1. 3D printing setting
The 3D printing process, summarized in Fig. 1, was conducted using 

the M3DIMAKER 2 (FABRX, London, UK) pharmaceutical 3D printer. 
The printing parameters were established with an extrusion temperature 
of 40 ◦C, an 18G conical nozzle, a printhead movement speed of 20 mm/ 
s (60 mm/s during non-printing), an infill density of 20 %, a first layer 
height of 1.6 mm, and subsequent layer heights of 1.2 mm. The tablets 
were printed onto a silicone and fiberglass plate to enhance adhesion. 

Notably, the printhead used a standard 20 mL syringe (B.Braun), facil
itating easy material loading. All settings were managed using 
M3DIMAKER Studio software.

The tablets were printed onto a silicone and fiberglass plate and the 
printhead utilized a 20 mL syringe (B.Braun) to facilitate easy material 
loading. All printing settings were controlled through M3DIMAKER 
Studio software.

Single-layer printing was prioritized for clinical use, using three SSE 
print heads loaded with the same ink mixture to produce batches con
taining more chewable tablets. In contrast, bilayer printing was tested as 
a future-oriented application, with separate phama-inks in each print 
head for each drug.

After printing, the chewable tablets were dried for 24 h and the 
palatability was assessed by the formulator using the swirl and spit 
technique, with chewable tablets showing a bitter taste excluded from 
further stages.

2.4.2. Hospital clinical batch production
As illustrated in Fig. 1, the clinical batch development process 

involved producing test batches that met essential criteria: accuracy, 
precision, and repeatability.

The accuracy criterion required that the average tablet mass deviated 
by less than 5 %, and no unit differ more than 10 % from the theoretical 
target mass. This ensured that the dosage remained within acceptable 
limits and that the formulation provided reliable therapeutic dosing. 
Accuracy was calculated as shown in Eq. (1):

Accuracy (%) =
Average mass obtained − Theoretical mass

Theoretical mass
× 100 (1) 

Precision was validated through mass uniformity testing, following the 
European Pharmacopoeia (Ph. Eur.) guidelines for tablets (EDQM, 
2024). This process involved weighing each chewable tablet in the batch 
using an analytical balance (XPE 205 DeltaRange®, Mettler Toledo, 
Greifensee, Switzerland) to ensure compliance with mass uniformity 
standards. Specifically, for tablets with a weight of 250 mg or more, the 
Ph. Eur. permits a deviation of up to 5 % from the average mass. Any 
chewable tablets with individual weights falling outside the ±5 % range 
were considered non-compliant and were excluded from the batch. This 
process confirmed that the formulation met the required consistency, 
and that the dosage was uniformly distributed.

To ensure repeatability, two independent test batches were pro
duced, each required to meet both the accuracy and precision criteria. 
Only when both batches passed these standards did the process advance 
to the dose library generator phase. This step established a reliable 

Table 1 
Formulations of single and bilayer SMX/TMP pharma-inks. (%w/w): mass concentration in percent.

Materials Pharma-ink composition for single 
layer tablets 
(%w/w)

Pharma-ink 
composition 
for bilayer 
tablets 
(%w/w)

Rational/Function

SMX TMP

Water 12.0 12.0 12.0 Solvent and dispersing medium.
Maltitol syrup 80/55 40.5 40.0 52.0 Sweetener and texture.
Pregelatinized starch 7.2 7.3 8.3 Binder. Improves the integrity and chewability of the tablet.
Mannitol 50C 20.8 9.0 18.0 Osmotic filler. Reduced in the SMX layer to account for the large amount of SMX.
Gelatine 2.0 2.0 2.0 Gelling agent. 1/6 of the amount of water to improve the mechanical stability and printability 

of the ink.
Sucralose 0.5 1.2 1.2 Sweetener. Improves palatability. Increased quantity in the bilayer tablet to account for the 

high concentration of active ingredient.
Sulfamethoxazole 

(SMX)
13.7 27.4 − Active ingredient.

Trimethoprim (TMP) 2.7 − 5.4 Active Ingredient.
Colouring 0.1 0.1 0.1 Aesthetic agent, improves visual appeal.
Aroma 0.5 1.0 1.0 Taste-masking agent, reduces bitterness perception. Increased quantity in the bilayer to 

account for the high API concentration.
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correlation between the theoretical dose and the actual mass, thereby 
ensuring consistent dosing across all clinical batches.

In cases where any of these criteria were not met, adjustments were 
made to the printing parameters before a new test batch was produced. 
This systematic approach ensured that only formulations meeting 
stringent quality standards proceeded to clinical batch printing, thus 
reinforcing the reliability and reproducibility of the manufacturing 
process.

2.4.3. Preliminary palatability assessment
Palatability test were conducted on human adult volunteers using a 

sensory approach, to compare the newly developed SMX/TMP chewable 
tablets formulation with the only children’s formulation available on the 
French market (BACTRIM® 40 mg/mL − 8 mg/mL oral suspension) 
(Clapham et al., 2023).

Two separated sensory evaluations were conducted to assess key 
palatability attributes through two questionnaires, one for each dosage 
form (Supplementary Table S1). 6 healthy volunteers participated in this 
unblinded, prospective, single-centre study using the swirl and spit 
method (N = 6). The evaluation employed the Swirl and Spit method to 
assess the palatability of both dosage forms. This method enabled the 
assessment of taste and aftertaste to ensure minimal systemic exposure 
to the product, thereby making it highly suitable for pharmaceutical 
sensory studies. During the evaluation, each participant received the 
newly developed chewable tablet and the marketed oral suspension in a 
randomized sequence. For the tablet evaluation, a pre-weighed chew
able tablet was placed on the tongue and gently chewed for a period of 
10 to 15 s before being swirled in the mouth to ensure uniform disso
lution and optimal interaction with the taste receptors. In the case of the 
oral suspension, an equivalent dosage was administered to match the 
active pharmaceutical ingredient content present in the chewable tablet. 
After each evaluation, the participant was instructed to spit the sample 
into a designated container. A one-minute waiting period was observed 
before allowing the participant to rinse their mouth, as patients do not 
typically rinse immediately after administration of this type of phar
maceutical form. The study was carried out with at least one day be
tween sessions to prevent any carryover effects from the sensory 
evaluation.

The study adhered to the Helsinki Declaration for biomedical 
research involving humans and followed Good Clinical Practice (GCP) 
guidelines.

Each volunteer was asked to complete the two questionnaires (one 
for the chewable tablet and one for the oral suspension). Each ques
tionnaire assessed sweetness, texture, immediate bitterness, and 
lingering bitterness, as well as an overall acceptability score (global) 
using a 5-point Likert scale expect for sweetness, which uses a three- 
point scale, considering that sweetness can sometimes be perceived as 
excessive (Supplementary Table S1).

The main objective was to assess the impact of a change in dosage 
form on palatability. The primary outcome measured was the average 
score out of 23 points for each formulation. Secondary objectives 
included evaluating the impact of a change in dosage form on sweetness, 
immediate bitterness, and lingering bitterness. The secondary outcomes 
measured were the respective average scores for the associated sensory 
criteria.

Descriptive analysis of parameters was conducted on the intention- 
to-treat population. For all analyses, the statistical threshold (α) 
selected to consider a statistically significant difference was 0.05. To 
address both the primary and secondary objectives, paired samples 
comparing Wilcoxon rank-sum tests were performed, and the results 
were approximated using a rank-based analysis of variance through an 
ANOVA test. Results were expressed as medians.

2.4.4. Water activity (aw)
A LabMaster-aw neo (Novasina, Neuheimstrasse, Switzerland) was 

used to measure the water activity of SMX/TMP chewable tablets. 

Briefly, prior to each measurement, a calibration curve was conducted 
according to the ISO18787 method, using 3 standards: 0.753, 0.843, and 
0.973. Subsequently, measurements were taken on 3 randomly chosen 
chewable tablets that had been prepared beforehand and kept at room 
temperature (N = 3), with the water activity measured immediately 
after production and after 24 h of drying at room temperature.

2.4.5. In-vitro dissolution
In-vitro drug release profiles were obtained using a United-States 

Pharmacopeia (USP) Type II (paddle method) dissolution test appa
ratus, model Xtend 7, from Sotax (Saint-Louis, France). The dissolution 
tests employed the buffer specified in the USP monograph for Sulfa
methoxazole/Trimethoprim tablets (USP, 2015). The method was 
designed to meet the specifications outlined in the European Pharma
copoeia monograph 2.9.3, which includes criteria for drug released over 
specified times (EDQM, 2024).

First, six randomly selected chewable tablets were weighed post- 
printing and dissolved in 900 mL of 0.1 N hydrochloric acid. The rota
tion speed was set to 75 rpm and the test duration fixed at 1 h. The 
content of each gummy was required to be ≥70 % of the theoretical 
content following USP monograph NF24.

2.4.6. Comparison of dissolution kinetics
The 3D printed tablets, the commercial oral suspension (BACTRIM® 

40 mg/mL + 8 mg/mL, with one millilitre containing 40 mg of SMX and 
8 mg of TMP, manufactured by Roche, Basel, Switzerland), and the 
commercial Sulfamethoxazole/Trimethoprim tablets (BACTRIM® 400/ 
80 mg, containing 400 mg of SMX and 80 mg of TMP), were tested. An 
amount of each formulation containing 400/80 mg was used to obtain 
an accurate comparison. 12 samples of each speciality were analysed (N 
= 12). Each formulation was placed in 900 mL of 0.1 N hydrochloric 
acid at 37 ◦C with a paddle stirring at 75 rpm. Samples of 1 mL were 
withdrawn at specified intervals (0, 5, 15, 30, 45, and 60 min) and 
immediately replaced with fresh HCl to maintain constant volume. The 
drug release was quantified using the developed HPLC method. The 
dissolution kinetics were compared using the similarity factor f2. The f2 
values were determined using Eq. (2): 

f2 = 50 × log

⎧
⎨

⎩

[

1 +
1
n

∑n

t=1
(Rt − Tt)

2

]− 0,5

× 100

⎫
⎬

⎭
(2) 

Eq. (2): where n, Rt, and Tt represent the number of time and mean 
cumulative drug release of the reference and test profiles at each time 
point, respectively.

2.5. Analytical method and stability study

2.5.1. Drug quantitative determination
The quantitative determination of SMX/TMP were performed on a 

reversed-phase, high performance liquid chromatography (HPLC) 
component system LC 1260 (Agilent 1260 Series, Santa Clara, USA) 
consisting of an online degasser, quaternary pump, column heater, 
autosampler and UV/Vis detector and a column µBondapak C18 Column 
(Waters, Milford, USA), 125 Å, 10 µm, 3.9 × 300 mm. The method was 
developed according to Kulikov et al. (FDA, 2001). The mobile phase 
made of water/acetonitrile/triethylamine (799/200/1, v/v), buffered to 
pH 5.9, was set as the rate of 2 mL/min in isocratic mode. The column 
was thermoregulated at 30 ◦C. The injection volume was 50 µL. The 
detection wavelength was set at 254 nm. Standard stock solutions were 
Trimethoprim 388 mg/L and Sulfamethoxazole 169.9 mg/L in 100 % 
methanol. Working standard solutions were to obtain concentrations 
within the range of interest 17 to 153 µg/mL for SMX and 19.4 to 65.96 
µg/mL for Trimethoprim. Analytical method validations were conducted 
according to ICH guidelines Q2(R2) and Q3B(R2) in order to evaluate 
specificity, linearity, repeatability, intermediate fidelity and limit of 
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detection (LOD) and limit of quantification (LOQ) (ICH, Q2(R2), 2023; 
ICH, Q3B(R2), 2006). Concerning the specificity evaluation, forced 
degradation studies were performed in accordance with ICH Q1A(R2) 
guidelines (ICH, Q1A(R2), 2003) (see section 2.5.2). A summary of the 
method validation parameters is available in Supplementary Table S2. 
Prior to any quantification, the samples were transferred into 500 μL 
microcentrifuge tubes. They were then centrifuged at 10,000 rpm for 10 
min to prevent insoluble or poorly soluble excipients from polluting the 
HPLC system. Dilution with the mobile phase subsequently ensured a 
theoretical concentration within the validated concentration range.

2.5.2. Drug stability under stress conditions
Forced degradation studies of SMX and TMP were conducted under 

oxidative, hydrolytic, and thermal conditions using the previously 
validated method (2.5.1.). Hydrolytic degradation was evaluated in 0.1 
N HCl and 0.1 N NaOH solutions at room temperature over 24 h. 
Oxidative stress testing was performed in solution using 0.3 % hydrogen 
peroxide with 1 mg⋅mL− 1 of each drug, stored at room temperature and 
analysed at 0, 24, and 48 h. Thermal degradation was assessed by 
exposing solid-state API samples to 80 ◦C for 48 h.

2.5.3. Stability study
To determine the storage stability of the chewable tablets and 

hydrogels, a stability study was conducted in accordance with the ICH 
Q1A(R2) guidelines (ICH, Q1A(R2), 2003). The storage temperatures 
were either ambient (15–25 ◦C) or refrigerated (2–8 ◦C), and the samples 
were stored in various containers, including brown glass bottles, brown 
polyethylene terephthalate (PET) bottles, blister packs, or 20 mL B. 
Braun syringes. All SMX/TMP chewable tablets were stored away from 
light under conditions that allowed for potential oxidation. A total of 74 
samples (72 chewable tablets and 2 syringes of the final formulation) 
were prepared from a single batch.

The physical stability of the chewable tablets and hydrogels was 
assessed by monitoring their organoleptic characteristics (odour, colour, 
mass), as well as the water content loss for the chewable tablets and the 
hydrogels in syringes (data not shown). For the pharma-inks, a study of 
their rheological properties over time was conducted to understand 
potential variations in physical properties that could occur during the 
printing process. To this end, amplitude sweeps were performed, and 
shear deformation was monitored according to section (2.3.2).

SMX and TMP were quantified by HPLC, and degradation products 
were analysed using the validated stability-indicative method. Physical 
and chemical stability tests were conducted at specific time points 
during the study (0, 15, 30, 90, and 180 days). A reduction in drug 
content greater than 5 % was established as the stability threshold. The 
evaluations were conducted in parallel on three chewable tablets (N = 3) 
or 3 pharma-inks (N = 3) test samples with a mass corresponding to 
100/20 mg of SMX/TMP for the to minimize the risk of erroneous 
conclusions.

3. Results & Discussion

3.1. Pharma-ink development and characterization

3.1.1. Hospital preparation of pharma-inks
The formulation was designed to achieve optimal palatability, 

printability, and structural integrity. Excipient amounts were selected 
based on functionality and optimized through extensive trials (>80 it
erations) to balance physical stability with effective taste masking, in 
particular to address the pronounced bitterness of TMP and SMX 
(Shinotsuka et al., 2023). Bilayer formulations were derived from the 
single-layer prototype with adjusted proportions to maintain perfor
mance while enabling API separation and improved taste masking. 
Several key ingredients played distinct functional roles in this 
formulation.

Maltitol syrup served as a sweetener, improving both taste and 

texture while also helping to reduce bitterness. In addition, it remains 
soft at around 30 ◦C, thus ensuring an optimal temperature range for 
printing (Rowe et al., 2009). Gelatine provided mechanical stability and 
a chewable texture; more importantly, by forming a three-dimensional 
network upon cooling, it trapped water and consequently limited the 
rapid hydration of pregelatinized starch, preventing excessive stickiness 
(Schrieber and Gareis, 2007; Andreazza et al., 2023). Pregelatinized 
starch itself acted as a binder, enhancing overall tablet integrity and 
chewability (Whistler and BeMiller, 2009). Mannitol is expected to 
facilitate drying and improve both the texture and drying behaviour of 
the final printed tablets due to its low hygroscopicity and osmotic 
properties, which may promote water migration, reduce overall mois
ture retention, and accelerate the drying process. These properties also 
contribute to a smoother mouthfeel suitable for paediatric patients (van 
Krevelen and te Nijenhuis, 2009). Finally, sucralose was selected for its 
intense sweetening properties, further enhancing palatability. Aroma 
and colouring agents were included to boost sensory appeal and support 
taste masking efforts (Alessandrini et al., 2023).

Together, these components ensured that the formulation met its 
objectives of being palatable, printable, and structurally sound.

3.1.2. Rheological characterizations
Characterizing the rheology of pharma-inks over time is crucial for 

understanding how their printing properties evolve. By correlating 
changes observed during printing with those from rheological mea
surements, optimal printing settings can be more effectively predicted.

The evolution of the storage modulus (G’) and tan(δ) during a shear 
strain increase for ink at different time points, (Day 1, D8, D20, D33, 
D47) is shown in Fig. 2A. These data are essential in understanding the 
rheological behaviour of the ink over time, which directly impacts its 
printability and the quality of the final product.

The evolution of the storage modulus, representing the elastic 
component of the material’s response to deformation, is presented in 
Fig. 2A. These data provide essential insights into the rheological 
behaviour of the ink over time, directly influencing its printability.

The decrease in the storage modulus (G’) observed for the ink in 
response to increasing shear strain is typical of a polymer-based gel 
(Ferry, 1980). This behaviour may reflect the shear-thinning of the 
polymer chains and/or result from the disentanglement of polymer 
chains under stress (Wedamulla et al., 2023). These curves show a 
noticeable slope indicating ink softening beyond a shear strain of 1 %. 
The optimal printing zone lies along the initial part of this slope (before 
the crossover of G’ and G’’), corresponding in this study to values of 
5,000 < G’ < 12,000 Pa.

The shift of the linear viscoelastic region (LVE) towards higher shear 
strain values over time reflects the evolution of the ink from D1 to D47. 
This increase in the storage modulus is likely due to the combined effect 
of continuous polymer crosslinking, possible water evaporation from 
syringes at ambient temperature, and gel syneresis (the expulsion of 
water from the gel) (van Krevelen and te Nijenhuis, 2009). These phe
nomena lead to gel stiffening and raise concerns about the ink’s ability 
to remain printable.

Tan(δ), the ratio of the loss modulus (G“) to the storage modulus 
(G’), provides insights into the material’s damping properties, i.e., its 
ability to dissipate energy. Here, tan(δ) values remain relatively con
stant over time. This indicates that, despite the stiffening of the ink over 
time, the balance between the elastic (solid-like) and viscous (liquid- 
like) behaviour of the ink remains stable. This stability is crucial for 
predicting potential physical instability as the ink ages, although it is 
insufficient alone to predict the ink’s printability.

For the developed formulation, extrusion required a minimum 
applied force of 20 Newtons (N), and the extrusion flow became stable at 
around 40 N, corresponding to a pressure of 1.27 × 105 Pa with an 18G 
conical nozzle. Monitoring these values could help predict printability 
and adjust the printing parameters based on observed fluctuations, for 
example, by correlating the necessary increase in printing temperature 
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with the increase in G’ over time.
Determining optimal printing temperatures is another key benefit of 

rheological analysis. The inflection points of tan(δ) and G’, presented in 
Fig. 2B, correspond to the gel softening temperatures and, therefore, to 
the optimal printing temperatures. For the ink at D1, the optimal 
printing temperature range is between 35 and 40 ◦C, consistent with the 
values already discussed in Fig. 2A. Within this range, the gel flows 
without becoming too liquid, allowing for precise layer-by-layer 
deposition.

The thermal behaviour of the ink is typical of crosslinked polymers, 
which soften without melting, even at temperatures well above the 
defined printing temperature. This property is crucial for maintaining 
print fidelity and is consistent with studies showing that the quality of 
3D printing depends on the ink’s flow behaviour, viscosity, and thermal 
properties (Azad et al., 2020; Wedamulla et al., 2023; Chen et al., 2019).

After 47 days of storage at room temperature, the gel becomes 
harder, as illustrated in Fig. 2B and C, rendering it unprintable. This 
increase in hardness is consistent with possible water loss during storage 
and aligns with research on gelatine crosslinking and its impact on gel 
hardness (M’Barki et al., 2017; Djagny et al., 2001). At D47, G’ exceeds 

12,000 Pa for temperatures below 65 ◦C, explaining the ink’s unprint
ability at this point.

The thixotropic nature of the ink was confirmed through recovery 
tests, which show that after the removal of shear stress, the ink partially 
recovers its structure (Fig. 2C). These results confirm the reversibility of 
crosslinking within the polymer matrix of our ink and are consistent 
with the findings of Modigell et al. (Modigell et al., 2018), who 
demonstrated that recovery depends on the storage duration (which 
causes initial deformation) and the resting time of the analysed material. 
This underscores the importance of defining resting times between 
successive uses of the same syringe and highlights the relevance of this 
type of test in the development of semi-solid formulations for 3D 
printing (Junnila et al., 2024).

In clinical applications, the goal is to produce chewable tablets on 
demand. Depending on the required dosage, syringes may be heated and 
then returned to storage. To better determine the resting time necessary 
for restoring the ink’s rheological properties after heating, temperature 
ramp tests were performed on the ink after different resting periods 
(Fig. 2D). The results indicate that a resting period of 6 h is insufficient 
for the ink to recover its initial rheological properties. In practice, a 

Fig. 2. Rheological Characterization of pharma-inks for 3D Printing Applications. Fig. 2A: Evolution of storage modulus (G’) and tan(δ) during shear strain increase 
for ink at different time points (D1, D8, D20, D33, D47). Fig. 2B: Comparison of storage modulus (G’) and tan(δ) during a temperature ramp from 25 to 75 ◦C for ink 
at D1 and D47. Fig. 2C: Shear stress behaviour over time under constant shear strain for ink after 47 days of storage at room temperature. Fig. 2D: Storage modulus 
(G’) during temperature ramp from 23 to 45 ◦C for ink at D23 depending on rest time of the ink after heating for 20 min at 45 ◦C. Each measurement was performed 
without replicates, at the indicated time points.
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resting period of 24 h should be observed before reheating a syringe to 
ensure printing precision and consistency.

These results demonstrate that rheological and thermal properties 
are essential for ensuring the quality of 3D-printed dosage forms. The 
storage modulus (G’) and tan(δ) can serve as key indicators of print
ability, ensuring consistent flow and structural stability of the printed 
layers. As noted by Suárez-González et al. (Suárez-González et al., 
2024), monitoring these properties over time could enable adjustments 
in printing parameters to maintain optimal formulation quality. 
Although real-time pressure measurements during extrusion may be 

more straightforward and practical for routine use (Junnila et al., 2024; 
Díaz-Torres et al., 2022), the integration of the methodology used in this 
study could help optimize printing parameters and ensure the produc
tion of consistent and reliable 3D-printed medicines throughout their 
shelf life.

3.1.3. Thermal and structural characterizations
Thermal and structural characterizations are essential for under

standing the behaviour of each component in gummy formulations, 
particularly in terms of their stability and performance during 

Fig. 3. Characterization of gummy formulations and individual components. Fig. 3A. Thermogravimetric analysis (TGA) curves, obtained at a heating rate of 10 ◦C. 
min− 1, of individual excipients, showing weight percentage (%) versus temperature (◦C). Fig. 3B. TGA curves, obtained at a heating rate of 10 ◦C.min− 1, comparing 
the mass loss of filament and placebo filament, showing weight percentage (%) versus temperature (◦C). Fig. 3C. High-speed Differential Scanning Calorimetry (DSC) 
heating curves, obtained at a heating rate of 700 ◦C.min− 1, showing heat flow (mW) versus temperature (◦C) for individual components. Fig. 3D. High-speed DSC 
heating curves, obtained at a heating rate of 700 ◦C.min− 1, showing heat flow (mW) versus temperature (◦C). Fig. 3E. X-ray powder diffraction (XRPD) patterns 
showing relative intensity versus 2θ (◦) for gummy, placebo gummy, Sulfamethoxazole and trimethoprim. Fig. 3F. XRPD patterns showing relative intensity versus 2θ 
(◦) for individual excipients. Each measurement was performed without replicates.
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processing and storage. By analysing the thermal decomposition, crys
talline structure, and interaction between excipients and active in
gredients, it is possible to optimize the formulation to ensure product 
integrity, printability, and overall quality of the 3D-printed chewable 
tablets.

The evolution of the TGA curves, showing the weight percentage (%) 
versus temperature (◦C) for individual components, is illustrated in 
Fig. 3A.

This analysis provides valuable insights into the thermal stability and 
decomposition behaviour of the excipients. Maltitol begins to decom
pose significantly around 300 ◦C, indicating its thermal decomposition. 
Sucralose exhibits a two-step decomposition process, with initial weight 
loss around 120 ◦C and gradual decomposition up to 500 ◦C, indicating 
relatively lower thermal stability compared to other components. This 
decomposition at 120 ◦C must be considered in the practical execution of 
DSC analyses. Mannitol remains stable up to approximately 300 ◦C, after 
which it undergoes pronounced weight loss. Gelatine starts losing 
weight around 100 ◦C, with gradual decomposition continuing up to 
approximately 350 ◦C. Pregelatinized starch shows gradual thermal 
decomposition starting around 250 ◦C, indicating moderate thermal 
stability. These thermal properties are crucial for determining the 
appropriate processing temperatures during gummy formulation and 
storage, ensuring that each component maintains its integrity during 
manufacturing.

The comparison of mass loss between the filament and a placebo 
filament as a function of temperature is shown in Fig. 3B. Both formu
lations initially lose mass due to water evaporation, followed by a rapid 
degradation phase starting at 225 ◦C. The filament shows a slight shift 
towards higher temperatures compared to the placebo, indicating that 
drug-drug or drug-matrix interactions enhance its thermal stability. This 
increased stability suggests that the presence of APIs strengthens the 
gummy formulation, improving its robustness during processing and 
storage.

The high-speed DSC heating curves, showing heat flow (mW) versus 
temperature (◦C) for the individual components, are presented in 
Fig. 3C. Sulfamethoxazole (SMX) exhibits an endothermic peak at 
169 ◦C, corresponding to its melting point, while Trimethoprim (TMP) 
shows an endothermic peak at 200 ◦C. These thermal events align with 
the literature (Agafonova et al., 2013; de Moura Oliveira et al., 2019; 
Fernandes et al., 1999) and confirm the crystalline nature of the APIs, 
providing essential baseline data for understanding their behaviour 
within the gummy formulations.

The high-speed DSC curves of the filament and the placebo filament 
reveal distinct thermal events starting around 120 ◦C, which may be 
associated with the melting of some excipients, such as mannitol and 
maltitol (Fig. 3D). A more pronounced endotherm is observed in the 
filament containing SMX and TMP, indicating that the drugs signifi
cantly contribute to the thermal transitions within the formulation. 
These characterization studies also revealed a glass transition between 
60 and 100 ◦C within the active ingredient-loaded filaments, which was 
not observed with the placebo filaments (data not shown). The presence 
of a single glass transition temperature, as noted in the work of Li et al. 
(Li et al., 2022), could indicate that the drugs are present in a unified 
phase. However, it is also possible that they exist in both crystalline and 
amorphous forms within the formulation, affecting the physical stabil
ity, shelf life, and availability of the final product. These endothermic 
events provide key insights into the printing process, ensuring that the 
formulation remains stable during storage and use.

The XRPD patterns of the gummy and the placebo gummy, showing 
the relative intensity versus 2θ (◦), are shown in Fig. 3E. The sharp peaks 
observed indicate that most of the components in the gummy formula
tions are crystalline. This high crystallinity, approximately 90 %, could 
contribute to the “sandy” texture of the 3D-printed chewable tablets, 
affecting their palatability. The peak observed at 21◦ (2θ) is character
istic of Sulfamethoxazole (SMX), while multiple peaks between 10◦ and 
30◦ (2θ) indicate the presence of Trimethoprim (TMP). The analysis 

confirms that the chewable tablets consist of a dispersion of crystalline 
solids within an amorphous polymeric matrix, consistent with the 
properties of gelatine and pregelatinized starch used in the formulation. 
These findings align with the literature, as noted by previous studies 
(Alsubaie et al., 2018), confirming the structural nature of the 
components.

An analysis of the XRPD patterns of the individual excipients used in 
the gummy formulations reveals the crystalline and amorphous nature 
of the components (Fig. 3F). The two polymers, gelatine and pregelati
nized starch, are amorphous, whereas the other excipients are crystal
line. This pattern reinforces the earlier observation that high 
crystallinity in the components significantly influences the overall 
texture of the gummy formulations. The crystalline structure is a key 
factor contributing to the “sandy” texture often observed in the chew
able tablets, which can affect their palatability. Understanding the 
crystalline structure of each component is essential for predicting how 
these excipients will interact in the final product. The degree of crys
tallinity in each excipient not only affects the texture but also plays a 
crucial role in determining the mechanical stability of the chewable 
tablets.

The XRD analysis confirms the crystalline nature of most compo
nents, which influences the texture of the chewable tablets. TGA and 
DSC analyses provide critical insights into the thermal behaviour of the 
formulations, highlighting their stability and potential processing chal
lenges. These characterizations are essential for optimizing the formu
lation, ensuring its stability, and understanding how each component 
contributes to the overall performance of the 3D-printed chewable 
tablets.

3.1.4. Infrared hyperspectral imaging (IHI)
FTIR is a powerful tool for characterizing the spatial distribution of 

active ingredients and excipients within pharmaceutical formulations 
(Algahtani et al., 2021; Le et al., 2022). Similarly, infrared technology 
can be used to obtain images within formulations. By mapping the dis
tribution of components, IHI provides critical insights into the unifor
mity, potential interactions, and stability of the formulation, all of which 
are key factors in optimizing the performance and palatability of 3D- 
printed pharmaceuticals (Khorasani et al., 2016; Kilpeläinen et al., 
2022; van Haaren et al., 2023).

Fig. 4 focuses on the analysis of the distribution of active pharma
ceutical ingredients (APIs) within the formulation using IHI. This figure 
provides detailed insights into the spatial distribution and potential in
teractions between the APIs within the gummy matrix, which are critical 
for understanding the formulation’s palatability, stability, and overall 
performance.

The optical microscopy image of the formulation filament, as shown 
in Fig. 4A, highlights the area of interest for the infrared study, which is 
outlined in red. This area represents the specific segment of the filament 
analysed using IHI to assess the distribution of the APIs within the ma
trix. The visual representation provided by this optical image serves as a 
contextual reference for the subsequent IHI analysis, allowing for a clear 
understanding of the specific location within the filament from which 
the infrared data was collected. The uniformity or heterogeneity 
observed in this optical image offers preliminary clues about the dis
tribution of the APIs, which is further detailed in the following IHI im
ages. The size of the observed particles is comparable to that of the 
active ingredient particles: Sulfamethoxazole ranges from 150 to 200 
µm, and Trimethoprim from 140 and 180 µm (based on internal supplier 
data).

The NIR image corresponding to the optical microscopy view high
lights the distribution of SMX in red and TMP in green within the 
formulation filament (Fig. 4B). This color-coded image facilitates a clear 
distinction between the two APIs and their spatial arrangement within 
the filament. SMX appears to be more homogeneously distributed across 
the filament, indicating good dispersion within the matrix. Conversely, 
TMP tends to form clusters or agglomerates, indicating a less uniform 
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distribution. This clustering can be problematic as it may contribute to 
the bitter taste of the gummy, with TMP being primarily responsible for 
the bitterness. The distinct distribution patterns of SMX and TMP could 
also suggest potential interactions or co-localization within the matrix, 
which might influence the physical properties, such as dissolution 
behaviour, and the overall taste profile of the gummy.

A vertical cross-section of the filament in MIR, presented in Fig. 4C, 
further illustrates the distribution of SMX and TMP using the same 
colour coding, with red for SMX and green for TMP. This cross-sectional 
view provides a three-dimensional perspective, showing how the APIs 
are distributed not only across the surface but also throughout the depth 
of the filament. The cross-sectional view reaffirms the observations from 
the NIR image, with TMP showing a tendency to concentrate in certain 
regions, forming more significant agglomerates compared to SMX. The 
homogeneous distribution of SMX suggests that it is well-integrated into 
the matrix, which is beneficial for ensuring consistent dosage and 
potentially reducing the perception of bitterness. In contrast, TMP’s 
tendency to cluster might contribute to variations in taste and could 
affect the uniformity of the dosage if not adequately controlled. This 
clustering might also influence the mechanical properties of the gummy, 
such as its texture and firmness, by creating regions with different 
consistency.

In summary, SMX is more evenly distributed within the matrix, 
contributing to consistent dosage and potentially better taste masking. 
TMP, however, shows a tendency to cluster, which could lead to local
ized bitterness and affect the overall sensory experience of the gummy. 
This clustering might also impact the mechanical properties and uni
formity of the gummy, emphasizing the need for careful control of the 
formulation process to ensure a balanced distribution of both APIs. The 
insights gained from this IHI analysis are crucial for optimizing the 
formulation to enhance palatability, ensure consistent dosage, and 
maintain the mechanical integrity of the 3D-printed chewable tablets.

3.2. Chewable tablet development and characterization

3.2.1. 3D printing in hospital setting
In the development of chewable tablets for children, many printing 

parameters proved to be crucial. The size, first and foremost, is largely 
related to the concentration of active ingredients in the ink and the dose 
required for each patient. The advantage of 3D printing in this regard 
lies in its ability to print chewable tablets of various sizes and shapes, 
thus overcoming the limitation of using ink with a fixed concentration of 
active ingredients. This flexibility allows tailoring the formulation to 
individual patient needs, particularly important in paediatric settings 
where dosing often varies.

With this in mind, it was ensured that the print settings allowed for 
the repeatable production of monolayer tablets with active ingredient 
concentrations ranging from 100/20 mg to 400/80 mg of SMX/TMP. 
These concentrations correspond to tablets weighing between 730 mg 
and 2920 mg (Supplementary Table S3). The printing process resulted in 

accurate doses, with intra-batch mass variation averaging 2 % (Sup
plementary Table S4). This low variation demonstrates a reliable and 
reproducible printing process, essential for clinical use. Regarding 
printing accuracy, only the first gummy from each batch did not meet 
the dose uniformity requirement and had a mass more than 5 % below 
the theoretical mass. As a result, it was decided to systematically discard 
the first tablet printed from each syringe, ensuring that the rest of the 
batch met dosage standards.

Another critical aspect for clinical application is printing speed. With 
this aim, this work validated a configuration using three print heads 
with SSE technology Fig. 5A.

As shown in the simulation in Fig. 5B, each head was programmed to 
print 22 monolayer chewable tablets, which ultimately enabled the 
production of clinical batches of up to 66 chewable tablets, with a 
production rate of one 730 mg tablet every 24 s. For higher-dose for
mulations, the largest chewable tablet produced (weighing 2920 mg) 
required approximately 71 s to print under hospital production condi
tions (Table S3). This high throughput demonstrates that the technol
ogy is scalable and can meet clinical demands efficiently.

Swallowability of oral dosage forms in children is a multifactorial 
consideration (Ternik et al., 2018). Although no official size has been 
defined as ideal for the paediatric population (EMA, 2013), this study 
aimed to limit the size of chewable tablets to improve compliance. The 
chewable tablets were designed to be chewed and then swallowed, 
making them particularly suitable for children who can chew (Fig. 6A). 
Based on current literature on children’s preferences regarding oral 
dosage forms (Mistry and Batchelor, 2017; Saito et al., 2018), chewable 
tablets containing 100/20 mg of active ingredients would be ideal, even 
if it requires taking multiple tablets. As shown in Fig. 6A, this work 
successfully produced 730 mg single-layer chewable tablets by 
concentrating the active ingredients without compromising printability.

Following the printing process, the water content of the chewable 
tablets became a critical factor influencing their physical properties. 
Over a 24-hour drying period, the chewable tablets experienced about 
14 % reduction in total mass. This mass loss corresponds to approxi
mately 75 % of the initial water content, reducing the final water con
tent to ≃ 3–4 % (w/w) post-drying. Final values are compatible with the 
TGA profiles of the gummies observed. This controlled drying process 
was necessary to achieve the desired gummy texture while ensuring 
product stability.

Considering that the bitterness of the SMX/TMP combination comes 
from TMP, multi-head technology was tested to print the two layers of 
active ingredients separately. As shown in Fig. 6B, the size of the 
multilayer tablets was similar to that of the single-layer ones. Main
taining a manageable size for paediatric patients remains key, even 
when transitioning to bilayer formulations. For practical reasons, two 
different colours were used to easily distinguish the pharma-inks con
taining TMP or SMX. The bilayer tablet consists of two layers of equal 
height in these experimental gummies. The TMP (green) layer is 
deposited first, followed by the SMX (blue) layer on top. This ensures 

Fig. 4. Infrared hyperspectral imaging (IHI) Analysis of Formulation Filament. Fig. 4A Optical microscopy image of the infrared study area outlined in red, depicting 
the segment of the filament analysed. Fig. 4B Near-infrared (NIR) image corresponding to the optical microscopy view, highlighting the distribution of Sulfa
methoxazole (SMX) in red and Trimethoprim (TMP) in green. Fig. 4C Vertical cross-section of the filament showing the distribution of the two active pharmaceutical 
ingredients (APIs) in Mid-infrared (MIR). Each measurement was performed in duplicate.
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uniformity in layer distribution and facilitates the intended formulation 
design. Although a test batch of bilayer tablets was successfully printed, 
the technology does not currently allow for scaling up to clinical batch 
sizes, nor does it validate a robust printing process (Supplementary 
Table S5). Therefore, bilayer technology remains an innovative yet 
experimental solution, requiring future optimizations to achieve clinical 
scalability.

In previous single-layer formulations, a cola-flavoured ink was used, 
but it proved ineffective in adequately masking the bitterness of TMP. 
However, when this cola flavour was applied to bilayer chewable tab
lets, it eliminated the bitterness. This improvement is likely due to a 
greater dilution of TMP within its ink, increased use of sweeteners, and 
the absence of co-localization of the two APIs in the bilayer 

configuration. This significant enhancement in taste masking shows that 
the bilayer approach could be pivotal in improving patient adherence.

Given the success of the bilayer chewable tablets in improving 
palatability, future research could explore automating the bilayer pro
duction process. The development of dual-head printing systems for 
hospital use, as depicted in Fig. 5A, could streamline bilayer gummy 
production, minimizing manual intervention and optimizing workflow 
for routine use. This approach holds significant potential for scaling 
personalized medicine, particularly for paediatric patients who require 
frequent adjustments in dosage based on body weight and health 
conditions.

By developing efficient methods for printing personalized medica
tions on demand, this research demonstrates the potential for 3D 

Fig. 5. Production of clinical batches of 3D-printed chewable tablets in a hospital setting. Fig. 5A. 3D printer equipped with two print heads for SSE technology 
printing. Fig. 5B. Computer simulation of clinical batch printing using three SSE print heads. Fig. 5C. SSE print head in operation during clinical batch production. 
Fig. 5D. Example of a printed batch.

Fig. 6. Representation of monolayer and bilayer chewable tablets through simulation, top view (with the associated scale in cm), and side view. Fig. 6A. SMX/TMP 
(100/20 mg) monolayer gummy representations. Fig. 6B. SMX (blue)/TMP (green) (200/40 mg) bilayer gummy representations.
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printing technology to revolutionize pharmaceutical care, particularly 
in paediatric settings where the need for custom doses is critical. While 
monolayer chewable tablets have already shown promise, bilayer 
technology opens new avenues for improving taste masking and treat
ment personalization.

3.2.2. Preliminary palatability assessment
The palatability of a pharmaceutical formulation refers to how 

pleasant it is in terms of taste, smell, and overall sensory experience 
when given to patients. Oral formulations are often unpalatable, which 
is a major reason for children’s non-adherence, especially with antibi
otics (Baguley et al., 2012; Kardas et al., 2021; Soares et al., 2022). An 
unpalatable formulation can significantly reduce a young patient’s 
willingness to take their medication, thereby reducing the therapy’s 
effectiveness (Piana et al., 2017; Santer et al., 2014).

For SMX/TMP formulations, the best comparator is the BACTRIM® 
oral suspension. Our sensory study focused on four aspects of the 
palatability of the SMX/TMP gummy formulation compared to the 
suspension. The sensory evaluation results, presented in Table 2, utilized 
F-values and p-values derived from a rank-based analysis to assess the 
differences between the gummy formulation and the BACTRIM® oral 
suspension. In this study, a p-value of less than 0.05 (p < 0.05) was 
considered to indicate a statistically significant difference between the 
formulations. Evaluated attributes included texture, sweetness, imme
diate and lasting bitterness, and an overall “global” acceptability score 
reflecting the participant’s general impression of the formulation. Each 
of the 6 volunteers evaluated both formulations, resulting in 12 obser
vations per sensory attribute.

The analysis revealed that the suspension’s texture was perceived as 
better than that of the chewable tablets (F1,10 = 20.00, p < 0.01), pri
marily due to the gritty texture of the chewable tablets, which is 
attributed to the crystalline nature of 90 % of the components in our 
polymeric dispersion. However, the results also indicate that persistent 
bitterness is significantly reduced by the gummy formulation (F1,10 =

13.89, p < 0.01), without a corresponding increase in perceived 
sweetness (F1,10 = 0.38, p = 0.55). This suggests that while the texture 
could be improved, the formulation effectively addresses bitterness, 
which is a critical factor for patient adherence. Additionally, the gummy 
formulation is generally preferred over the current oral suspension 
formulation (F1,10 = 90.00, p < 0.01), indicating a favourable overall 
sensory experience despite the texture issues.

To mitigate an unpleasant texture, modifications could be made. For 
example, a metal ball mixing process can finely grind the powders (de 
Oliveira Barros et al., 2023); However, this technique can lead to the 
particle size reduction of excipients and APIs in the formulation 
(Podgorbunskikh et al., 2022; Wang et al., 2023), with a possible 
modification of bitterness either through co-amorphization or co- 
crystallization (Li et al., 2022). In this study, this technique was 
employed to reduce the gritty texture of our formulation, and it was 
observed that this adjustment did not significantly impact the bitterness. 
Alternatively, polymers could be used to further disperse the APIs, but 
the tendency of our two APIs to co-localize within the matrix rendered 
this dispersion ineffective in a single-layer tablet.

In the context of optimizing palatability, sweetness and bitterness are 

closely linked. Indeed, some sweeteners like saccharin are known to 
leave a bitter aftertaste (Rowe et al., 2009). The SMX/TMP combination 
is particularly challenging due to its persistent bitter taste. Previous 
studies in rat models and electronic tongue models have shown that this 
bitterness is primarily due to TMP (Kojima et al., 2021); and that 
sucralose at a specific range can reduce bitterness (Shinotsuka et al., 
2023). Nevertheless, the quantities of sucralose needed for optimizing 
sweetness in humans appear to be higher than those required for rats.

Many taste-masking strategies exist. The use of flavours, sweeteners, 
amorphization, ion exchange resins, cyclodextrins, and encapsulation 
techniques are widely described examples (Douroumis, 2007). Howev
er, a single method may not be sufficient to create a palatable product. 
Therefore, a combination of approaches may be necessary, especially for 
drugs with a strongly bitter taste. For example, in the case of TMP, even 
a very small amount of the active ingredient can significantly affect 
palatability.

While the data suggest a general preference for the gummy formu
lation, real life data will confirm that trend.

3.2.3. Water activity
Water activity (aw) measures the availability of free water in a 

product to support biological and chemical reactions, influencing the 
product’s stability, quality, and shelf life. The impact of aw on microbial 
death, survival, sporulation, and toxin production has been extensively 
studied and is recognized as a critical control point in food product risk 
analysis (Gutiérrez-López et al., 2015).

In pharmaceutical preparations, the risk assessment of non-sterile 
products must include microbiological controls. The relevant mono
graphs in the European Pharmacopoeia are Chapters 5.1.4 and 2.6.12 
(EDQM, 2024). Although aw measurement is covered by a European 
Pharmacopoeia monograph, it is not utilized by hospital pharmacies to 
ensure the microbiological safety of preparation (Sandle, 2016).

In the case of SMX/TMP chewable tablets, the use of these mono
graphs seemed inadequate as they required the neutralization or 
removal of active ingredients with intrinsic antimicrobial effects. 
Therefore, aw was used to determine the appropriate drying time to 
achieve a water activity level that ensures the absence of microbial 
growth and, by extension, provides a presumption of microbiological 
stability.

The aw measured at 0 and 24 h were 0.836 ± 0.004 and 0.585 ±
0.004, respectively (N = 3). It is acknowledged that for aw values below 
0.6, microbial growth is impossible (Gutiérrez-López et al., 2015). These 
values allow us to quantify the microbiological risk and support the 
decision to package the chewable tablets after 24 h of drying in a 
controlled atmosphere area. Nevertheless, it is important to note that 
low aw inhibits growth but does not kill bacteria. Thus, the preparation 
of pharma-inks, the printing of chewable tablets, and the packaging 
must always be carried out under conditions that ensure a limited risk of 
contamination.

3.2.4. In-vitro drug dissolution and kinetics
Despite some contradictory findings in the literature, Sulfamethox

azole (SMX) and Trimethoprim (TMP) are generally classified as Bio
pharmaceutics Classification System (BCS) Class II molecules (Takagi 

Table 2 
Comparison of sensory scores from 6 volunteers (N = 6), for two formulations (gummy vs suspension) using the Wilcoxon rank sum test. Each of the 6 volunteers 
evaluated both formulations, resulting in 12 observations per sensory attribute.

Attribute N Median rank Results

Gummy (N = 6) Suspension (N = 6)

Texture 12 3.0 5.0 F1,10 = 20.00, p < 0.01
Sweetness 12 3.0 3.0 F1,10 = 0.38, p = 0.55
Immediate bitterness 12 4.0 5.0 F1,10 = 0.70, p = 0.42
Lasting bitterness 12 3.5 2.0 F1,10 = 13.89, p < 0.01
Global 12 4.0 3.0 F1,10 = 90.00, p < 0.01
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et al., 2006). This classification indicates that their absorption is pri
marily limited by their low solubility. For a pH around 1.1–1.2 and a 
temperature of 32 ◦C, the solubility of Trimethoprim and Sulfameth
oxazole is 5.1 mg/mL and 1.5 mg/mL, respectively (Dahlan et al., 1987).

The dissolution behaviour of SMX and TMP is governed by several 
parameters, including the nature and pH of the dissolution medium, as 
well as the intricate interplay between the concentrations of each active 
pharmaceutical ingredient (API) (Dahlan et al., 1987, 1988; Giordano 
et al., 1995; Medina et al., 2015). Factors such as ionic strength, the 
presence of excipients, and the physical state of the APIs further influ
ence the dissolution kinetics.

In our study, the dissolution yields of the 100 mg SMX/TMP chew
able tablets ranged from 97.1 % to 102 % after one hour, significantly 
exceeding the 75 % threshold specified in the relevant monograph. This 
high dissolution yield demonstrates that the gummy formulation effec
tively facilitates rapid and complete dissolution of the APIs. As shown in 
Fig. 7, the dissolution profiles of the chewable tablets are comparable to 
those of the BACTRIM® tablets and oral suspension. Within 15 min, both 
the chewable tablets and the BACTRIM® tablets achieved dissolution 
yields of approximately 75 % and reach nearly 100 % dissolution by 30 
min. In contrast, the dissolution rate of the APIs in the BACTRIM® oral 
suspension did not exceed 90 %. This reduced dissolution could be 
attributed to the precipitation of sodium carmellose at pH levels below 
2, which may trap a portion of the active ingredients, limiting their 
availability in the solution (Rowe et al., 2009).

Similarly, the dissolution profiles for TMP in chewable tablets, sus
pension and BACTRIM® tablets were closely aligned. All formulations 
show dissolution yields between 90 to 100 % within the first 15 min, 
confirming TMP is more soluble than SMX under these conditions.

To evaluate the similarity between different dissolution profiles, the 
similarity factor (f2) is commonly used, particularly for BCS Class II 
molecules that exhibit more than 85 % dissolution within 30 min (Shah 
et al., 1998; Karalis et al., 2010). The f2 factor, which is endorsed by both 
the FDA and EMA, provides a metric to assess bioequivalence between 
different pharmaceutical formulations (FDA, 2001; EMA, 2010). The f2 
values range from 0 to 100, with values greater than 50 indicating 
similarity between dissolution profiles.

In our analysis, the f2 factor was calculated to compare the dissolu
tion kinetics of SMX in the oral suspension and the commercial SMX/ 
TMP tablets. The obtained f2 value of 99.76 for Sulfamethoxazole and 
94.97 for Trimethoprim indicates a high similarity in the dissolution 
kinetics between these two formulations. However, the f2 factor could 

not be applied to other comparisons because the dissolution rates for the 
chewable tablets exceeded 85 % within 30 min, which limits the utility 
of the f2 metric in those cases.

3.3. Stability study

3.3.1. Stability under stress condition
Forced degradation studies are a fundamental component of the drug 

pre-formulation process, designed to provide essential information on 
the intrinsic stability of pharmaceutical compounds, whether they are 
small molecules or biopharmaceutical products. These studies are 
crucial for simulating the various conditions to which the future drug 
will be subjected—from preparation to usage—ensuring the develop
ment of a stability-indicating method that allows for continuous moni
toring of drug quality over time. In doing so, the primary objective of 
these studies is to rapidly gather data on the preparation, handling, 
storage, and usage conditions that guarantee the drug’s efficacy and 
safety. The significance of these degradation tests is widely described in 
the literature (Tamizi and Jouyban, 2016). However, despite the exis
tence of a defined regulatory framework (WHO, 2018; EMA, 2023), the 
expectations for these studies can sometimes lack clarity, leading to 
varying interpretations and implementations (Zelesky et al., 2023).

In this study, the developed method allowed for an analysis duration 
of 15 min per sample, with relative retention times of 5 min for 
Trimethoprim and 10 min for sulfamethoxazole. Additional details on 
method validation are provided in Supplementary Table S2.

For this work, the conditions used were carefully chosen based on 
literature recommendations to effectively detect the presence of degra
dation products (Espinosa dos Santos et al., 2022; St-Jean et al., 2021). 
The forced degradation tests conducted under these specified conditions 
did not reveal the formation of degradation products; the concentrations 
of active ingredients remained stable (variation less than 5 %) between 
D0, D1 and D2 days.

The literature suggests that while photolysis can indeed trigger the 
degradation of both APIs (Abellán et al., 2009; Cai and Hu, 2017), it does 
not seem to produce any toxic degradation products (Borowska et al., 
2019). Nevertheless, due to the absence of photolysis testing in this 
study, the stability evaluation was conducted under conditions specif
ically designed to eliminate the risk of this type of degradation.

3.3.2. Pharma-ink stability
Pharma-inks were evaluated over a three-month period under two 

Fig. 7. Comparison of dissolution yields of commercial BACTRIM® (400/80 mg) tablets, SMX/TMP (400/80 mg) chewable tablets after 24 h of drying and BAC
TRIM® (40/8 mg/mL) suspension over time intervals of 0, 5, 10, 15, 30, 45, and 60 min. The data are presented as mean dissolution yields with standard deviations 
indicated by error bars. Panel A illustrates the dissolution of SMX, while Panel B details TMP dissolution. The results shown are mean ± SD (N = 12).

M. Stoops et al.                                                                                                                                                                                                                                  International Journal of Pharmaceutics 676 (2025) 125581 

13 



storage conditions: room temperature (20–25 ◦C) and refrigeration 
(2–8 ◦C) for chemical and physical stability. Insights into the physical 
and chemical stability of the chewable tablets and ink over time, 
focusing on both storage conditions (room temperature and refriger
ated), are provided in Fig. 8.

Over time (D0, D30, D45, D60, D90), inks stored at room tempera
ture exhibited increasing storage modulus (G’) and tan(δ) values 
(Fig. 8A). This was extensively discussed in section 3.1.2, where it was 
established that storage at room temperature quickly leads to the inks 
becoming unprintable. At around 3 months, slight aggregation was 
noted in syringes stored at room temperature. This phenomenon may be 
explained by lower cross-linking of gelatine at ambient temperatures, 
leading to increased mobility within the syringe (Darji et al., 2018).

By contrast, Fig. 8B shows that when the ink is stored between 2–8 ◦C 
the variation in G’ over time is markedly lower. Refrigeration thus 
significantly slows the hardening process, preserving the ink’s original 
rheological properties. The tan (δ) values under refrigerated conditions 
remain stable, indicating that the ratio of elastic to viscous character
istics is maintained. Consequently, cold storage extends the period 
during which the ink remains easily printable and minimizes rheological 
drift—a phenomenon consistent with known properties of gelatine and 
similar gelling agents, which retain mechanical strength and gelling 
capacity better at lower temperatures (Schrieber and Gareis, 2007).

Moreover, HPLC analysis confirmed no significant degradation (≥
95 % recovery) of SMX/TMP in refrigerated inks over 90 days (Fig. 8D), 
whereas a notable drop in API content (≈ 10 %) was observed at room 
temperature by D90.

Overall, the recommended storage for pharma-inks is under refrig
erated conditions, with a maximum shelf life of 3 months, to maintain 
both rheological performance and API integrity. This three-month limit 
ensures minimal rheological drift and preserves API content above 
acceptable thresholds for therapeutic efficacy.

3.3.3. Chewable tablet stability
The physicochemical stability of chewable tablets differs from that of 

traditional solid dry oral forms. Their hydrogel nature necessitates a 
partial drying step before packaging, which will not be fully completed. 
The residual moisture within the tablets represents both an advantage, 
allowing them to maintain adequate flexibility and palatability, and a 
disadvantage, as water is known to accelerate degradation processes, 
particularly through direct hydrolysis of active ingredients.

In this study, packaging the chewable tablets after 24 h of drying at 
room temperature helped limit the effects of moisture on degradation, 
although some risk persists (Bouwman-Boer et al., 2015). Throughout 
the stability study, the chewable tablets showed no notable changes in 
odour, taste or colour, illustrating their robustness in maintaining 

Fig. 8. Physical and chemical stability of chewable tablets and ink. Fig. 8A: Evolution of storage modulus (G’) and tan(δ) during shear strain (γ) increase for ink store 
at room temperature at different time points (D0, D30, D45, D60, D90). Fig. 8B: Evolution of storage modulus (G’) and tan(δ) during shear strain (γ) increase for ink 
store at fridge at different time points (D0, D30, D45, D60, D90). Fig. 8C: Recovery of the theoretical content obtained at different times for the chewable tablets (D0, 
D30, D45, D60, D90). Fig. 8D: Recovery of the theoretical content at different times for the ink in syringes, whether stored at room temperature or refrigerated (D0, 
D30, D45, D60, D90). The results shown are mean ± SD (N = 3) for API content. Rheological measurements were performed without replicates, at the indicated 
time points.
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organoleptic properties. Insights into API content stability are illustrated 
in Fig. 8C. The data reveal that the theoretical active pharmaceutical 
ingredient (API) content remained stable over the 180-day period (≥ 95 
% recovery). Among various packaging materials, PET bottles kept 
under refrigeration were ultimately chosen, as they limited water loss to 
under 1 % after 180 days. Storage conditions also strongly affected 
mouthfeel: tablets stored at room temperature hardened and became 
more friable due to continued water evaporation but also increased the 
brittleness of the tablets, making them more prone to crumbling during 
handling. Whereas refrigeration preserved both chewability and flavour 
retention, making it the preferred storage condition. This finding sug
gests that the formulation, coupled with appropriate packaging, effec
tively protects the APIs from environmental factors.

In conclusion, refrigerated storage (2–8 ◦C) effectively preserves 
both pharma-inks and chewable tablets, maintaining printability, me
chanical properties, texture, taste masking and API stability over three 
months for the pharma-inks and 6 months for the gummies.

4. Conclusion

Two types of 3D-printed chewable formulations incorporating SMX/ 
TMP for paediatric patients were manufactured by SSE technology. The 
printing process demonstrated high repeatability, yielding consistent 
mass uniformity in a hospital setting for clinical implementation in a 
cancer hospital for monolayer chewable tablets. The pharma-inks met 
the stability requirement, and they were printable over three months. 
Drug dissolution studies confirmed an immediate release profile com
parable to existing commercial formulations, suggesting potential 
bioequivalence.

Regarding bilayer tablet technology, while it has potential in taste 
masking by reducing co-localization of the active ingredients, it remains 
an exploratory approach that requires further optimization for repro
ducibility, scalability and regulatory compliance before it can be 
considered for widespread clinical use. Future work should focus on 
refining the bilayer printing process and evaluation of long-term sta
bility and patient adherence under real-world conditions.

Additionally, the improved palatability compared to traditional oral 
suspensions addresses a critical barrier to adherence in paediatric pa
tients, making the formulation clinically viable. Clinical feedback from 
patients who could no longer tolerate commercial forms has been 
encouraging, underscoring the formulation’s utility in addressing unmet 
medical needs. This work highlights the potential of 3D printing to 
deliver personalized, on-demand medications, particularly for vulner
able populations like children.
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The promising role of semi-solid extrusion technology in custom drug formulation 
for pediatric medicine. Int. J. Bioprinting 10 (6), 4063.

Chatzitaki, A.T., Mystiridou, E., Bouropoulos, N., Ritzoulis, C., Karavasili, C., 
Fatouros, D.G., 2022. Semi-solid extrusion 3D printing of starch-based soft dosage 
forms for the treatment of paediatric latent tuberculosis infection. J. Pharm. 
Pharmacol. 74 (10), 1498–1506.

Chen, H., Xie, F., Chen, L., Zheng, B., 2019. Effect of rheological properties of potato, rice 
and corn starches on their hot-extrusion 3D printing behaviors. J. Food Eng. 244, 
150–158.

Clapham, D., Belissa, E., Inghelbrecht, S., Pensé-Lhéritier, A.M., Ruiz, F., Sheehan, L., 
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