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A B S T R A C T

This study presents the development of personalized, immediate-release furosemide tablets for pediatric use 
using semi-solid extrusion (SSE) 3D printing integrated with compounding system solution (CSS) technology. 
Dose personalization and real-time quality assurance were implemented using near-infrared (NIR) spectroscopy 
with partial least squares (PLS) modeling, supported by Fourier-transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), and surface characterization via scanning white light interferometry (SWLI).

Furosemide formulations (1 % and 2 % w/w) were prepared using a gel-based excipient and printed in doses 
from 2 to 10 mg. The NIR-based PLS model exhibited strong predictive accuracy (R² = 0.91; RMSEC = 3.37 %), 
enabling effective, non-destructive blend uniformity monitoring. All formulations met European Pharmacopoeia 
requirements for drug content (85.0–115.0 %) and content uniformity (AV < 15). Dissolution testing confirmed 
rapid release profiles, with >85 % release for all freshly prepared tablets. After six months, the 2 % formulation 
retained adequate performance (88.5 %), while the 1 % formulation showed a moderate decline (76.3 %).

FTIR and XRD analyses revealed no significant drug–excipient interactions, and the crystalline structure of 
furosemide remained intact throughout storage. SWLI demonstrated surface morphology variations between 
formulations, revealing that excipient and surfactant levels influenced microtopography and potentially drug 
release kinetics.

The integration of SSE 3D printing with spectroscopic and imaging tools offers a robust, reproducible, and 
patient-centric platform for personalized pediatric drug manufacturing. This approach supports the transition 
toward automated, non-sterile compounding with real-time control, improved dose precision, and enhanced 
product quality—addressing long-standing gaps in pediatric pharmaceutical care.

1. Introduction

The convergence of 3D printing and automation technologies is 
revolutionizing pharmaceutical manufacturing, enabling personalized, 
on-demand medication production (Norman et al., 2017; Sandler and 
Preis, 2016). Among various additive manufacturing techniques, 
semi-solid extrusion (SSE) offers unique advantages for clinical phar
macy applications due to its low-temperature operation and compati
bility with heat-sensitive compounds. This method allows the precise 

fabrication of customized solid oral dosage forms, making it particularly 
suitable for pediatric pharmacotherapy, where age-appropriate formu
lations and individualized dosing are critically needed (Alhnan et al., 
2016; Goyanes et al., 2017).

Advances in automated manufacturing methods, such as SSE, are 
enhancing the precision, scalability, and personalization of customized 
dosage forms. Incorporating online quality control systems can further 
strengthen reliability and consistency, supporting the broader clinical 
adoption of individualized therapies. Conventional quality control (QC) 
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tools such as high-performance liquid chromatography (HPLC), disso
lution, or disintegration testing are destructive, resource-intensive, and 
unsuitable for point-of-care compounding (Khaled et al., 2014; Yu and 
Ding, 2008). In contrast, Near-Infrared (NIR) spectroscopy, when 
applied with chemometric modeling, has emerged as a non-destructive 
Process Analytical Technology (PAT) for pharmaceutical 
manufacturing (Blanco and Villarroya, 2002; Roggo et al., 2007). It 
enables real-time monitoring of blend uniformity (BU) and active 
pharmaceutical ingredient (API) content, offering immediate feedback 
on formulation quality before and during the printing process (De Beer 
et al., 2011; Markl and Zeitler, 2017).

One drug that highlights the urgent need for personalised precision 
dosing is furosemide, a loop diuretic frequently prescribed to manage 
fluid overload in children, particularly those undergoing cardiac surgery 
or living with heart failure (Prandota, 2001a; van der Vorst et al., 2006). 
Pediatric dosing typically ranges from 1 to 2 mg/kg for patients with 
normal renal function. However, due to a prolonged elimination half-life 
in infants, furosemide is associated with risks of drug accumulation, 
potentially leading to sensorineural hearing loss, hypovolemia, gall
stones, and electrolyte imbalances (Whitelaw et al., 2001). Despite these 
clinical challenges, there are no approved pediatric-specific solid dosage 
forms, and compounded alternatives often suffer from inconsistent 
dosing accuracy, instability, and poor microbiological quality (Eileen 
Kairuz et al., 2007; Van Der Zanden et al., 2021; Van Riet-Nales et al., 
2011).

Previous research has explored the feasibility of 3D printed furose
mide formulations, e.g. Lafeber et al. (2021) who produced 3D-printed 
furosemide and sildenafil tablets. While the work highlighted the 
innovative potential of 3D printing and addressed aspects of dose ac
curacy and content uniformity, it did not implement real-time process 
control, nor did it conduct a complete pharmacopeial QC assessment or 
long-term stability testing. Similarly, other SSE-based approaches have 
focused on proof-of-concept fabrication and basic characterization, 
without addressing multi-stage quality assurance, blend homogeneity, 
or microbial stability (Awad et al., 2018; Trenfield et al., 2018).

Despite these technological advancements, the practical integration 
of 3D printing and semi-solid extrusion into hospital and compounding 
pharmacy settings remains limited (Gudeman et al., 2013; Rinke et al., 
2007). Challenges include equipment complexity, the need for special
ized operator training, the absence of standardized operating proced
ures, and concerns about maintaining pharmacopeial quality standards 
outside traditional manufacturing environments (Johannesson et al., 
2023). Furthermore, the lack of integrated, real-time quality assurance 
measures often undermines confidence in the reliability and reproduc
ibility of individualized dosage forms (Mullarkey, 2009). Addressing 
these gaps is essential to support the broader clinical adoption of 
on-demand personalized medicine, particularly for vulnerable patient 
groups such as children.

This study presents a scalable approach to personalized pediatric 
furosemide tablets using SSE-based 3D printing and compounding sys
tem technology. It integrates NIR spectroscopy and chemometric anal
ysis for real-time blend monitoring, along with on-line mass uniformity 
testing. Quality control aligns with European Pharmacopoeia (Ph. Eur). 
Standards (The European Pharmacopoeia. Version 11.0), January 
2023), covering content uniformity, pharmacopeial tests, and a six- 
month stability study. The work establishes a comprehensive frame
work for in-process and post-process quality assurance in automated, 
pharmacy-based manufacturing of personalized medicines.

2. Materials and methods

2.1. Materials

Furosemide secondary standard was obtained from Merck (New 
Jersey, USA), while the Ph. Eur. grade API and polysorbate 80 were 
sourced from Caesar & Loretz GmbH (Hilden, Germany). CuraBlend® 

gel tablet excipient base from CurifyLabs Oy (Helsinki, Finland), was 
used for preparing extrudable mixtures. CuraBlend® is composed of 
purified water, xylitol, gelatin, cocoa butter, glycerol, maltodextrin, 
citric acid, sodium citrate, potassium sorbate, and flavors. All solvents 
and reagents used were of analytical grade.

Tablets were packaged in Mini Medi-Cup® Plus™ Blisters (MD425) 
from Medi-Dose Group (Pennsylvania, USA) and sealed using Laser
Label™ "25″ Lid-Label® cover sheets from the same supplier.

2.2. Methods

2.2.1. The modelling methodology for NIR/PLS development

2.2.1.1. Preparation of calibration samples. Calibration samples were 
prepared for blend uniformity (BU) testing using an excipient base. 
Initially, separate 10 % w/w stock formulations of furosemide API were 
created. These stock formulations included the API along with poly
sorbate and excipient base as an excipient base. For furosemide stock 
formulation, a 1 % polysorbate 80 concentration was used. Each stock 
formulation was diluted with excipient base to achieve concentrations 
ranging from 80 % to 120 % w/w. For each drug, the appropriate 
polysorbate 80 concentration was mixed with the respective API before 
blending with excipient base using a PM140 mixer, supplied by Gako 
Deutschland GmbH (Scheßlitz, Germany) for 10 min per batch. 
Following this, multiple external validation batches were prepared for 
both drugs using the same methodology. In the second phase of the 
study, to enhance sampling techniques, the same sample preparation 
process was repeated three times, with each set containing nine con
centrations within the range of 80.0 % to 120.0 %.

2.2.1.2. Spectral acquisition. The collection of spectra for at-line sam
ples was conducted using the VIAVI micro NIR spectrophotometer 
(California, USA). This MicroNIR employs a linear variable filter as its 
dispersing element — a band-pass filter with a linearly varying trans
mitted wavelength across its surface. Coupled to an uncooled 128-pixel 
InGaAs linear diode array, each pixel of the array detects and reads out a 
different wavelength. The light source consists of a pair of low-power 
vacuum tungsten lamps, and a 16-bit analog-to-digital converter is uti
lized for sample data digitization.

The spectrophotometer operates within a spectral range of 980–1800 
in reflectance mode at 0.1 ms intervals, with a 100-scan count. It boasts 
a wavelength accuracy of <1 nm and wavelength reproducibility of 
<0.1 nm.

MicroNIR droplet sampler, supplied by VIAVI (California, USA), was 
utilized for the analysis of blend uniformity in the CuraBlend matrix. 
Key specifications of the MicroNIR Droplet Sampler include a 250 μm 
dual-pass cell, resulting in a total path length of 500 μm. This configu
ration allows for accurate spectral analysis with only a few drops of the 
sample. Additionally, the accessory is equipped with a built-in diffuse 
reflectance reference, ensuring consistent and reproducible measure
ments. Fig. 1 illustrates the sample preparation process for NIR spec
troscopic analysis.

2.2.1.3. Chemometric spectral data treatment. Spectral preprocessing 
and multivariate analysis were conducted utilizing the chemometric 
software VIAVI MicroNIR TM Pro Version 3.2 (California, USA). Pre
processing techniques employed included standard normal variate 
(SNV) correction and first derivative with smoothing (Rinnan et al., 
2009). These methods were used to amplify the chemical characteristic 
signals of the blends while minimizing noise associated with their 
physical properties.

2.2.1.4. Calibration model development. The calibration models were 
evaluated using criteria such as root mean square error of calibration 
(RMSEC), root mean square error of cross-validation (RMSECV) using 
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the leave-one-out technique, and the number of latent variables (LV). 
Analysis of these parameters in pre-processing determined the optimal 
model. Preference was given to the model with the lowest RMSECV 
values and the fewest LVs. Additionally, the performance of the estab
lished model was assessed using an external validation set of samples, 
comparing discrepancies with a reference method to demonstrate the 
efficacy of the developed partial least squares (PLS) models for both 
spectroscopic methods (De Bleye et al., 2012).

2.2.1.5. NIR method validation. The validated final PLS models for BU 
were updated in accordance with NIR method guidelines (Development 
and Submission of Near Infrared Analytical Procedures, 2021). The 
validation process encompassed assessments for accuracy, linearity, 
precision and robustness using external validation samples independent 
of the calibration samples. To assess accuracy, the NIR model’s pre
dictions for offline BU monitoring were compared to the mean HPLC 
data of blends extracted from 10 locations of the 3D printer syringe. 
Accuracy was statistically determined by evaluating the closeness of NIR 

Fig. 1. Sample preparation for near-infrared (NIR) spectroscopic analysis using drop-on-window technique: 
Step 1: A small amount of semi-solid formulation is dispensed onto the measurement window of the NIR sample holder using a syringe. 
Step 2: The holder is closed to ensure uniform sample spreading across the window. 
Step 3: The sample is inserted into the NIR spectrometer for spectral data acquisition. 
This method enables non-destructive, contact-free analysis of semi-solid materials.

Fig. 2. Workflow for developing and validating a PLS model for BU analysis: 
(1) Calibration: Samples spanning 80–120 % of the target concentration ensured representative data coverage, confirmed by multivariate score plots. (2) Preprocessing: 
Spectra were treated with derivative and standard normal variate (SNV) corrections; regression plots identified key predictive regions. (3) Model Building: Spectral 
data were correlated with reference values; performance assessed via root mean square error of calibration (RMSEC), coefficient of determination (R²), and prediction 
accuracy (4) Validation: The model’s accuracy and precision were validated in a real-world belnd uniformity setup.
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BU data to the target 100 %.
A precision test as a repeatability was conducted by measuring one 

sample at different concentration levels: 80 %, 100 %, and 110 %. Each 
concentration level was tested, and measurements were taken 6 times 
for each 10 samples. Relative standard deviation (RSD %) was calculated 
for each set of 6 measurements, and the average RSD % for each sample 
level and factor combination was computed. Linearity was established 
within the range of 80–110 % of the target API concentration for the BU 
method. Robustness testing involved executing batches with different 
API concentrations (ranging from 80 % to 110 % for BU) and varied 
batch sizes of formulations (50 g, 60 g and 70 g) (Fig. 2).

A detailed NIR-based chemometric approach was employed for BU 
assessment. Calibration samples were prepared across a concentration 
range (80–120 %) using an excipient base. Spectral acquisition was 
performed using a MicroNIR spectrophotometer with a drop-on-window 
technique, enabling non-destructive sampling. Chemometric treatment 
and model development were conducted using standard preprocessing 
and Partial Least Squares (PLS) regression analysis. The final models 
were validated in accordance with FDA guidance, including evaluations 
for accuracy, precision, linearity, and robustness.

2.2.2. Pre formulation studies assessing drug-excipient interactions

2.2.2.1. Fourier-transform infrared spectroscopy. Fourier-transform 
infrared spectroscopy (FTIR) spectra of the raw materials and extruded 
gel tablets were acquired using a Shimadzu IRPrestige-21 spectropho
tometer (Kyoto, Japan), fitted with a Golden Gate ATR accessory from 
Specac Ltd. (Orpington, UK). Measurements were performed at three 
distinct points on each tablet surface. Individual spectra of all solid 
components were also taken one by one.

2.2.2.2. X-ray powder diffraction. X-ray Powder Diffraction (XRPD) 
patterns of furosemide raw materials and extruded gel-based tablets 
were recorded using a D8 Advance X-ray diffractometer (Bruker AXS 
GmbH, Karlsruhe, Germany). Measurements were performed in sym
metrical reflection mode using Bragg-Brentano geometry, with CuKα 
radiation (λ = 1.54 Å). Data were collected over a 2θ range of 5◦ to 35◦, 
with a step size of 0.2◦ 2θ. Scattered X-ray intensities were detected 
using a LynxEye one-dimensional detector equipped with 165 channels. 
The instrument was operated at 40 kV and 40 mA. XRPD analysis was 
conducted on the semi-solid CuraBlend® base as well as the physical 
mixture of all solid components, and individual solid ingredients from 
the formulation, such as cocoa butter, xylitol and furosemide. Each 
tablet was measured individually immediately after removal from the 
blister pack to minimize drying of the tablets during measurement.

2.2.3. The formulation process including SSE printing and compounding 
steps

2.2.3.1. Formulation of furosemide tablets. A formulation with 1 % 
furosemide was prepared using CuraBlend® as the base (98.0 % w/w), 
with polysorbate 80 and furosemide each contributing 1 % w/w. In 
comparison, a 2 % furosemide formulation comprised 96.0 % w/w 
excipient base, along with 2 % w/w of both polysorbate 80 and furo
semide. Homogenization of each formulation was performed using an 
automated planetary mixing unit (PM 140, Gako Deutschland GmbH, 
Scheblitz, Germany) set to 2800 rpm for a duration of 10 min. After 
mixing, the molten blends were aseptically loaded into pre-sterilized, 
disposable 100 mL polyvinyl chloride (PVC) syringes fitted with Luer- 
lock connectors (CurifyLabs, Helsinki, Finland).

To accommodate varying dosage requirements, tablets were pro
duced in multiple sizes corresponding to different drug strengths. Spe
cifically, for the 1 % furosemide formulation, tablets containing 1, 2, 3, 
4, and 5 mg of the active ingredient were manufactured, while the 2 % 
formulation yielded tablets with 2, 4, 6, 8, and 10 mg of furosemide, 

thereby enabling a flexible range of therapeutic dosing options.

2.2.3.2. Integrated compounding platform. The compounding workflow 
in this study was implemented using CurifyLabs’ Compounding System 
Solution (CSS, CurifyLabs, Helsinki, Finland), a semi-automated plat
form (Fig. 3) designed for non-sterile pharmaceutical manufacturing, 
which integrates digital formulation management, planetary mixing, 
and semi-solid extrusion (SSE) 3D printing for the preparation of indi
vidualized solid oral dosage forms. (Sandler Topelius et al., 2024).

2.2.3.3. In-process homogeneity study of syringe-loaded formulation. A 
100 g batch was loaded into a 100 mL syringe and printed using a 3D 
Pharma Printer set at 40 ◦C. To evaluate the uniformity of the material 
dispensed throughout the printing cycle, samples were collected at three 
distinct stages. At the start of the process, three units were taken from 
the first, third, and last rows of the blister pack. The same sampling 
pattern was repeated at the midpoint of printing. At the end, four units 
were collected—three from the defined rows and one randomly selected. 
This structured sampling approach allowed for a cross-sectional 
assessment of content consistency throughout the entire run, ensuring 
material homogeneity within the syringe.

2.2.4. Tablet characterization methods

2.2.4.1. HPLC-based assay for furosemide content. Furosemide quantifi
cation was carried out using a validated HPLC method in line with ICH 
Guideline Q2. The analysis utilized an HPLC system from Waters Cor
poration (Milford, Massachusetts, USA) equipped with a photodiode 
array (PDA) detector. Chromatographic separation was performed on a 
BEH C18 VanGuard FIT column (2.5 µm, 100 mm), operated at ambient 
temperature. The mobile phase was composed of 10 mM potassium 
phosphate monobasic (prepared by dissolving 1.2 g in 1000 mL of 
water) and acetonitrile in a 70:30 ratio. The pH was adjusted to 3.5 using 
phosphoric acid. The method employed a flow rate of 1 mL/min, a 
detection wavelength of 233 nm, an injection volume of 5 µL, and a total 
analysis time of 8.0 min. To create analytical stock reference standard 
solutions, 50 mg of furosemide was dissolved in 500.0 mL of a diluent 
composed of a 50:50 vol-to-volume ratio (v/v) mixture of methanol and 
water. 5.0 mL of the solution was further diluted to 10.0 mL with 
diluent. For sample preparation, furosemide tablet samples of various 
doses were prepared to achieve a concentration of 50 ppm.

The quantification of furosemide content in tablets was performed 
using Waters Empower software (version 3.6.1). To prepare assay 
samples at a target concentration of 50 ppm, 500 mg of a tablet 
formulation containing 1 % furosemide was dissolved in 50 mL of the 
mobile phase. The solution was then heated in a water bath at 50 ◦C, 
vortexed to ensure complete dissolution, and subsequently filtered using 
a 0.2 µm membrane filter. This process yielded a final sample concen
tration of 50 ppm.

To evaluate dosage uniformity within each batch, content analysis 
was conducted on 10 individual tablets. The results were assessed in 
accordance with the Ph. Eur. standard 2.9.40, which outlines the criteria 
for content uniformity of dosage units.

The content uniformity was expressed through the Acceptance Value 
(AV), as described in Ph. Eur. chapter 2.9.40, which is calculated using 
both the mean content of the tested units and the variability among 
them. This approach ensures that each unit within the batch falls within 
acceptable limits defined in the respective monograph.

2.2.4.2. Disintegration time. The disintegration behavior of furosemide 
tablets was examined using a DT2 disintegration tester (Sotax, Allschwil, 
Switzerland), in alignment with the Ph. Eur. section 2.9.1, which sets a 
15-minute maximum limit for uncoated tablets. The evaluation took 
place in 1-liter beakers containing purified water held at a temperature 
of 37 ◦C. Six individual tablets, each with a mass of 400 mg, were tested 
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(n = 6). The time taken for each tablet to fully disintegrate was recorded, 
marking the point at which no solid residue remained.

2.2.4.3. In vitro drug release measurements. Purified water served as the 
dissolution medium for testing. For tablets containing 400 mg of furo
semide, the test volume was fixed at 500 mL, and the temperature was 
kept steady at 37 ◦C throughout the procedure. The analysis was carried 
out using a Waters Acquity 2998 photodiode array HPLC system (Mil
ford, Massachusetts, USA), in conjunction with a dissolution apparatus 
equipped with paddles (ERWEKA GmbH, Langen, Germany). Tablet 
dissolution was monitored at predefined intervals: 0, 5, 10, 15, 20, 30, 
45, and 60 min, with the paddle speed consistently maintained at 50 
rpm. Each test involved six tablets of the same dosage strength.

The dissolution testing followed the specifications outlined in the Ph. 
Eur. sections 2.9.3 (Table 1) and 5.17.1, which pertain to standard 
immediate-release solid oral dosage forms. Analytical evaluation was 
performed based on the method detailed in section 2.5. According to the 
defined acceptance criteria, a minimum of 80 % (Q) of the declared 
furosemide content must dissolve within 60 min during the first stage of 
testing with six units.

2.2.4.4. pH determination. The pH evaluation of the furosemide tablets 
was conducted at ambient temperature using an Edge pH meter 
(HANNA Instruments Inc., Woonsocket, USA). For this assessment, three 
tablets, each containing 400 mg of furosemide (n = 3), were placed in 
individual glass containers and gently heated to 45 ◦C to allow softening. 
After approximately 30 s, the pH probe was introduced into the liquefied 
sample. Measurements were recorded following a one-minute stabili
zation period to ensure accurate readings.

2.2.4.5. Scanning white light interferometer. Gel tablets containing 1 % 

and 2 % furosemide were examined using scanning white light inter
ferometry (SWLI) to evaluate their surface topography and micro-scale 
roughness, with the aim of understanding the influence of formulation 
composition — particularly surfactant concentration — on surface 
morphology. Measurements were captured using a Mirau-type inter
ferometric objective at 10 × magnification, covering an area of 
approximately 700 × 500 µm. The acquired data were analysed in 
accordance with ISO 25,178 and ISO 21,920 surface roughness stan
dards to provide a quantitative assessment of the printed surface quality.

2.2.4.6. Microbial enumeration test and test for specific microorganisms.
Microbiological quality of the 1 % furosemide gel-based tablet formu
lation was assessed in accordance with the procedures outlined in the 
Ph. Eur. chapter 2.6.12 (Microbial Enumeration Tests) and 2.6.13 (Tests 
for Specified Microorganisms).

The total aerobic microbial count (TAMC) and total yeast and mold 
count (TYMC) were determined using the plate count method. Samples 
were appropriately diluted with sterile diluent and plated on casein 
soybean digest agar for TAMC and sabouraud dextrose agar for TYMC. 
Plates were incubated at 30–35 ◦C for bacterial counts and at 20–25 ◦C 
for fungal counts, following the incubation periods prescribed by Ph. 
Eur. guidelines.

In addition, testing for Escherichia coli was carried out using 
enrichment in selective broth followed by subculture on selective agar 
media, as described in Ph. Eur. 2.6.13. Results were expressed in colony- 
forming units (CFU) per gram of sample for enumeration, and the 
presence or absence of E. coli was confirmed in 1 g of the product. 
Acceptance criteria were based on Ph. Eur. requirements for oral non- 
sterile preparations: TAMC not exceeding 10³ CFU/g, TYMC not 
exceeding 10² CFU/g, and the absence of E. coli in 1 g of sample.

Fig. 3. Workflow for compounding platform. 
Step 1: Batch preparation and order creation: batch protocols are retrieved from the validated formulation library. 
Step 2: Ingredient addition and homogeneous mixing: The active pharmaceutical ingredient (API) powder and Polysorbate 80 (PS80) are combined with the Cur
aBlend® excipient base. Ingredients are mixed using an automated high-speed mixer according to the defined batch protocol. 
Step 3: 3D printing and in-process quality control: Customized tablets are manufactured directly into blister moulds using a precision 3D printing unit. Each tablet 
undergoes 100 % in-process mass verification to ensure compliance with dosage and weight specifications. Step 4: Blister sealing and product release: completed 
tablets are sealed into labelled blisters and released following final quality control analysis.

Table 1 
Accuracy of Micro-NIR model for furosemide BU in CuraBlend®.

Method Theoretical Level Factor No Mean BU a ( %) Min 
( %)

Max 
( %)

SD 
( %)

Deviation from Target ( %)

HPLC 80 % NA 87.8 86.3 89.2 0.8 NA
Micro-NIR 80 % 4 81.5 77.9 84.9 2.3 − 6.3
​ ​ ​ ​ ​ ​ ​ ​
Method Theoretical Level Factor No Mean BU a ( %) Min 

( %)
Max 
( %)

SD 
( %)

Deviation from Target ( %)

HPLC 100 % NA 101.6 99.1 105 2.1 NA
Micro-NIR 100 % 4 95.0 92.3 97.9 2.3 − 6.7
​ ​ ​ ​ ​ ​ ​ ​
Method Theoretical Level Factor No Mean BU a ( %) Min 

( %)
Max 
( %)

SD 
( %)

Deviation from Target ( %)

HPLC 110 % NA 105.8 102.7 108.8 2.1 NA
Micro-NIR 110 % 4 108.4 103.9 114.2 2.7 2.5

a Mean of 10 locations in syringe, n = 10.
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2.2.5. The stability studies
Batches of 1 % and 2 % furosemide formulations were produced and 

printed using the validated Pharma Printer® software at deposition 
weights ranging from 200 mg to 500 mg. Since the composition of each 
tablet size was identical and only the deposition weight varied, the 400 
mg variant was selected as a representative strength for detailed char
acterization and stability studies.

Tablets were stored in Medi-Cup green Blisters® (Medi-Dose, USA), 
chosen for their compatibility and protective features. The packaging 
was sealed using the Roll-E-ZY Press, ensuring secure and tamper- 
evident closure. To evaluate the stability of both 1 % and 2 % furose
mide formulations, a study was carried out at room temperature (21–25 
◦C) over predetermined time points: 0, 1, 3, and 6 months.

2.2.6. Statistical analysis
All statistical analyses were performed using IBM SPSS Statistics 

(Version 30.0.0.0 (172), IBM Corp., Armonk, NY, USA). Dissolution data 
were expressed as mean ± standard deviation (SD) for six replicates per 
time point. An independent samples t-test was used to compare the 
percentage drug release between the 1 % and 2 % furosemide formu
lations at each individual time point (5, 10, 15, 20, 30, 45, and 60 min). 
For disintegration time comparison, a paired samples t-test was con
ducted to assess differences between the two formulations across 
matched tablets (n = 6). A significance level of p < 0.05 was considered 
statistically significant. Surface roughness data were presented 
descriptively due to the absence of replicate measurements.

3. Results

3.1. NIR-assisted production of blend uniformity in furosemide 
formulation

3.1.1. Quantitative PLS NIR model parameters for built PLS models
The PLS model was built for furosemide using a calibration set of 131 

samples at concentrations between 90 % and 110 %. The first derivative 
and standard normal variate (SNV) were applied for pretreatment 
methods. This model demonstrated good predictive performance with 
R2=0.91217, and root mean square error of calibration (RMSEC) of 3.37 
%, and root mean square error of cross-validation (RMSECV) of 3.68 %. 
The scores plot (Fig. 4A) shows clustering of replicate samples and 
separation between concentration levels. These observations indicate 
the relevant spectral regions used for calibration and the ability of the 
model to distinguish concentration differences within the mixture.

The regression coefficient plot (Fig. 4B) displays peaks at 1404 nm 

and 1447 nm, corresponding to regions associated with C–H overtone 
and combination bands. These wavelengths are consistent with features 
observed in the pure furosemide API spectrum, with 1404 nm attributed 
to aromatic C–H and 1447 nm to aliphatic C–H vibrations. The homo
geneity of NIR spectra across concentration levels confirms the consis
tency of spectral profiles (Fig. 5).

3.1.2. External validation
The accuracy of the quantitative PLS NIR model for assessing BU of 

furosemide in CuraBlend® was evaluated across three independent 
batches with varying batch sizes: 50 g, 60 g, and 70 g (Table 1). For 80 % 
theoretical concentration, the mean content uniformity was 81.5 % with 
a standard deviation of 2.3 %. At the 100 % theoretical level, the mean 
content uniformity was 95.0 %, also with a standard deviation of 2.3 %. 
For the 110 % theoretical level, the mean content uniformity was 108.4 
%, with a standard deviation of 2.7 %.

The precision test was conducted at three concentration levels (80 %, 
100 %, and 110 %) using Factor 4. Measurements were repeated six 
times across ten samples at each concentration level. The average RSD % 
values were 1.4 % at 80 %, 1.0 % at 100 %, and 1.3 % at 110 %, indi
cating consistent precision across the tested range.

3.2. Assessment of within-syringe homogeneity during automated dosing

Content uniformity testing was conducted at the beginning, middle, 
and end of the printing process for both 1 % and 2 % furosemide for
mulations in CuraBlend®.

As shown in Table 2, both formulations maintain consistent API 
content across all printing stages. The average content values ranged 
from 97.6 % to 101.1 %, with low standard deviations and AVs of 4 (1 %) 
and 3 (2 %), respectively.

3.3. Quantitative analysis of drug content

Content uniformity for 1 % and 2 % furosemide formulations was 
evaluated across four tablet strengths (500 mg, 400 mg, 300 mg, and 
200 mg) (Table 3). The analysis included the minimum, maximum, and 
mean content values, along with the AV, based on the criteria set by Ph. 
Eur. 2.9.40. The acceptance limits required content to fall within 85.0 % 
to 115.0 % of the labeled amount, with AV not exceeding 15. For all 
tablet strengths and concentrations, the mean drug content remained 
within the acceptable range. For instance, the 1 % furosemide 500 mg 
tablets had a mean content of 104.0 %, while the 2 % furosemide 500 mg 
tablets showed a mean of 107.6 %. AV values for all samples ranged 

Fig. 4. (A) Scores plot for furosemide blend uniformity (BU) in CuraBlend® mixture (n = 131 samples) and (B) Regression coefficients plot for furosemide BU in 
CuraBlend® mixture.
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from 4 to 10, complying with the required threshold. The minimum and 
maximum content values across all tablet sizes showed limited varia
tion. For example, the 1 % 500 mg tablets ranged from 102.9 % to 106.0 
%, and the 2 % 500 mg tablets from 106.5 % to 110.4 %. This consis
tency indicates uniform distribution of furosemide within the formula
tions across the different tablet sizes tested.

3.4. Disintegration time

Disintegration testing of 1 % and 2 % furosemide tablets across all 
sizes showed times under 10 min, meeting the Ph. Eur. requirement of 
≤15 min for immediate-release tablets. These results confirm compli
ance with pharmacopoeial standards.

Additionally, a paired-sample t-test was conducted to compare the 
disintegration times of 1 % and 2 % furosemide formulations (n = 6 per 
formulation). The mean disintegration time for the 1 % formulation was 

Fig. 5. Representative mean near-infrared (NIR) spectra of homogeneous batches at different theoretical concentration levels (80–120 %).

Table 2 
Content uniformity results of syringe homogeneity test (n = 10).

Product name Printing Stage API Content ( %) Average ( %) ± SD Acceptance Value

1 % Furosemide Beginning of Printing 98.0, 97.9, 97.6 97.9 ± 0.2 4
Mid-Point of Printing 96.8, 97.3, 98.8 97.6 ± 1.0
End of Printing 101.3, 100.2, 99.6, 100.1 100.3 ± 0.7

2 % Furosemide Beginning of Printing 98.8, 99.5, 100.2 99.5 ± 0.7 3
Mid-Point of Printing 100.1, 100.4, 100.5 100.3 ± 0.2
End of Printing 101.0, 100.6, 101.5, 102.6 101.1 ± 0.5
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7.78 ± 0.23 min, while the 2 % formulation showed a mean of 8.75 ±
0.19 min. A statistically significant difference was observed between the 
two formulations, t(5) = − 10.13, p < 0.001. The 95 % confidence in
terval for the mean difference ranged from − 1.21 to − 0.72 min.

3.5. Water-based drug release assessment of furosemide gel tablets

The in vitro drug release profiles for three formulations, namely 400 
mg 1 % furosemide, 400 mg 2 % furosemide, and the branded version 
were assessed at various time points (0, 5, 10, 15, 20, 30,45 and 60 min). 
The percentage of drug release was measured for each formulation at 
these time intervals.

The dissolution profile (Fig. 6) shows that the 1 % furosemide gel 
tablets released the drug more rapidly than the 2 % tablets, reaching 
over 80 % release within 30 min, while the 2 % tablets reached similar 
levels closer to 60 min. This indicates a faster dissolution rate for the 
lower-concentration formulation.

Statistical comparison of the dissolution profiles between the 1 % 
and 2 % Furosemide formulations demonstrated significant differences 
at all measured time points (p < 0.05) as shown in Table 4. During the 
initial 5–30 min, the 1 % formulation exhibited significantly higher drug 
release, whereas at 45 and 60 min, the 2 % formulation outperformed 
the 1 % in cumulative release. This suggests an initially faster dissolution 
for the 1 % formulation and a potentially more sustained release from 
the 2 % formulation.

3.6. Fourier-transform infrared spectroscopy evaluation of API-excipient 
interactions in furosemide tablets

FTIR analysis was conducted to obtain the infrared spectra of Cur
aBlend® as the excipient base, furosemide as API, and the extruded 
furosemide tablets. The purpose of the analysis was to compare the FTIR 
spectra of furosemide in its powder form and within the tablet formu
lation, aiming to identify any variations in peak characteristics that may 
provide insight into formulation compatibility and quality control. Fig. 7
presents the FTIR spectra of furosemide powder, extruded tablets 
(CuraBlend gel tablet – pure CuraBlend mixture extruded tablet without 
API; furosemide tablet – extruded tablet with 1 % and 2 % furosemide 
content), and main components of the CuraBlend mixture (Cocoa butter 
and Xylitol).

The FTIR spectrum of pure furosemide (bottom trace in Fig. 7) ex
hibits distinct absorption bands characteristic of its molecular structure, 
including strong peaks near 3400 cm⁻¹ (N–H and O–H stretching), 1680 
cm⁻¹ (C = O stretching), and multiple bands in the fingerprint region 
(600–1600 cm⁻¹) corresponding to aromatic and sulfonamide groups 
(Bolukbasi and Yilmaz, 2012; Gallignani et al., 2014). The spectrum of 
cocoa butter (top trace) is dominated by strong C–H stretching vibra
tions around 2850–2950 cm⁻¹ and carbonyl stretching near 1740 cm⁻¹, 
while xylitol shows prominent O–H stretching and C–O stretching bands 
(Bresson et al., 2021; Matawo et al., 2020; Roostar et al., 2025). Cocoa 
butter and xylitol were specifically included as reference excipients, 
since they are key components of the CuraBlend® base.

The CuraBlend® gel tablet base (without API) displays a broad O–H 
stretching band and characteristic excipient peaks but lacks the 
distinctive furosemide bands. In the spectra of extruded tablets con
taining furosemide (Fu 1 % + PS 1 % 1 d, Fu 2 % + PS 2.6 % 1 d, Fu 2 % 
+ PS 2 % 1 w, and Fu 2 % + PS 2 % 3 m), the key furosemide peaks- 
particularly those at 3400 cm⁻¹, 1680 cm⁻¹, and in the fingerprint 
region-are preserved, although their intensity is reduced and some peak 
broadening is observed compared to the pure drug. This attenuation and 
broadening are attributed to the dilution of furosemide within the 
excipient matrix and overlap with excipient absorption bands.

3.7. XRPD characterization of furosemide and excipient components in 
gel-based tablets

XRPD analysis was conducted on the semi-solid CuraBlend® base as 
well as individual solid ingredients from the formulation, such as xylitol, 
and furosemide. Fig. 8 presents the XRD patterns for furosemide powder, 
CuraBlend excipients mixture, main component of the mixture, and the 
extruded tablets with 1 % and 2 % of furosemide in different time points.

X-ray diffraction patterns of pure furosemide powder exhibited 
characteristic sharp peaks at 2θ values of approximately 6◦, 12◦, 18◦, 

Table 3 
Evaluation of dose uniformity in 1 % and 2 % furosemide formulations at 
multiple strengths (n = 10).

Product Name N Minimum 
( %)

Maximum 
( %)

Mean 
( %)

Acceptance Value 
(AV)

1 % furosemide 
_200 mg

10 103.6 111.0 106.1 10

1 % furosemide 
_300 mg

10 104.1 107.2 106.3 7

1 % furosemide 
_400 mg

10 103.7 109.0 106.2 9

1 % furosemide 
_500 mg

10 102.9 106.0 104.0 4

2 % furosemide 
_200 mg

10 106.4 111.6 108.2 10

2 % furosemide 
_300 mg

10 104.5 109.3 107.2 9

2 % furosemide 
_400 mg

10 105.3 109.0 107.2 9

2 % furosemide 
_500 mg

10 106.5 110.4 107.6 9

Fig. 6. Dissolution profile of furosemide 400 mg gel tablets: 1 %, 2 %, n = 6 tablets.
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Table 4 
Comparison of Mean % Drug Release Between Furosemide 1 % and 2 % Formulations at Different Time Points (n = 6 per group).

Timepoint (min) Mean % Release (1 %formulation) Mean % Release (2 % formulation) Mean Difference *p-value Significance

5 20.53 ± 3.21 16.85 ± 1.15 3.68 0.024 Yes
10 47.00 ± 2.00 32.00 ± 1.30 15.00 <0.001 Yes
15 62.10 ± 1.70 44.90 ± 1.50 17.20 <0.001 Yes
20 73.10 ± 1.50 54.80 ± 1.60 18.30 <0.001 Yes
30 83.70 ± 1.30 73.00 ± 1.90 10.70 0.001 Yes
45 85.50 ± 0.90 94.40 ± 1.20 − 8.90 0.003 Yes
60 86.20 ± 0.90 101.70 ± 0.70 − 15.50 <0.001 Yes

* p-values derived from independent samples t-tests.

Fig. 7. Fourier-transform infrared (FTIR) spectra of extruded furosemide gel tablets at different time points, pure furosemide powder, CuraBlend® base and indi
vidual spectra of some base components. 
Key: d, day; Fu, furosemide; m, month; PS, polysorbate 80; w, week.

Fig. 8. X-ray Powder Diffraction (XRPD) patterns of 2 % furosemide extruded gel tablets at different time points and pure furosemide powder, CuraBlend® base and 
physical mixture of solid components. 
Key: CB, CuraBlend®; CB dry mixture, physical mixture of solid CuraBlend® base components; d, day; Fu, furosemide; m, month; PS80, polysorbate 80; w, week; 
y, year.
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19◦, and 25◦ (Fig. 8, bottom blue pattern), confirming its highly crys
talline nature (Aceves et al., 2000; Adrjanowicz et al., 2011; Bolukbasi 
and Yilmaz, 2012) . In contrast, the CuraBlend® base displayed a pre
dominantly amorphous pattern with a broad halo (Fig. 8, pink pattern), 
while the physical mixture, the pattern of pure cocoa butter (not shown 
in the figure) and xylitol powder showed distinct crystalline patterns 
that differed from furosemide (Bresson et al., 2021; Colella et al., 2023; 
Matawo et al., 2020). The extruded formulation containing 2 % furo
semide and 2.6 % polysorbate 80 preserved the major characteristic 
peaks of furosemide across all time points, with the most prominent 
peak at approximately 6◦ 2θ remaining clearly visible even after 1.5 
years of storage (Fig. 8, upper patterns). However, minor changes in 
peak intensity and shape were observed over time, including slight 
broadening in the 3-month and 1.5-year samples. These alterations may 
reflect weak physical interactions between furosemide and the excipient 
matrix or partial reorganization of the microstructure, rather than major 
crystalline transitions.The more visible peak at 20◦ 2θ, which is already 
distinct in gel tablets that have been standing for a week, comes from 
xylitol (Fig. 8, bottom light green pattern).

Concentration-dependent effects of both furosemide and polysorbate 
80 on the XRD patterns are illustrated in Fig. 9. The formulation con
taining 1 % furosemide with 1 % polysorbate (light blue pattern) 
exhibited reduced intensity of drug-related peaks compared to formu
lations with 2 % furosemide, reflecting the lower drug concentration. 
Among furosemide formulations, varying polysorbate concentrations (1 
%, 2 %, and 2.6 %) did not appear to significantly influence the pres
ervation of the crystalline structure, as the X-ray diffraction patterns 
remained largely consistent across samples. However, the less distinct 
furosemide peaks in the 1 % polysorbate formulation may be influenced 
by both the amorphous halo of the CuraBlend® matrix and potential 
weak drug-excipient interactions. Furthermore, since measurements 
were taken one week after preparation, observed changes might reflect 
early-stage physical transitions in the matrix, such as excipient reorga
nization or phase behavior shifts.

The temporal stability of the 2 % furosemide formulation with 2.6 % 
polysorbate (Fig. 8) demonstrates that while peak intensities show slight 
variations over time, the essential crystalline fingerprint of furosemide 
remains intact. Nonetheless, the spectral variations observed in 
excipient-related regions—particularly in the lower 2θ range (5–15◦) 
and 20–25◦ 2θ— may indicate reorganization or crystallization of 
components like cocoa butter and xylitol during storage. These findings 
suggest that while no major crystallinity loss occurs in furosemide, 

subtle matrix-related effects and potential weak interactions cannot be 
ruled out. Xylitol is known to rapidly crystallize on the tablet surface 
after cooling, while cocoa butter undergoes polymorphic transitions 
over time, both of which may affect the diffraction and spectral patterns. 
Comparative analysis of the different formulations in Fig. 9 reveals that 
higher drug loading (2 % vs. 1 %) results in more prominent furosemide 
peaks, while higher polysorbate concentrations appear to enhance peak 
definition. Overall, while no significant disruption of furosemide’s 
crystalline structure was evident, observed differences are now inter
preted as likely resulting from a combination of matrix effects, storage- 
related transformations, and possible weak interactions within the 
formulation.

3.8. Surface topography evaluation of furosemide gel tablets via SWLI

Surface characterization of 3D-printed gel tablets containing furo
semide was performed using SWLI to evaluate the impact of both API 
concentration and the presence of a surfactant (polysorbate 80). The 
formulations analysed included a 1 % w/w furosemide tablet with 
polysorbate 80 (1 % w/w) and a 2 % w/w furosemide tablet containing 
2.0 % w/w polysorbate 80. In the 1 % furosemide tablet, topographic 
mapping (Fig10.A1) revealed a relatively rough and uneven surface, 
with a root mean square height (Sq) of 2.074 µm, a maximum height (Sz) 
of 35.76 µm, and an arithmetical mean height (Sa) of 1.498 µm. These 
values are indicative of a coarse surface texture with multiple moderate- 
level peaks and valleys.

The corresponding surface roughness map (Fig10.A2) and profile 
(Fig10.A3) provided additional metrics following ISO 21,920 standards. 
The arithmetic mean roughness (Ra) was measured at 0.68 µm, while the 
root mean square roughness (Rq) was 0.86 µm. The maximum roughness 
height (Rz) was 5.50 µm, and the surface exhibited negative skewness 
(Rsk = –0.44), indicating a tendency toward valley-dominated 
morphology. The kurtosis (Rku) of 4.73 suggests a relatively normal 
distribution with some sharp surface features. In contrast, the 2 % 
furosemide tablet containing 2.0 % PS80 displayed a notably smoother 
average surface in the topographic map (Fig. 10.B1), with Sq = 1.434 
µm, Sa = 0.93 µm, and Sz = 46.69 µm. Despite the reduced average 
roughness values, the maximum height (Sz) was actually higher than in 
the 1 % formulation, indicating deeper localized valleys or more pro
nounced structural features. The roughness map and surface profile 
(Fig. 10.B21& B3) showed Ra = 0.68 µm and Rq = 1.43 µm, values that 
are comparable in magnitude to those seen in the 1 % formulation. 

Fig. 9. X-ray Powder Diffraction (XRPD) patterns of furosemide extruded gel tablets with different furosemide and polysorbate 80 contents. 
Key: CuraBlend mixture, base without API at zero time point; PS, polysorbate 80 (1 and 2 indicate different batches with the same composition).
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However, the Rz value increased substantially to 12.93 µm, and the Rsk 
dropped sharply to –3.38, suggesting a significant presence of narrow 
valleys. Additionally, Rku increased dramatically to 23.51, reflecting a 
more peaked or spiked distribution of surface height data, which may 
influence texture perception or functional surface behavior.

3.9. Stability study

A six-month stability study was performed on two 3D-printed gel- 
based furosemide tablet formulations, containing 1 % and 2 % of the 
active ingredient, each at 400 mg strength. The tablets were stored 
under ambient conditions in Medi-Cup Blisters and evaluated at base
line, and after one, three, and six months (Table 5). The study assessed 
visual appearance, pH, assay, dissolution, and microbiological quality, 
in alignment with regulatory expectations including (ICH Q2(R2): 
Validation of Analytical Procedures, 2003).

Throughout the study, both formulations maintained acceptable 
physical appearance, consistent with the specification of off-white, soft 
chewable tablets with vanilla flavor. No visual signs of physical degra
dation such as discoloration, spotting, or shape deformation were 
observed at any time point. pH values for both formulations remained 
below the specification limit of 6.0 during the entire study period. For 
the 1 % formulation, the pH values ranged from 4.8 to 4.9, while the 2 % 
formulation showed a slight fluctuation from 4.9 to 5.0 and then to 4.8 
by six months. These variations were minor and remained within 
acceptable limits for the gel-based matrix system. Assay values were 
within the defined range of 90.0–110.0 % for both formulations over the 

entire study period. The 1 % furosemide formulation showed a decrease 
from 107.8 % at baseline to 104.8 % at six months, representing a 3.0 % 
reduction. The 2 % formulation declined from 105.6 % to 102.4 %, 
reflecting a change of 3.2 % (Fig. 11). As neither formulation exhibited a 
change exceeding 5 %, these variations are not considered significant 
under ICH Q1A (R2) guidelines and indicate acceptable potency reten
tion during the six-month storage period.

Dissolution performance was initially above the required threshold 
for immediate-release dosage forms, which, for a Q value of 80 %, re
quires a minimum of 85 % dissolution in 60 min at Stage 1 testing. At 
baseline, the 1 % formulation showed 86.2 % ± 0.9 %, while the 2 % 
formulation exhibited 101.7 % ± 0.7 %. By the sixth month, the disso
lution rate of the 2 % formulation had decreased to 88.5 %, which re
mains within the acceptable range. However, the 1 % formulation 
showed a decline to 76.3 % ± 1.7 %, falling below the Stage 1 threshold 
(Fig. 11). This reduction may reflect a potential concern with drug 
release over time, suggesting the need for Stage 2 dissolution testing as 
outlined in pharmacopeial guidance. Nevertheless, it’s important to note 
that these formulations are gel tablets designed to be partially chewed or 
allowed to melt in the mouth, and therefore, conventional dissolution 
testing may not fully reflect their in vivo performance. Microbiological 
testing was performed on the 1 % formulation, including TAMC, TYMC, 
and Escherichia coli. Results showed consistent microbial quality across 
all tested time points. Total aerobic microbial counts and yeast and mold 
counts remained below 10 CFU/g, and E. coli was absent in all samples, 
confirming compliance with microbiological safety requirements.

Fig. 10. Scanning White Light Interferometry (SWLI) topography, surface roughness maps, and profiles of furosemide gel tablets with polysorbate 80,n = 1 
A1. SWLI topography images of 1 % (w/w) furosemide gel tablets with 1.0 % (w/w) PS80. Surface parameters (ISO 25,178): Sq = 2.074 µm (root mean square 
height), Sz = 35.76 µm (maximum height), Sa = 1.498 µm (arithmetical mean height). 
A2 & A3. SWLI surface roughness image (A2) and profile (A3) of 1 % (w/w) furosemide gel tablets with 1.0 % PS80. Roughness parameters (ISO 21,920): Rq = 0.86 
µm (root mean square roughness), Rsk = − 0.44 (skewness), Rku = 4.727 (kurtosis), Rz = 5.50 µm (mean peak-to-valley height), Ra = 0.6761 µm (arithmetical mean 
roughness). 
B1. SWLI topography images of 2 % (w/w) furosemide gel tablets with 2.0 % PS80. Surface parameters (ISO 25,178): Sq = 1.43 µm, Sz = 46.69 µm, Sa = 0.93 µm. 
B2 & B3. SWLI surface roughness image (B2) and profile (B3) of 2 % (w/w) furosemide gel tablets with 2.0 % PS80. Roughness parameters: Rq = 1.43 µm, Rsk =
− 3.38, Rku = 23.51, Rz = 12.93 µm, Ra = 0.68 µm. 
Abbreviations: SWLI = Scanning White Light Interferometry; PS80 = Polysorbate 80; Sq = root mean square height; Sa = arithmetical mean height; Sz = maximum 
height; Rq = root mean square roughness; Ra = arithmetical mean roughness; Rsk = skewness; Rku = kurtosis; Rz = mean peak-to-valley height.
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4. Discussion

This study demonstrates the successful integration of SSE 3D printing 
using the CSS technology with advanced in-process and post-process 
quality control for the personalized manufacture of pediatric furose
mide tablets. By combining real-time BU monitoring using NIR spec
troscopy and chemometric modeling, precise in-process weight control, 
and thorough pharmacopeial testing-including content uniformity, 
dissolution, disintegration, and microbiological quality-we established a 

robust and reproducible workflow. Solid-state analyses (XRD, FTIR) 
confirmed the chemical and physical stability of furosemide within the 
gel matrix, while surface topography evaluation via SWLI further vali
dated the uniformity and quality of the 3D-printed tablets.

4.1. Furosemide NIR model analysis

The evaluation of the furosemide BU model further demonstrated the 
efficacy of the PLS regression approach. The calibration set achieved 
high R2 values (0.97–0.99) with RMSEC values as low as 0.42 %, indi
cating good predictive performance. This corroborates findings from 
previous studies where the inclusion of diverse calibration sets improved 
predictive performance (Baratieri et al., 2006; Mantanus et al., 2009).

The adoption of NIR spectroscopy in pharmaceutical manufacturing 
represents a paradigm shift towards sustainable, efficient, and patient- 
centric practices. By focusing on BU monitoring within semi-solid for
mulations during 3D printing, this study aligns with the broader goals of 
continuous manufacturing. Variations in BU have significant implica
tions for dose accuracy and therapeutic efficacy, particularly in 
personalized medicine where small batch sizes and rapid adjustments 
are required (Foo et al., 2018).The strong correlation between corrected 
NIR predictions and HPLC values reinforces the feasibility of replacing 
traditional methods with non-destructive alternatives. The integration 
of NIR spectroscopy aligns with ICH Q2 guidelines, which emphasize 
accuracy, precision, and linearity in method validation (Blanco and 
Alcalá, 2006). Previous studies on NIR applications in solid dosage 
forms, creams, and capsules validate its versatility across pharmaceu
tical matrices (Paris et al., 2006; Wang et al., 2010).This study extends 
the application to semi-solid pharmaceutical excipient bases or inks, a 
novel area, underscoring the methodology’s adaptability and relevance. 
The portability and ease of integration of NIR spectroscopy further 
enhance its applicability for at-line use in both manufacturing and 
clinical settings. This capability aligns with industry trends favoring 
real-time monitoring technologies to streamline production and 
improve patient outcomes (Yang et al., 2023). Addressing in
consistencies in BU at the earliest stages of the manufacturing process 
reduces risks associated with dose variability, ensuring patient safety 
and therapeutic efficacy.

Sampling and the selection of appropriate sampling accessories play 
a critical role in ensuring accurate and reliable NIR spectroscopy mea
surements. Representative sampling is especially vital when analysing 
heterogeneous materials, such as polymer pellets, where consistent 
measurement of the bulk sample is required. Accessories like Sample 
Cup Spinners are particularly effective in improving representativeness 

Table 5 
Stability report of 1 % and 2 % furosemide gel-based tablets.

Test Specification Time 0 1 Month 3 Month 6 Month

1 % furosemide gel tablet
Appearance Off-white, 

soft chewable 
tablet with 
vanilla 
flavour

Conforms Conforms Conforms Conforms

pH 
(N = 3 
tablets)

≤6.0 4.8 4.8 4.6 4.9

Assay 
(N = 5 
tablets)

90.0–110.0 % 107.8 % 106.7 % 105.3 % 104.8 %

Dissolution 
(N = 6 
tablets)

Q = 80 of 
Furosemide 
in 60 min

86.2 % ±
0.9 %

– – 76.3 % 
±1.7 %

TAMC NMT 10³ 
CFU/g

<10 
CFU/g

<10 
CFU/g

<10 
CFU/g

<10 
CFU/g

TYMC NMT 10² 
CFU/g

<10 
CFU/g

<10 
CFU/g

<10 
CFU/g

<10 
CFU/g

Escherichia 
coli

Absence in 1 
g

Not 
detected

Not 
detected

Not 
detected

Not 
detected

2 % furosemide gel tablet
Appearance Off-white, 

soft chewable 
tablet with 
vanilla 
flavour

Conforms – Conforms Conforms

pH 
(N = 3 
tablets)

≤6.0 4.9 – 5.0 4.8

Assay (N =
5 tablets)

90.0–110.0 % 105.6 % – 104.5 % 102.4 %

Dissolution 
(N = 6 
tablets)

Q = 80 of 
Furosemide 
in 60 min

101.7 % 
± 0.7 %

– – 88.5 %

N: number, CFU: Colony-Forming Unit.

Fig. 11. Long-term stability of furosemide gel tablets: Assay and dissolution trends.
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and efficiency in such contexts (Pasquini, 2018). In industrial applica
tions, the integration of sampling accessories with in-line or at-line NIR 
systems further enhances process control by enabling real-time moni
toring and reducing dependency on laboratory-based analyses (Soriano 
et al., 2019). Additionally, the use of autosamplers has proven to be 
cost-effective and time-efficient, making NIR spectroscopy a practical 
tool for routine applications (Workman and Weyer, 2007). However, 
there are significant challenges associated with NIR sampling and its 
accessories. Many commercial NIR sampling accessories are primarily 
designed for laboratory settings, requiring technical expertise that may 
not be readily available in industrial environments (Soriano et al., 
2019). Ensuring reproducibility and accuracy in measurements is 
another critical concern, especially in the analysis of granular samples 
where non-fully interacted radiation can lead to variability. While in
novations such as diffusers can improve measurement reliability, chal
lenges persist when detecting low-content analytes, as the sensitivity 
and detection limits are heavily influenced by the choice of accessory 
(Roggo et al., 2007; Simpson, 2005). To address these challenges, the 
development of rugged and operator-friendly sampling units, as well as 
advanced accessories like droplet collars and modified reflectance tools, 
offers promising solutions to enhance NIR analysis in diverse settings 
(Sarraguça and Lopes, 2009).

Future research should focus on expanding calibration models to 
include a wider range of pharmaceutical excipient bases and APIs. 
Additionally, real-world application of at-line and on-line NIR spec
troscopy in clinical settings could provide insights into its scalability and 
operational feasibility. Developing standardized protocols for calibra
tion and validation will further enhance the adoption of this technology, 
ensuring compliance with regulatory standards while maximizing its 
impact on pharmaceutical manufacturing. However, several challenges 
must be addressed to fully realize the potential of NIR spectroscopy. For 
instance, the technique is highly sensitive to sample heterogeneity, 
which can lead to variability in measurements, especially for low- 
content analytes or complex matrices (Blanco et al., 2007; Roggo 
et al., 2007). Additionally, the initial cost of NIR instrumentation and 
the need for frequent calibration updates can be barriers to widespread 
adoption, particularly for small-scale manufacturers (Sarraguça and 
Lopes, 2009). Furthermore, the interpretation of NIR spectra often re
quires advanced chemometric expertise, which may not be readily 
available in all settings (Pasquini, 2018).

4.2. Syringe homogeneity

The results of the within-syringe homogeneity assessment clearly 
demonstrate the robustness and reliability of the automated dosing 
process for both 1 % and 2 % furosemide formulations. The observed API 
content remained consistent across all stages of the printing cycle, with 
minimal variability and low acceptance values. This level of uniformity 
is essential for the production of individualized medicines, where pre
cise dosing is critical for therapeutic efficacy and safety.The low stan
dard deviations observed in both formulations suggest that the 
CuraBlend® excipient system effectively maintains a uniform suspen
sion of furosemide throughout the extrusion and printing process. This is 
particularly important for semi-solid and gel-based formulations, where 
phase separation or settling of the API could otherwise lead to dose 
variability. Furthermore, the acceptance values of 3 and 4 for the 2 % 
and 1 % formulations, respectively, are well within the acceptable range 
defined by pharmacopeial standards, underscoring the suitability of the 
process for routine pharmaceutical manufacturing. The lack of signifi
cant differences in API content between the start and end of the printing 
process also suggests that the system can reliably produce multiple units 
in succession without the need for frequent recalibration or 
intervention.

4.3. Content uniformity across tablet strengths

Ensuring content uniformity is critical for the efficacy and safety of 
pharmaceutical tablets. Our analysis of 1 % and 2 % furosemide for
mulations across tablet strengths (200 mg to 500 mg) as shown in Fig. 12
revealed mean drug content values within the acceptable range of 85.0 
% to 115.0 %, as stipulated by Ph. Eur. 2.9.40. The AV for all samples 
were below the threshold of 15, indicating consistent drug distribution. 
These results are consistent with previous studies (Sandler Topelius 
et al., 2024; Shokraneh et al., 2025) which emphasized the importance 
of uniformity in dosage units for therapeutic effectiveness. Similar 
findings have also been reported in studies evaluating 3D-printed and 
compounded pediatric dosage forms (Lafeber et al., 2021; Van Der 
Zanden et al., 2021).

4.4. Surface topography evaluation

The SWLI analysis highlighted formulation-dependent differences in 
surface morphology between the 1 % and 2 % furosemide tablets. The 1 
% formulation (with 1 % PS80) exhibited higher average roughness 
values (Sq = 2.07 µm; Sa = 1.49 µm) and lower extreme height features 
(Sz = 35.76 µm; Rz = 5.50 µm), indicating a uniformly coarse but 
balanced surface. Negative skewness (Rsk = –0.44) and moderate kur
tosis (Rku = 4.73) support a slightly valley-dominant yet consistent 
surface profile.

In contrast, the 2 % formulation with 2 % PS80 showed reduced 
average roughness (Sq = 1.43 µm; Sa = 0.93 µm) but greater surface 
extremes (Sz = 46.69 µm; Rz = 12.93 µm), as well as highly negative 
skewness (Rsk = –3.38) and elevated kurtosis (Rku = 23.51). These 
metrics point to a morphology dominated by narrow, deep valleys and 
sharp surface peaks. Such microstructural differences likely stem from 
altered rheological or phase behavior at higher surfactant and API 
concentrations, influencing drying patterns and surface solidification 
during printing.

The observed topographical differences may help explain the varia
tions in early dissolution behavior and disintegration kinetics between 
formulations. Surfaces with more uniform texture may promote faster 
and more consistent disintegration, while highly spiked morphologies 
with deep valleys might delay wetting or tablet erosion. Importantly, 
these findings underline the utility of SWLI for guiding formulation 
development, as surface texture can serve not only as a fingerprint of 
print quality but also as a tunable parameter affecting performance.

While SWLI has been widely used in microelectronics and optics for 
high-precision surface analysis, its application in pharmaceutical 
research is only emerging (Coupland and Lobera, 2010; Kassamakov 
et al., 2007; O Mahony et al., 2003). Recent studies have demonstrated 
SWLI’s potential for characterizing surface roughness in pharmaceutical 
films and nanofibrous mats (Genina et al., 2012; Paaver et al., 2014), as 
well as for quality assurance of printed drug delivery systems (Sandler 
et al., 2014). In this study, we applied SWLI to evaluate the surface 
topography of semi-solid extruded, 3D-printed furosemide tablets-a 
novel approach in the context of pediatric personalized medicines. 
Our results revealed formulation-dependent differences in surface 
roughness and morphology, providing new insights into how excipient 
composition and process parameters influence the physical properties of 
the final dosage form. By leveraging SWLI’s non-contact, high-resolution 
imaging, we were able to quantitatively assess surface uniformity and 
layer integrity without sample preparation or risk of altering delicate 
structures. This complements our comprehensive quality control strat
egy, which also included BU monitoring by NIR spectroscopy, in-process 
weight control, and pharmacopeial testing for content, dissolution, and 
microbiological quality. Moreover, these findings suggest that surface 
texture parameters can be used not only as a fingerprint for product 
quality, but also as tunable targets during formulation development to 
achieve desired disintegration and release profiles. The integration of 
SWLI into our workflow not only supports a Quality by Design approach 
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(Paaver et al., 2014) but also enhances our ability to optimize and assure 
the consistency of advanced, patient-specific pharmaceutical products. 
In addition, surface properties may be optimized during formulation 
development by adjusting excipient ratios, surfactant concentration, and 
process parameters such as extrusion temperature and flow rate. These 
factors influence surface roughness, uniformity, and feature geo
metry—key characteristics that can affect disintegration, mouthfeel, and 
drug release.

4.5. Disintegration time

Disintegration testing revealed that all tablet sizes, for both 1 % and 
2 % furosemide formulations, disintegrated in under 10 min. This per
formance complies with the Ph. Eur. requirement for immediate-release 
tablets, which mandate disintegration within 15 min. Rapid disinte
gration is crucial for ensuring timely drug release and onset of action, 
particularly in immediate-release formulations. The observed disinte
gration times are consistent with those reported in similar studies 
evaluating immediate-release tablet formulations (Khaled et al., 2015). 
In addition to excipient composition, surface morphology may also 
contribute to disintegration behavior. The SWLI test results revealed 
distinct differences in surface texture between the formulations, 
particularly in terms of Rsk and Rku. The 1 % formulation exhibited a 
relatively uniform surface with moderate valleys (Rsk = –0.44), while 
the 2 % formulation showed much deeper and sharper surface de
pressions (Rsk = –3.38; Rku = 23.51). These valley-rich, spiked surface 
profiles may enhance media penetration and accelerate matrix break
down, supporting the observed disintegration performance. Together, 
these results suggest that surface architecture—quantified through 
high-resolution topographical analysis—can meaningfully influence 
disintegration kinetics alongside formulation composition.

4.6. Dissolution profiles and drug release

The dissolution behavior of furosemide tablets is pivotal for their 
bioavailability. Our in vitro dissolution studies demonstrated that both 1 
% and 2 % formulations met the required dissolution criteria at initial 
time points. However, a notable decline in the dissolution rate of the 1 % 
formulation was observed at the six-month mark, falling below the 80 % 
threshold within 60 min. Furosemide’s classification as a BCS class IV 
compound (Granero et al., 2010) highlights its inherent challenges for 

oral therapy, as it possesses both low aqueous solubility and limited 
intestinal permeability. These properties often result in poor and vari
able bioavailability when administered in conventional forms. In our 
work, the use of semi-solid extrusion 3D printing enabled the incorpo
ration of furosemide into a solid dispersion within a hydrophilic excip
ient matrix, a strategy known to enhance the dissolution rate of poorly 
soluble drugs. The rapid dissolution observed in our 
formulations-exceeding 85 % drug release within 15 min for all freshly 
prepared tablets-suggests that this approach effectively improves the 
drug’s release characteristics. Notably, the addition of polysorbate 80 as 
a surfactant in our matrix may further support drug absorption by 
enhancing both wettability and membrane permeability (Lafeber et al., 
2021). Moreover, the SWLI surface characterization supports this 
observation. The higher Rku and more negative Rsk values seen in the 2 
% formulation indicate the presence of sharp valleys and heterogeneous 
surface features. These may enhance the wettability and effective sur
face area of the tablet, facilitating improved penetration of the disso
lution medium and contributing to the more complete and sustained 
drug release profile. This suggests that surface topography plays a 
complementary role alongside formulation composition in modulating 
the dissolution behavior.

The 2 % formulation demonstrates a more sustained but eventually 
more complete release, reaching over 95 % release at 60 min, while the 1 
% formulation reaches approximately 85 % and plateaus earlier. The 
plateauing of the 1 % furosemide formulation’s dissolution profile at 
approximately 85 % may be attributed to time-dependent saturation 
effects within the dissolution medium. Furosemide, a BCS Class IV drug, 
is characterized by low aqueous solubility, and the relatively limited 
amount of surfactant (1 % w/w PS80) in the lower concentration 
formulation may have been insufficient to fully maintain drug solubili
zation during the test. As a result, local saturation may have occurred 
early, reducing the concentration gradient and slowing further dissolu
tion. In contrast, the 2 % formulation, which contained a higher PS80 
concentration (2 % w/w), demonstrated both enhanced wettability and 
solubilization capacity, enabling a more sustained and complete release. 
This behavior aligns well with the SWLI surface characterization data, 
the 2 % formulation with 2 % PS80 exhibited a smoother average surface 
(Sq = 1.434 µm) but with sharper localized features (Rku = 23.51, Rz =
12.93 µm), likely due to microphase domains formed during extrusion. 
These surface irregularities may have increased the effective surface 
area or altered wettability, promoting more efficient penetration of the 

Fig. 12. Images of 1 % and 2 % furosemide gel tablets at deposition weights ranging from 100 mg to 500 mg.
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dissolution medium and facilitating enhanced and prolonged drug 
release in the 2 % formulation. The highly negative skewness (Rsk =
− 3.376) also supports the idea of valleys that trap liquid, aiding matrix 
erosion and sustained release.

This relationship between surface topography and dissolution ki
netics is consistent with mechanistic insights from crystal surface sci
ence. A recent study by Li et al. (2023) emonstrated that heterogeneous 
and discontinuous dissolution behavior arises from localized surface 
features such as etch pits and step waves, which create dynamically 
shifting zones of reactivity. Although their work focused on mineral 
surfaces, the step-wave model they employed provides a useful analogy 
for understanding how microscale surface heterogeneity—such as high 
kurtosis and valley-rich profiles—can influence dissolution rates in 
pharmaceutical solids. In the present case, the localized sharp features 
and negative skewness in the 2 % formulation may act similarly to 
reactive step edges, facilitating sustained medium penetration and 
controlled release dynamics. These findings underscore the importance 
of surfactant content and microstructural characteristics in modulating 
dissolution kinetics, particularly for poorly soluble APIs.

4.7. FTIR spectroscopy

The FTIR analysis provides valuable insight into the compatibility of 
furosemide with the CuraBlend® excipient matrix and the stability of 
the drug within the extruded gel tablets. The preservation of the key 
functional group absorption bands of furosemide in all tablet formula
tions, including those stored for up to three months, indicates that the 
drug remains chemically intact and is not subject to major degradation 
or strong chemical interactionsunder the conditions studied.

The observed reduction in peak intensity and broadening of furose
mide bands in the tablet formulations are expected outcomes of the 
dispersion of the drug within the excipient matrix and the overlapping of 
excipient absorption bands, particularly from cocoa butter and xylitol.

However, these spectral variations—especially the changes in in
tensity and shape of the major peaks—may also reflect weak molecular 
interactions such as hydrogen bonding or matrix entrapment effects. 
Although no new peaks or substantial shifts were observed, the data 
suggest the possibility of non-covalent interactions or physical changes 
related to drug dispersion in the semi-solid matrix. These effects do not 
imply chemical incompatibility but highlight the importance of 
considering formulation-level interactions in the interpretation of FTIR 
data.

The consistency of the FTIR spectra across different formulations and 
time points further supports the physical and chemical stability of 
furosemide in the presence of varying concentrations of polysorbate 80. 
The lack of time-dependent spectral changes, even after three months of 
storage, suggests that the formulation is robust and capable of main
taining drug integrity over time. Nevertheless, the subtle spectral 
changes observed should not be dismissed entirely, as they may indicate 
dynamic interactions within the matrix that could influence drug release 
or microstructure.This finding is also consistent with the XRD results, 
which confirm preservation of the primary crystalline features of furo
semide while showing minor matrix-related variations.

Overall, the FTIR evaluation confirms that the CuraBlend®-based 
extruded gel tablet system provides a generally compatible and sta
bleenvironment for furosemide, with no evidence of major degradation 
or strong chemical interactions. However, the possibility of weak in
teractions or matrix effects should be acknowledged. These results 
support the suitability of the selected excipient combination for the 
development of stable furosemide oral dosage forms and provide a solid 
foundation for further studies on the performance and shelf-life of the 
final product.

4.8. X-ray powder diffraction

The preservation of characteristic furosemide diffraction peaks 

across all time points in the 2.6 % polysorbate formulation (Fig. 8) 
provides evidence for the general physical stability of the drug within 
the CuraBlend® matrix. While peak intensities are expectedly reduced 
compared to the pure crystalline powder due to dilution effects, the 
persistence of these peaks indicates that furosemide remains predomi
nantly in its original crystalline form throughout storage. However, 
minor variations in peak intensity and broadening suggest that weak 
molecular interactions or structural dispersion within the matrix cannot 
be fully excluded. This stability is particularly significant considering 
the complex excipient environment and potential for drug-excipient 
interactions in semi-solid extruded formulations. While no major poly
morphic transitions or complete amorphization were observed, the 
subtle spectral changes noted in the XRD patterns over 1.5 years suggest 
that the formulation design effectively minimizes but may not entirely 
eliminate matrix-related influences on drug crystallinity.

The data presented in Fig. 9 suggest that while drug loading in
fluences the visibility of furosemide peaks, variations in polysorbate 
concentration did not have a notable impact on the drug’s crystalline 
structure. The reduced peak definition observed in some for
mulations—particularly at lower concentrations—may be attributed to 
the amorphous background of the CuraBlend matrix, which can obscure 
diffraction signals. Additionally, time-dependent changes such as xylitol 
crystallization and cocoa butter phase transitions may contribute to the 
observed patterns. These effects highlight the challenge of interpreting 
crystalline signals in multi-component systems, where overlapping halos 
and excipient transitions can mask or modify drug-related peaks.

Taken together, these findings suggest that although the drug’s main 
crystalline features are retained, weak interactions or partial physical 
integration into the matrix may affect the visibility and shape of specific 
peaks. This underscores the importance of considering matrix effects 
and storage conditions during formulation development.

The observed temporal changes in the excipient-related regions of 
the diffractograms likely reflect the natural reorganization of the semi- 
crystalline excipient matrix over time. The cocoa butter component of 
the CuraBlend® base is known to undergo polymorphic transitions and 
gradual crystallization during storage, which explains some of the 
observed changes in the medium 2θ region. Importantly, these 
excipient-related transformations do not appear to significantly disrupt 
the drug’s crystalline structure, as evidenced by the consistent furose
mide peak pattern throughout storage. Nonetheless, these observations 
suggest a dynamic system in which excipient reorganization may in
fluence peak profiles, even if the core crystal form of furosemide is 
retained. Overall, the XRPD results support the physical stability of 
furosemide in the formulation but also point to subtle, possibly revers
ible interactions or dispersion effects. These matrix-related influences, 
although not chemically transformative, are important to consider when 
evaluating the robustness and long-term behavior of semi-solid oral 
dosage forms.

4.9. Stability over six months

Stability studies are essential to ascertain the shelf-life and efficacy of 
pharmaceutical products. Throughout our six-month study, both 1 % 
and 2 % furosemide gel-based tablets maintained their physical 
appearance and pH within specified limits. The pH values of both for
mulations remained stable throughout the six-month study period, 
ranging between 4.6 and 5.0. Maintaining pH within this range is 
essential for the stability and solubility of furosemide. Assay values 
remained within the acceptable range, with less than a 5 % decrease 
from initial values, indicating chemical stability. Microbiological as
sessments confirmed the absence of contaminants, ensuring product 
safety. These results are in line with the requirements outlined in the Ph. 
Eur. for non-sterile pharmaceutical products and underscore the effec
tiveness of the manufacturing and packaging processes in preventing 
microbial contamination.

Building on this technological shift, the current study explores the 
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use of SSE 3D printing as part of an automated CSS for producing low- 
dose, immediate-release furosemide tablets tailored to pediatric use. 
This approach incorporates NIR spectroscopy with chemometric 
modelling to assess BU during the mixing stage, representing a novel, 
non-destructive alternative to conventional wet chemistry techniques. 
Two sampling strategies were employed to generate robust calibration 
models that account for variability in formulation and process condi
tions, enabling precise real-time monitoring. Furthermore, the com
pounding process included live mass uniformity assessments, syringe 
content homogeneity checks, and content uniformity testing across 
different levels of the filled syringe to address in-process variability, 
including heating lag and extrusion dynamics. Final product testing 
adhered to Ph. Eur. standards, including disintegration, dissolution, and 
dose uniformity. Additionally, a six-month stability study evaluated 
both physicochemical attributes and microbiological integrity.

By combining precision manufacturing, real-time analytics, and 
regulatory-compliant quality control, this study provides a scalable and 
clinically applicable platform for producing personalized furosemide 
tablets. It is, to the best of our knowledge, the first to offer an end-to-end, 
in-process and post-process quality assurance model for SSE-printed 
pediatric formulations, addressing longstanding gaps in non-sterile 
compounding automation and setting a new standard for individual
ized pediatric therapeutics.

5. Conclusion

The comprehensive evaluation of 3D-printed gel-based furosemide 
tablets demonstrates that the formulations meet key quality attributes, 
including BU, disintegration time, pH stability, microbiological quality, 
and syringe homogeneity. The use of NIR spectroscopy for in-process 
control offers a robust method for real-time monitoring, enhancing the 
efficiency and reliability of the manufacturing process. These findings 
support the potential of SSE 3D printing technology in producing high- 
quality, personalized immediate-release tablets.
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Automated extrusion-based dispensing: personalized dosing and quality control of 
clopidogrel tablets for pediatric care. Eur. J. Pharm. Sci. 204, 106967. https://doi. 
org/10.1016/j.ejps.2024.106967.

Simpson, M.B., 2005. Near-infrared spectroscopy for process analytical chemistry: 
theory, technology and implementation. In: Bakeev, K.A. (Ed.), Process Analytical 
Technology. Wiley, pp. 39–90. https://doi.org/10.1002/9780470988459.ch3.
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