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Abstract: Pharmacy compounding, the art and science of preparing customized medications to meet individual
patient needs, is in a verge of transformation. Traditional methods of compounding often involve manual and
time-consuming processes, presenting challenges in terms of consistency, dosage accuracy, quality control,
contamination and scalability. However, the emergence of cutting-edge technologies has paved a way for a
new era for pharmacy compounding, promising to redefine the way medications are prepared and delivered
as pharmacy-tailored personalized medicines. In this multi-site study, more than 30 hospitals and community
pharmacies from 8 countries in Europe utilized a novel automated dosing approach inspired by 3D printing
for compounding of non-sterile propranolol hydrochloride tablets. CuraBlend® excipient base, a GMP
manufactured pharma-ink, intended for automated compounding applications was used. A standardized
study protocol to test the automated dosing of tablets with variable weights was performed in all participating
pharmacies in 4 different iterative phases. Integrated quality control was performed with an in-process scale
and NIR spectroscopy supported by HPLC content uniformity measurements. In total, 6088 propranolol tablets
were produced at different locations during this study. It was shown that the dosing accuracy of the process
increased from about 90% to 100% from phase 1 to phase 4 by making improvements to the formulation and
the hardware solutions. The results indicate that through this automated and quality-controlled
compounding approach extemporaneous pharmacy manufacturing can take a giant leap forward towards
automation and digital manufacture of dosage forms in hospital pharmacies and compounding pharmacies.

Keywords: automated compounding; hospital and community pharmacies; pharma inks;
integrated quality control

1. Introduction

The field of pharmacy compounding, where personalized dosage forms are manufactured when
there are no suitable treatments available as market-authorized drugs, is witnessing a transformative
evolution with advancements inspired by cutting-edge technologies reshaping the landscape of
pharmaceutical manufacturing. In this context, automated dosing technologies, inspired by the
principles of 3D printing and other technologies, have emerged with the potential to redefine
pharmacy compounding [1,2]. Dosing automation offers a solution into the future of pharmaceutical
production, promising greater precision, efficiency, and accessibility in the creation of customized
medications and standardizing workflows.
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Figure 1. Graphical abstract.

Additive manufacturing, commonly referred to as three-dimensional (3D) printing (3DP), entails
the fabrication of customized 3D structures utilizing digital computer-aided design (CAD) files,
employing a layer-by-layer approach [3-5]. Within the realm of pharmaceuticals, 3DP and other
printing technologies has gotten substantial attention for its capacity to generate individualized and
unique medications or 3D printed tablets already increasingly from 2011 onwards [6-10]. The
pharmaceutical 3DP allows for the creation of medications with a wide spectrum of dosage levels,
shapes, flavors, colors, drug combinations, and drug release profiles, all tailored to the specific needs
of each patient or disease condition [11-14]. It has been stated that these attributes make this
technology particularly advantageous for diverse patient groups, including pediatrics, geriatrics,
those on multiple medications, and individuals with rare diseases. There are many printing
technologies, but semi-solid extrusion (SSE) 3D printing has exhibited significant promise for
integration within a clinical setting due to the possibility use low temperatures and its relative non-
complexity over other 3DP techniques. As an example, the manufacture of orodispersible films by
2D or 3D printing has been reported to be successful for on-demand manufacturing of patient-specific
doses [15,16].

However, even though 3DP has emerged as a proposed alternative to conventional
pharmaceutical compounding, enabling point of care treatments it has evident drawbacks as layer-
by-layer deposition is often very time consuming and does not lend itself for manufacture of
conventional pharmacy tailored products where simplicity, speed and time-savings are of essence.
The main challenge with 3D printers is their lack of practicality in high-demand settings. They often
operate at a slower pace compared to the needs of a busy pharmacy, where speed and efficiency are
paramount [17,18] Additionally, the complexity of these printers can make them less user-friendly,
requiring specialized training and expertise which may not be feasible in most pharmacy settings



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2024 d0i:10.20944/preprints202403.0740.v1

[19]. Therefore, alternative practical, easy to use automation approaches are required which hold the
potential to mitigate dosing errors and contamination, enhance product quality, and streamline the
compounding process through automation, replacing manual methods and ultimately contributing
to improved patient care.

In this unique multisite study, conducted in total 30 hospital and community pharmacies in eight
different countries in Europe, the capabilities of the introduced non-sterile automated dosing
technology were explored. This collaborative effort known as the "alpha tests”, aimed to investigate
the performance of the technology in manufacturing of propranolol hydrochloride tablets specifically
tailored for pediatric use. The alpha tests primarily focused on evaluating dosing accuracy, including
both mass and content uniformity, to ensure demonstration of in-process control of the tablets
produced. Secondary aspects were evaluation of user-friendliness and ease of use of the system in a
pharmacy setting.

The alpha tests were executed in four distinct stages, with each stage building upon the
knowledge gained from the previous one. The technology and a gel-based formulation underwent
iterative enhancements and refinements after each stage, guided by valuable feedback from the
participating pharmacists and end-users. One goal of the study was to develop and produce
propranolol hydrochloride tablets that meet the pharmacopeial quality standards, but also addressed
the unique needs and requirements of pediatric patients. Currently there is no suitable marketed
propranolol formulation available for administration for children.

The aim of this study was to develop an automated extrusion-based material deposition
technology to be used with GMP manufactured excipient bases to offer a more viable alternative for
rapid automated compounding without the restrictions related to speed and user friendliness of most
3D printing technologies. This article presents a comprehensive overview of the alpha tests,
showcasing the journey from concept to realization and the collaborative efforts of experts in the
pharmaceutical field. It aims to highlight the role played by automated dosing technology,
emphasizing its potential to revolutionize the way we approach pharmacy compounding.
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Figure 2. European hospitals and community pharmacies that took part in the study.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2024 d0i:10.20944/preprints202403.0740.v1

2. Materials

Pharma Inks for the automated dosing process were formulated using Propranolol
Hydrochloride (Caesar & Lorez GmbH, Hilden, Germany), Polysorbate 80 (Caesar & Lorez GmbH,
Hilden, Germany), and CuraBlend® (CurifyLabs Oy, Helsinki, Finland). High-Performance Liquid
Chromatography (HPLC) grade Acetonitrile and Methanol were sourced from Fisher Scientific
(Loughborough, UK), and Potassium Phosphate Dibasic was obtained from Sigma Aldrich
(Steinheim, Germany). All chemicals and reagents were of analytical grade.

For blister packaging, 3/16" Mini Medi-Cap® Plus™ Blisters (MD425, MediDose Group, City,
USA) were chosen. The blister lids employed were LaserLabel™ "25" Lid-Label® Cover Sheets from
MediDose.com. Cartridges used in the printing process in phase 1 and 2 were supplied by Natural
Machines, Barcelona, Spain. For Phase 3 and 4 sterilized single-use PVC syringes, 100 ml, equipped
with a luer-lock mechanism, were procured from Yangzhou Bessent Textile Trading Co., Ltd,
Shanghai, China. A silicon mat was sourced from Fengyang Jiasong New Material Technology Co.,
Ltd.,China.

3. Methods

3.1. Testing Approach

The development of the project unfolded through four phases, each designed to enhance and
refine the introduced automated dosing technology for pharmacy tailored manufacturing of dosage
forms. In each phase the participants used the technology to dose several different tablets with
different weights following a strict study protocol. At each participating site the same study protocol
was followed which is explained more in detail below and graphically in Figure 3.
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Figure 3. Graphical presentation of the sequential testing and the four phases of the study.

Phase 1 introduced the foundational elements: the MiniLab printer equipped with Control
Software 1.0, establishing the basis for testing the automated dosing process and an initial
formulation 1.0. Key quality control features included an in-process scale for ensuring mass
uniformity and High-Performance Liquid Chromatography (HPLC) for assessing content uniformity
and the use of a silicone mat for collecting the dosed tablets. Tablets were deposited on a silicone mat.

Phase 2 built upon this initial foundation by implementing upgrades in software and enhancing
the control software to version 1.1. Improving the formulation with the intention to improve the
precision of material blending and the blend uniformity. The phase also marked the inclusion of
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Near-Infrared (NIR) spectroscopy for measuring blend uniformity, further enhancing the project's
ability to ensure consistent product quality. Tablets were again deposited on a silicone mat.

Phase 3 marked a significant shift towards more sophisticated technology by the introduction
of the Pharma Printer, which featured advanced automated dosing technology for precise control
over drug dosage which was based on insights learned in the previous phases. This phase continued
the use of the improved Formulation 2.0 and introduced Control Software 2.0, focusing on enhancing
automation and process control. Quality control measures from the previous phases were
maintained, and the project evolved by moving to deposit directly into blisters, streamlining the
manufacturing and packaging process.

In Phase 4, the project continued to refine the automated dosing technology for pharmaceutical
manufacturing, focusing on enhancements to the Pharma Printer. This phase introduced hardware
improvements aimed at increasing the precision and efficiency of the dosing process. The use of an
in-process scale for mass uniformity remained crucial in this phase, ensuring the accuracy of each
dose. A significant achievement was the demonstration of dosing capabilities with weight increments
of 25 mg, offering a finer level of control over medication dosing which is vital for personalized
medicine applications.

3.1. Preparation of the Formulation

In the formulation process, two distinct formulations, Formulation 1.0 (Form I) and Formulation
2.0 (Form II), were prepared to investigate their impact on the printing accuracy and content
uniformity of pharmaceutical tablets. All ingredients in the formulations are suitable for paediatric
use.

Formulation I (Form I)

The printed Form I consisted of 99% w/w gelatin based CuraBlend® as a basic formulation, and
1% w/w Propranolol Hydrochloride (Prop HCIl) as an active pharmaceutical ingredient (API).
CuraBlend® is a GMP manufactured suspending base (Pharma Ink) for pharmacy compounding.
CuraBlend® was melted in a water bath at +45°C (temperature range: +3°C) for 30 minutes until it
reached a liquid state. Propranolol hydrochloride (API) was weighed in a metal mortar and warm
CuraBlend® was added to the mortar in small quantities while mixing. The Formulation I was mixed
thoroughly for 3-4 minutes. The covered mortar was then placed in a warm water bath for 5 minutes
and mixed thoroughly again to ensure uniform mixing of the API in Formulation I.

The warm Form I was poured into the metal cartridge of printer. All the air was pushed out of
the cartridge until the first drops of the Form I came out from the nozzle (nozzle size 15 form Natural
Machine). The metal cartridge was placed inside the printer’s cartridge holder and left to sit for 15
min at +42°C before starting the print.

The formulations were prepared at CurifyLabs 2-7 days before the actual tests at the
participating pharmacies took place. The formulations were stored and transported at room
temperature.

Formulation II (Form II)

The printed Form II consisted of 98% w/w gelatin based CuraBlend® as a basic formulation, 1%
w/w Polysorbate 80 (PS80) as a surfactant, and 1% w/w Propranolol Hydrochloride (Prop HCI) as an
active pharmaceutical ingredient (API). Polysorbates (PSs) are ubiquitous in biotherapeutic
formulations, and are generally considered to be safe within the ranges that are used in
biotherapeutics [20]

CuraBlend® was melted in a water bath at +45°C (temperature range: +3°C) for 30 minutes until
it was no longer solid form. Prop HCL and PS 80 were weighed in a metal mortar and mixed until
they formed a white paste. Warm CuraBlend® was added to the mortar in small quantities while
mixing. Form II was mixed thoroughly for 3-4 minutes. The covered mortar was then placed in a
warm water bath for 5 minutes and mixed thoroughly again to ensure uniform mixing of the APl in
Form II.

The warm Form II was transferred into a disposable syringe (100 ml) for the Pharma Printer in
phase 3 and the excess air was pushed out of the syringe until the first drops of the Form II came out
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from the nozzle. The syringe was closed with a cap, placed inside the cartidge holder, and left to sit
for 15 min at +41°C before starting the deposition.

The freshly prepared formulation is good to be kept undisturbed and tightly covered in the
water bath (+42-45°C) for 10-15 min before printing. This is to remove the air bubbles generated
during the mixing and to ensure proper deposition result.

Again, the formulations were prepared at CurifyLabs 2-7 days before the actual tests at the
participating pharmacies took place. The formulations were stored and transported at room
temperature.

3.1. Automatic Dosing Technologies and the Deposition Process
3.3.1. MiniLab Printer and the Automated Dosing Process

An analytical balance (OHAUS Portable Precision Balance STX223 EU) was integrated into the
MiniLab (Foodini, Natural Machines (NM), Spain) printer, which was controlled by an Apple iPad.
The dosing process is controlled on the Minilab software and tablet app installed on the Apple iPad.
An order for each dosing order is created in the software where the requested tablet size, number of
tablets and the printing blueprint can be selected. The parameters used for deposition of tablets are
designated by the blueprint used, which is tested and validated by CurifyLabs. The software creates
a unique dosing order ID code for each order. The deposition process is then initiated from the
MiniLab tablet app by selecting the wanted dosing order and following the instructions in the app.

The MiniLab alpha test protocol (Phase 1 and Phase 2) consisted of 9 depositions of 16 tablets,
three parallel depositions of each tablet size 300, 400, and 500 mg. A total of 144 tablets were dosed
in each NM printer alpha test.

To prepare the formulation for the dosing, the melted propranolol formulation was poured into
a metal cartridge, which was then inserted into the cartridge holder. The filled cartridge was allowed
to sit for 15 minutes to ensure that the temperature of the formulation remained constant within the
cartridge. The tablets were then deposited onto a silicone mat placed on top of the analytical balance.
The tablets printed with NM printer were kept in the refrigerator for 5 min after printing and packed
into the blisters within minutes.

The integrated analytical balance records the weight of each individual printed tablet in
milligrams, and they were sent to the MiniLab tablet app and displayed on the screen of the tablet
during the printing. The positions displayed on the screen correspond to the positions of the printed
tablets. The software will indicate if any tablets do not comply with the Ph.Eur. requirement of +5%
of the target weight. After the printing has finished the weights were sent from the tablet app to the
MiniLab software. Individual tablet weights for each print can be viewed in the software.
Discrepancy between the target weight and the measured weight is also displayed in the software in
milligrams and relative error percentages. All the information from the prints is stored in the software
and a history of all completed prints can be viewed there.

When moving from Phase 1 to Phase 2 of the testing, improvements were made to how the
information from the scale was conveyed to the tablet app. This resulted in a drop in the number of
errors with the tablet weights being recorded.

3.3.2. Pharma Printer and the Automated Dosing Process

The Pharma Printer (CurifyLabs, Finland) was developed based on user feedback and in-use
experiences from the earlier alpha-test phases with the NM printer. The Pharma Printer was
integrated with an analytical balance (Kern PES-620-3M, Germany) and the new CurifyLabs control
software 2.0. Orders were created from the Pharma Kit Software, where the customers chose the
formulation blueprint, dose, tablet amount, and device to be used and then executed the order (Figure
4) Correct dosing parameters were tested and validated by CurifyLabs into a blueprint, which was
integrated into the software. The Software creates a unique print order ID code for each order. Once
the order was created, the dosing process was controlled from the printer screen, where the
CurifyLabs control software 2.0 guided the user through the dosing process.
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Figure 4. A print order is created by selecting the wanted formulation blueprint, drug dose and
number of tablets in the software.

The Pharma Printer alpha test protocol consisted of 12 prints of 16 tablets, three depositions of
each tablet size 200, 300, 400, and 500 mg respectively. A smaller 200 mg tablet was added to the
Pharma Printer alpha test protocol (Phase 3) to test the Pharma Printer printing accuracy with smaller
tablets. A total of 192 tablets were dosed in each Pharma Printer alpha test protocol at one
participating site.

To prepare the formulation, a warm propranolol 1% formulation was poured into a single-use
syringe; excess air was pushed out, the nozzle was closed with a cap, and the syringe was placed into
the Pharma Printer for pre-heating. The heating time was 15 minutes, or it could be left out if the
formulation was dosed earlier and was at the correct deposition temperature or preheated. Tablets
were deposited directly into the blister on top of the analytical balance, and the analytical balance
automatically measured and recorded each tablet's weight twice. This update in the weighing process
ensured that no extra material ended up in the tablet after the ink extrusion. The weight of each tablet
was shown on the printer screen with the printing order information (Figure 5). The software used a
deviation limit of +5% for tablets over 250 mg and +7.5% for under 250 mg according to Ph. Eur.
uniformity of mass of single-dose preparations and indicated in red if any tablets did not comply
with the Ph. Eur. specifications. Tablets in the blister were sealed with the blister lid.

Pharma Printer Propranolol
PROGRESS 1% | 300 mg | 16 pes | v 285 - 315 mg

16 /16

Figure 5. The Pharma Printer (left), The Pharma Printer software (right) displays the deposition
process, acceptance limits and the order information during the printing.
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After the deposition was finished, dosing information was sent automatically from the printer
into the Pharma Kit Software. Each deposition information can be viewed and exported from the
software, including tablet weights, the discrepancy between the target and measured weight in
milligrams, and relative error percentages. All the information from the tablets is stored in the
software, and a history of all completed doses can be viewed and exported from there.

Dosing with 25 mg increments

In the last phase of the study, the Pharma Printer was employed with a more rigid syringe
holder, and the control software was updated to feature dosing in 25 mg weight increments. The
dosing was demonstrated with 200, 300, 400, 500, 225, 275, and 425 mg target weights respectively.
The testing protocol for these consisted of 21 rounds of dosing of 16 tablets, three depositions of each
size. A total of 336 tablets were dosed in the Phase 4 of the study.

3.1. Quality Control Analysis
3.1.1. Blend Uniformity Testing with NIR Spectroscopy

A handheld NIR spectrophotometer (MicorNIR, Viavi Solutions, USA) was used to collect
spectra from samples of the formulations to assess the blend homogeneity of the Pharm Ink Api
mixes. This MicroNIR utilizes a linear variable filter (LVF) as its dispersing element, coupled with an
uncooled 128-pixel InGaAs linear diode array. The light source comprises a pair of low-power
vacuum tungsten lamps, and a 16-bit analog-to-digital converter (ADC) is employed for sample data
digitization.

Operating within a spectral range of 980-1800 in reflectance mode at 0.1 ms intervals, with a 100-
scan count, the spectrophotometer ensures wavelength accuracy of <1 nm and wavelength
reproducibility of <0.1 nm. API, excipient mixtures, and pharmaceutical ink samples were enclosed
in 100 mL Falcon tubes for spectra capture. Offline spectra were obtained in triplicate for each sample
using the spectrophotometer each sample consisting of approximately 0.025 ml of the Pharm Ink —
API blend.

3.1.1. Assay and Content Uniformity Tests

A Waters AQUITY ARC HPLC system (Massachusetts, USA) equipped with a Quaternary
solvent manager-R (ACQ-rQSM), a degasser, autosampler (ACQ-rFTN), and photodiode-array
detector (2998 PDA) was used. The data were acquired via Empower Workstation data acquisition
software. Cis (2.5 um particle size and 4.6 * 100 mm) column (Waters, UK) was used. The mobile
phase consisted of a mixture of 10 mM potassium phosphate dibasic buffer (pH 3.5) and Acetonitrile
were used at flow rate 1 mL/min. Mobile phase filtered through 0.22 mm membrane filter before use.
The injection volume was 2 uL and UV detection wavelength was set at 230 nm. HPLC analysis was
performed at gradient profile at 40° C.

Table 1. HPLC gradient conditions for propranolol HCI analysis.

Time (min) Flow R?te % A % B
(mL/min)

0.00 0.700 80.0 20.0

2.00 0.700 80.0 20.0

7.00 0.700 20.0 80.0

8.00 0.700 80.0 20.0

12.00 0.700 80.0 20.0

Standard preparation:
Stock solutions of Propranolol HCL were prepared in MilliQ) water at concentrations of 500 ppm
(25 mg Propranolol HCL dissolved in 50 ml distilled water). The stock solution was sonicated until a
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clear solution was obtained. Vortexing was done to get a homogenous mixture and the solution was
kept in refrigerator. A working standard solution was prepared by taking an aliquot of 1 ml stock
solution in 10 ml volumetric flask and further diluted in distilled water yielding a 50 ppm solution.

Tablet sample preparation:

For tablets containing 200 mg, a 25 ml volumetric flask was used; for those containing 300 mg, a
50 ml flask was used; for tablets with a weight of 400 mg, a 50 ml flask was employed, and for tablets
weighing 500 mg, a 100 ml flask was used. The tablets were placed in MilliQ water in their respective
flasks and heated in a water bath at 50°C until complete dissolution was achieved. Subsequently, the
solution was allowed to cool to room temperature and then vortexed to ensure uniformity. Following
this, the solution underwent filtration using disposable syringe filters with a pore size of 0.25 pm to
obtain a clear solution. Finally, the filtered samples were transferred to HPLC vials for further
analysis.

The acceptance value (AV) was calculated according to the procedure described in
2.9.40"Uniformity of dosage units" chapter of Ph.Eur, derived from the average of specified content
limits in the relevant monograph, reflects the arithmetic mean of uniformity results across unit doses.
This calculation, incorporating the acceptability constant (coverage factor) and the standard deviation
of the samples, is based on the analysis of 10 units. The AV must remain below the acceptance limit
(AV =15)

AV =IM-XI +ks

M=X,if 98.5<X<101.5

M =98.5, if X <98.5

M=101.5, if X > 101.5

K=2.4

S=standard deviation

3.4.6. Dosing Accuracy

To calculate dosing accuracy, the measured tablet weight was divided by the target weight, and
then multiplied by 100 to express the result as a percentage.

Printing Accuracy = (Measured Tablet Weight / Target Weight) * 100

3.4.7. Dissolution Test

The dissolution analysis was carried out on a multi-bath (n = 6) dissolution test apparatus 2
(Basket) with dissolution tester DT 128 (Erweka GmbH, Germany) in accordance with the United
States Pharmacopoeia (USP) general methods. All measurements were carried out using a Waters
AQUITY ARC HPLC system equipped with a Quaternary solvent manager-R (ACQ-rQSM), a
degasser, autosampler (ACQ-rFTN), and photodiode-array detector (2998 PDA). The detector was
set at 230 nm.

3.4.8. Stability Study

To evaluate the stability of Propranolol HCI tablets in blister packing, we conducted a thorough
stability study in accordance with ICH Q1 guidelines under long-term conditions (25°C + 2°C and
60% + 5% RH) at specific time points (0, 1, 3, 6 months). This study involved an examination of the
formulations at defined intervals throughout the specified duration. Essential parameters, including
drug concentration and appearance, were considered when assessing the formulation stability.

3.4.9. Statistical Analysis

For our statistical analysis, we utilized a range of methods through SPSS software (Version 28,
2021), maintaining a significance level of p = 0.05.
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4. Results and Discussion
4.1. Deposition Accuracy with Mass Variation
4.1.1. Group I: MiniLab without PS Formulation

In the study conducted for Group I using MiniLab with Fom I in 17 different compounding
pharmacy sites across Europe, the focus was on dosing accuracy by assessing mass variation. The
experiment involved the alpha testing of MiniLab equipment and the application of Formulation 1.
The analysis of printing accuracy was conducted for three different weight categories (500 mg, 400
mg, and 300 mg) across the sites. Table 2 below provides descriptive statistics summarizing the
results.

Table 2. Descriptive statistics of average printing accuracy across different tablet weights in group I.

Tablet Minimum Maximum Std.
weights N (%) (%) Mean (%) Deviation
500 mg 17 83.3 100.0 93.8 5.3
400 mg 17 79.2 97.9 89.2 6.0
300 mg 17 79.2 100.0 91.2 6.4

The descriptive statistics include the number of observations (N), minimum and maximum
values, mean, and standard deviation for each weight category. The study indicates that, on average,
the dosing accuracy for the 500 mg tablets was 93.8%, demonstrating a relatively high level of
accuracy with minimal variation. Similarly, the 400 mg and 300 mg tablets exhibited mean accuracies
of 89.2% and 91.2%, respectively. The standard deviations suggest the degree of variability within
each weight category. Figure 6 shows a picture of the appearance of the tablets produced in this
study. A total of 2448 tablets were made in this phase of the study.

Yo *)Di%%&‘*fwx#{

I‘.ﬂcﬁ 1.u°bsn<g‘?‘

x.<\¢¥p§w\3~‘w $oanch

0 1 2 3 4 9 6 7 8 9

Figure 6. Example of the appearance of the dosed propranolol tablets on a silicon mat. 1. 200 mg 2.
300 mg 3. 400 mg and 4. 500 mg weigh tablet respectively.

4.1.2. Group II: MiniLab with PS Formulation

Research was done for Group II at nine different pharmacies in Europe using MiniLab with
Formulation II again assessing mass variation. The study involved testing MiniLab equipment and
using Formulation 2. They looked at dosing accuracy for three tablet weights (500 mg, 400 mg, and
300 mg) at each site. Table 3 below summarizes the basic info about dosing accuracy for different
tablet weights in Group II. The total number of tablets manufactured was 1296.
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Table 3. Descriptive statistics of average dosing accuracy across different tablet weights in group II.

Tablet Weights N Minimum (%) Maximum (%)  Mean (%) Std. Deviation
500 mg 9 81.3 100.0 95.8 5.9
400 mg 9 729 97.9 91.2 9.9
300 mg 9 81.3 97.9 90.7 5.5

This data shows the number of observations, range of values, average accuracy, and variability
for each tablet weight. The study found that, on average, the printing accuracy for 500 mg tablets was
95.8%, indicating a high level of accuracy with little variation. Similarly, the average accuracies for
400 mg and 300 mg tablets were 91.2% and 90.7%, respectively. The variability shows how much the
accuracy differs within each tablet weight category.

4.1.3. Group III: Pharma Printer with PS Formulation

For Group III, the research examined the precision of tablet deposition across various weights:
500 mg, 400 mg, 300 mg, and 200 mg. Here are the key statistics presented in table 4. The total number
of tablets printed in this phase was 2112.

Table 4. descriptive statistics of average deposition accuracy across different tablet weights in group

1.
Tablet Weight N Minimum (%) Maximum (%) Mean (%)  Std. Deviation
500 mg 11 93.8 100.0 98.5 2.1
400 mg 11 95.8 100.0 98.9 1.7
300 mg 11 93.8 100.0 98.5 2.1
200 mg 11 95.8 100.0 99.1 14

The precision of dosing ranged from 93.8% to 100.0%, with mean accuracies between 98.5% and
99.1%. Standard deviations indicate the level of variability in dosing precision within each weight
category, which remained relatively low. These results offer valuable insights into the dosing
performance of the Pharma Printer with formulation incorporating PS (Form II) across different tablet
weights. The observed desposition accuracies highlight the reliability of the equipment across the 11
compounding pharmacy sites, contributing to a comprehensive understanding of its effectiveness in
pharmaceutical manufacturing processes. The addition of the 200 mg tablets as a new feature further
enhanced the capabilities of the Pharma Printer. In this step tablets were dosed directly into a blister
pack as shown in Figure 7.

The results from phases 3 and 4 when employing the Pharma Printer indicate a rapid deposition
process. The time to deposit a tablet is around 1-3 seconds per dose including the weight
measurement with a scale which makes it a very rapid approach for compounding and allowing
100% weight control of each dose. Bendicho-Lavilla [18] reported about a 3D printing approach
recently in which in-process weight control was employed. In the study the most rapid time for one
individual tablet printing plus weighing was 50 s per a 250 mg tablet and 75 s for a 750 mg tablet. In
comparison the smallest (200mg) tablet manufacture with weight control took 1 s with the Pharma
Printer making it 50 times faster than the reported approach. Previously, Lafeber et al [21] reported
about a study with 3D printed sildenafil and furosemide tablets where the manufacturing method
produces tablets with a speed of approximately 1-1.5 tablets per minute i.e. up to 100 tablets per hour
without any in process weight control. As a comparison the 3D printing approaches reported produce
roughly 1-1.5 tablets per minute and the automated extrusion-based dosing technology introduced
in this study produces 30-60 quality controlled tablets per minute.
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Figure 7. Example of 200 mg tablets dosed into in a 25-blister pack.

4.1.4. Comparison of Printing Accuracy Across Multiple Tablet Sizes

This study investigated the mean accuracy scores across three different tablet sizes (300 mg, 400
mg, and 500 mg) among three distinct groups. Groups I and II utilized the MiniLab printer, while
Group III employed the latest version of the Pharma printer. The analysis aimed to assess the impact
of printer performance on dosing accuracy with mass variation, particularly focusing on dosing
accuracy. In total 3744 tablets were manufactured in the MinLab group and 2112 tablets in the Pharma
Printer group.

ANOVA results revealed significant differences in mean accuracy scores among the groups for
all tablet sizes (Accuracy300: F = 7.838, p = .002; Accuracy400: F = 7.860, p = .002; Accuracy500: F =
3.951, p = .029), suggesting variations in accuracy performance. Robust tests of equality of the mean
values further supported these findings, highlighting significant differences in accuracy performance
among the groups (p < .001 for both Accuracy300 and Accuracy400; p <.001 for Accuracy500). Post
hoc tests indicated that Group 3 consistently demonstrated significantly higher mean accuracy scores
compared to Groups I and II across all tablet sizes. These findings suggest that the utilization of the
most advanced version of technology, i.e. the Pharma Printer in Group III led to superior accuracy
performance in dosing compared to the MiniLab printers used by Groups I and II. The study reveals
that dosing accuracy with mass variation is indeed dependent on printer performance. The utilization
of the latest version of the Pharma Printer in Group III resulted in superior accuracy performance in
dosing compared to the MiniLab printers used by Groups I and II. No comparison study was
conducted for 200 mg tablets as data was available only for Group III using the Pharma printer.

Table 5. Comparison of mean accuracy scores for tablet sizes (300 mg, 400 mg, and 500 mg) across
three groups.

Tablet Si C . Mean Standard Si 95% Confidence
a i mparison ig.
et o1ze ompariso Difference Error 8 Interval
Group I vs. Group
I 0.43425 2.16209 .980 [-5.0999, 5.9684]
Group I vs. Grou
300 mg - P p 7.30898* 2.02951 .004 [2.1142, 12.5038]
Group II  ws.
7.74323* 2.35738 .009 [1.7092, 13.7773]
Group III
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Group I vs. Group
I -1.98797 2.63780 .755 [-8.7398, 4.7639]
Group I vs. Group
400 mg - 9.64717* 2.47605 .002 [3.3094, 15.9850]
Group II s
7.65919* 2.87606 .040 [0.2975, 15.0209]
Group III
Group I vs. Group
I -2.54497 2.53453 .608 [-3.9425, 9.0325]
Group I vs. Group
500 mg - 4.92513 2.37911 133 [-1.1645, 11.0148]
Group II  ws.
-7.47010* 2.76346 .037 [-14.5436, -0.3966] *
Group III

*Significant at the 0.05 level.

100.00

80.00

G0.00

Mean %Accuracy

40.00

20.00

oo

300 mg 400 mg 500 mg

Tablet Size

Figure 8. Clustered bar graph: comparison of mean weight accuracy across tablet sizes for three
groups: group I (white), group II (gray), and group III (black).

4.3. Content Uniformity test by HPLC

The comprehensive analysis of content uniformity (CU) demonstrates consistent drug content
across the varied tablet sizes. Each tablet size, from 200 mg to 500 mg, exhibits a narrow distribution
of drug content, as evidenced by the low relative standard deviation (RSD%) values. This uniformity
is crucial to ensure that each tablet delivers the intended dosage. The Acceptance Value (AV), a
critical parameter indicating content uniformity, is well within acceptable limits for all tablet sizes.
The AVG values, reflecting the average drug content, and SD values, indicative of variability, are also
within established parameters, underscoring the uniformity of the formulation.

The content uniformity analysis establishes that the 1% propranolol HCl with 1%
Polysorbate in CuraBlend® tablets maintain a uniform composition across different
tablet sizes. The consistently low RSD%, AV, AVG, and SD values affirm the
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precision and reliability of the manufacturing process. This outcome reinforces the
confidence in the quality and uniform drug delivery capabilities of the tablets,
contributing to the overall quality and safety of the pharmaceutical product.

4.3.1. Group I: MiniLab with Formulation I

For the content uniformity (%CU) analysis, each tablet size underwent testing with a sample size
of 170. The %CU values varied, with the minimum and maximum percentages falling within
acceptable ranges: 79.0% to 115.9% for 500 mg tablets, 79.5% to 118.1% for 400 mg tablets, and 84.6%
to 111.9% for 300 mg tablets. The mean %CU values were 102.9% for 500 mg tablets, 103.5% for 400
mg tablets, and 103.1% for 300 mg tablets. While the mean values for all tablet sizes are within the
acceptance criteria, the standard deviations (7.7, 6.7, and 6.9, respectively) suggest some variability
in content uniformity.

Table 6. Content uniformity (CU) and acceptance value (AV) analysis for different tablet sizes - group
I MiniLab without PS formulation).

Variable N Minimum  Maximum Mean Std.
(%) (%) (%) Deviation

%CU 500 mg 170 79.0 115.9 102.9 7.7
%CU 400 mg 170 79.5 118.1 103.5 6.7
%CU 300 mg 170 84.6 111.9 103.1 6.9
AV 500 mg 17 2.0 27.0 16.5 6.2
AV 400 mg 17 9.0 26.0 16.8 4.7
AV 300 mg 17 5.0 26.0 16.6 6.1

The acceptance value data shows variability within the content uniformity (CU) test across
different tablet sizes. Across all tablet sizes (500 mg, 400 mg, and 300 mg), the mean AV values are
relatively consistent, ranging from approximately 16.47 to 16.76. However, the ranges of AV values
vary within each tablet size group, indicating some variability in content uniformity results.

4.3.2. Group II: MiniLab with Formulation II

The data illustrates CU results for tablet sizes of 500 mg, 400mg, and 300 mg, with additional
insight into the AV measurements. Notably, these formulations incorporated polysorbate to enhance
the mixing of the API with the formulation, aimed at improving CU results.

Across all tablet sizes, the mean %CU values align closely with the acceptable range of 85.0% to
115.0%. Specifically, the mean %CU values are as follows: 103.4% for 500 mg tablets, 103.4% for 400
mg tablets, and 103.1% for 300 mg tablets. The standard deviations for %CU are relatively low,
ranging from approximately 3.9 to 4.9, indicating consistent content uniformity results within each
tablet size group.

Furthermore, the AV data provides insight into the variability within the CU test. For the 500
mg tablets, the AV ranges from 2.0 to 17.0, with a mean value of 11.4 and a standard deviation of 5.4.
Similarly, for the 400 mg tablets, the AV ranges from 6.0 to 15.0, with a mean value of 10.8 and a
standard deviation of 3.3. Additionally, for the 300 mg tablets, the AV ranges from 8.0 to 19.0, with a
mean value of 13.5 and a standard deviation of 3.2. These findings suggest variability in content
uniformity results across different tablet sizes, potentially influenced by the incorporation of
polysorbate to enhance mixing.
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Table 7. Content uniformity (CU) and acceptance value (AV) analysis for different tablet sizes - group
II (MiniLab with PS formulation).

Variable N Minimum (%)  Maximum (%) Mean (%) Std. Deviation
%CU 500 mg 80 85.6 111.3 103.4 4.7
%CU 400 mg 80 89.7 107.8 103.4 39
%CU 300 mg 80 87.8 111.3 103.1 4.9
AV 500 mg 8 2.0 17.0 114 54
AV 400 mg 8 6.0 15.0 10.8 3.3
AV 300 mg 8 8.0 19.0 13.5 3.2

4.3.3. Group III: Pharma Printer with Formulation II

The data for group 3 presents content uniformity (CU) results for tablet sizes of 500 mg, 400 mg,
300 mg, and 200 mg, along with corresponding Acceptance Value (AV) measurements (Table 8). It is
important to note that the formulations for group 3 are consistent with those of group 2, utilizing a
Pharma Printer for production.

Across all tablet sizes, the mean %CU values fall within the acceptable range of 85.0% to 115.0%.
Specifically, the mean %CU values are as follows: 103.2% for 500 mg tablets, 103.5% for 400 mg tablets,
103.2% for 300 mg tablets, and 104.3% for 200 mg tablets. The standard deviations for %CU vary
slightly, ranging from approximately 3.4 to 3.9, indicating consistent content uniformity results
within each tablet size group.

Additionally, the AV data provides insight into the variability within the CU test. For the 500
mg tablets, the AV ranges from 3.0 to 14.0, with a mean value of 8.2 and a standard deviation of 4.2.
Similarly, for the 400 mg tablets, the AV ranges from 3.0 to 16.0, with a mean value of 8.6 and a
standard deviation of 5.0. Furthermore, for the 300 mg tablets, the AV ranges from 3.00 to 16.0, with
a mean value of 9.2 and a standard deviation of 5.6. Finally, for the 200 mg tablets, the AV ranges
from 4.0 to 15.0, with a mean value of 8.8 and a standard deviation of 4.2. Figure 9 nicely shows the
tighter CU values as the study progresses from Phase 1 to Phase 3. The spread in the results is much
larger in phase 1 and 2 compared phase 3.

Table 8. Content uniformity (CU) and acceptance value (AV) analysis for different tablet sizes - group
III (Pharma Printer with formulation II).

) Minimum ] Mean Std.
Variable N %) Maximum (%) %) Deviation

%CU 500 mg 90 86.5 109.9 103.2 34
%CU 400 mg 90 87.3 111.5 103.5 34
%CU 300 mg 90 87.1 108.7 103.2 3.8
%CU 200 mg 90 88.4 110.8 104.3 34
AV 500 mg 9 3.0 14.0 8.2 4.2
AV 400 mg 9 3.0 16.0 8.6 5.0
AV 300 mg 9 3.0 16.0 9.2 5.6
AV 200 mg 9 4.0 15.0 8.8 4.2
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Figure 9. Content uniformity of propranolol without PS80 (Group I) and with PS80 (Groups II and
III) analyzed from 34 batches (1110 tablets) and all tablet sizes (200 mg - 500 mg). Groups I and II were
printed using NM printer and Group III using Pharma Printer. Acceptance limits are shown in red.

4.3.3. Comparison of Acceptance Value of content uniformity test Across Multiple Tablet Sizes:
Between Group I, IT and III

This study investigated the mean Acceptance Value (AV) across three distinct tablet sizes (300
mg, 400 mg, and 500 mg) among three groups, each employing different formulations and printers.
Group I utilized formulations without polysorbate and the MiniLab printer, while Groups II and III
employed formulations with polysorbate, with Group III additionally utilizing the latest Pharma
Printer. The analysis aimed to discern the impact of polysorbate inclusion in formulations and printer
type on AV with content uniformity, specifically focusing on AV of content uniformity test.

ANOVA outcomes unveiled noteworthy variances in mean AV among the groups for all tablet
sizes (AV300: F = 5.483, p = .009; AV400: F = 11.223, p <.001; AV500: F = 6.834, p = .003), indicating
differences in AV performance. Robust tests of equality of means further validated these findings,
underscoring significant disparities in AV performance among the groups (p = .024 for AV300, p =
.001 for AV400, and p = .004 for AV500).

Post hoc tests revealed that Group III consistently exhibited notably lower mean AV compared
to Groups I and II across all tablet sizes. These findings suggest that the utilization of polysorbate-
containing formulations and the latest Pharma printer in Group III led to superior AV performance
compared to the MiniLab printers used by Groups I and II with similar formulations. This highlights
the combined influence of formulation composition and printer performance on AV measurements
with content uniformity, with the Pharma printer demonstrating enhanced accuracy in dosing.

The study underscores the interplay of both polysorbate inclusion in formulations and printer
type on AV with content uniformity. The utilization of polysorbate-containing formulations and the
Pharma Printer in Group III resulted in superior AV performance compared to Groups I and II. These
findings underscore the importance of optimizing both formulation composition and printer type for
improved accuracy in dosing pharmaceutical products.
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Mean Mean Mean p-value | p-value | p-value
Tablet . Difference Difference Difference | Standard | (Group1 | (Group1 | (Group 2 | Significant
Comparison
Size (Group 1vs. | (Group1vs. | (Group 2 vs. Error VS. vs. VS. at 0.05 Level
Group 2) Group 3) Group 3) Group 2) | Group 3) | Group 3)
Ivs.
gigg 0 22 6.2 42 1.4 0.016 0.001 0.065 Yes
Tvs.
300 mg gixg H‘I’s 7.3 - 5.2 12 0.003 - 0.029 Yes
gzzig EIVS' 5.1 - - 1.8 0.022 - - No
Ivs.
gigg 0 5.0 7.9 2.9 16 0.081 0.003 0.159 No
Tvs.
400 mg gixg H‘I’s 9.0 - 3.0 15 0.001 - 0.067 Yes
giiig EIVS' 4.0 - - 1.8 0.037 - - No
Ivs.
Group I vs 40 7.8 3.8 16 0.039 0.004 0.041 Yes
Group I
Ivs.
500 mg gigiﬁ H‘I’S 7.8 - 3.8 15 0.010 - 0.043 Yes
Group I vs. 3.8 : - 17 0.044 - - Yes
Group III
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No comparison study was conducted for 200 mg tablets, as data was only available for Group
III utilizing the Pharma Printer.

4.3.4. Group IV: Pharma Printer with hardware updates and Formulation II

The data from Group IV as shown in Table 10 showcases exceptional precision in dosing across
different tablet sizes. This part of the study was done in the R&D laboratory of CurifyLabs. The
Pharma Printer was employed with a more rigid syringe holder and dosing weight increments of 25
mg were introduced. The testing protocol with 3x 16 tablets for 200, 300, 400 and 500 mg targets
weight was tested, and dosing was also demonstrated with target weights of 225, 275 and 425 mg
respectively, which are three randomly chosen the targets weights in between the fixed values in the
protocol. All in all, 336 tablets were dosed in this phase. The mean values for mass variation (MV)
demonstrate consistent accuracy, with minimal deviations observed for all. The accuracy as defined
per Ph. Eur. limits for the tablets in all target weight classes was 100%. For the 225 mg tablets the
mass variation ranges from 218.0 to 230.0, with a mean of 224.5 and a standard deviation of 2.2.
Similarly, for the 275 mg tablets, the mass variation remains tightly clustered, ranging from 264.0 to
281.0, with a mean of 274.0 mg and a standard deviation of 3.1. The 425 mg tablets also exhibit
precision in dosing, with values concentrated around the mean of 423.6 and a standard deviation of
4.3.

Table 10. Tablet weights using Pharma Printer with new syringe attachment and dose slider.

Tablet N Minimum Maximum Mean Std.
Weight (mg) (mg) (mg) Deviation
200 mg 48 193 208 200.5 3.2
300 mg 48 289 314 300.8 5.0
400 mg 48 382 420 401.8 6.4
500 mg 48 485 521 502.0 6.7
225 mg 48 218.0 230.0 2245 2.2
275 mg 48 264.0 281.0 274.0 3.1
425 mg 48 408.0 437.0 423.6 44

These findings highlight the effectiveness of the Pharma printer's new syringe attachment and
dose in ensuring precise control of the dosing. The narrow ranges and minimal deviations in mass
variation across all tablet sizes indicate that the printer can accurately dispense doses within the
specified ranges. It's worth noting that this test and the selection of tablet weights were based on a
challenge test aimed at checking the printer's performance with specific tablet weights, such as 225
mg, 275 mg, and 425 mg. This level of accuracy is crucial in pharmaceutical manufacturing to
guarantee that patients receive the intended dosage of medication consistently.

Figure 10 shows the dosing accuracy (%) and standard deviations across all phases of the study
showing 100 % accuracy in the final step when all improvements have been implemented. Phasel
and 2 were performed with the MiniLab and Phases 3 and 4 with the Pharma Printer indicating a
high dependency of the hardware features to the accuracy dosing weight.
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Figure 10. Weight accuracy (%) and standard deviations across phase 1 to phase 4 of the study

showing 100 % accuracy in the final step when all improvements have been implemented. Phasel and

2 were performed with the MiniLab and phases 3 and 4 with the Pharma Printer.

The acceptance value, a critical parameter in pharmaceutical analysis denoting the uniformity
of dosage units, was calculated to be 2. Coupled with a standard deviation of 0.85, these metrics offer
a comprehensive understanding of the variability and consistency within the tablet batch. This
finding underscores the robustness and precision of the manufacturing process, particularly with the
implementation of hardware updates in the Pharma Printer. It reflects a diligent adherence to quality
control measures, ensuring that each tablet within the batch delivers the intended dose with

reliability and accuracy (Table 11).

Table 11. Content uniformity test results for 10 tablets manufactured with Pharma Printer hardware

updates and formulation II.

Content uniformity% | Tablet number

100.2 1

100.9 2

101.4 3

102.1 4

100.4 5

102.4 6

101.4 7

102.7 8

100.9 9

101.1 10

101.3 Average (%)
0.85 Standard deviation

2 Acceptance value
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4.4. Blend Uniformity test by NIR Spectroscopy

In earlier studies NIR spectroscopy has been used for instance for quantitative measurement of
accurate dosing of theophylline [22], levothyroxine and prednisolone using inkjet printing [23].
Recently Seani-Viano et al. [24] reported about a case study of 3D printed efavirenz tablets and
successful real time NIR measurements of them. Blend uniformity results indicated a mean of 107.8%
with a standard deviation of 2.6% (Figure 11). This data falls within the specified range of 90 to 110%,
aligning with the internal specification for blend uniformity. Thus, it meets the acceptance criteria for
content uniformity, which typically ranges from 85% to 115%.

However, it's important to note that some values slightly exceed the upper limit of 110%. This
may be attributed to inadequate mixing during the mixing process, resulting in localized areas with
higher concentrations of the active ingredient. While these outliers are minimal, they underscore the
significance of thorough blending to ensure homogeneity across the entire batch. Furthermore, the
ongoing improvement of the Partial Least Squares (PLS) model for blend uniformity remains a
continuous process. This involves refining the model-building process to enhance its accuracy and
predictive capabilities. The CU and AV values form the HPLC analyses confirm the high quality of
blend uniformity. It is important to understand that the NIR analysis utilizes a very small sample
amount approximately 25-50 mg of sample.

Blend Uniformity Control Chart
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Figure 11. Blend uniformity control chart from NIR spectroscopy.

4.4. Dissolution Test

Based on the provided dissolution comparison test results, it is evident that Formulation II,
which includes polysorbate, has similar dissolution profiles as compared to Formulation I, which
lacks polysorbate. The dissolution study assessed the drug release patterns of 3D-printed tablets in
two distinct formulations, focusing on a 400 mg tablet size. Over the 30-minute evaluation period,
both formulations showed no drug release at the initial 0-minute time point, indicating the tablets'
stability in the dissolution medium and allowing for consideration of any initial lag time before drug
release commenced.

These findings suggest that the presence of polysorbate in Formulation II does not contribute to
improved dissolution profile even if polysorbate is known for its ability to enhance solubility and
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dissolution rates of poorly water-soluble drugs [25]. As the drug release is so rapid in any case from
the formulation base PS does not affect it (Figure 12).

—u

100 N e

80

60

40

% Drug Release

20

0 5 10 15 20 25 30

Time point (min)

Figure 12. Dissolution profiles: formulation I vs. formulation II with error bars (A for formulation I

and m for formulation II).

4.6. Stability Study

In the stability study, the appearance of the tablets from both Formulation I and Formulation II
was meticulously evaluated over the initial three-month period. The tablets maintained their
anticipated off-white, soft chewable form with a vanilla flavour, confirming adherence to the
specified characteristics. This visual conformity underscores the stability of the formulations in
preserving their physical attributes throughout the assessment duration.

Assessing the drug potency through the assay results revealed a consistent performance for both
formulations. Formulation II exhibited values of 105.5% at zero months, 107.6% at the first month,
and 105.7% at the third month. The observed values within the assessed period consistently fell
within the acceptance range of 90.0-110.0%. This indicates that both formulations maintain their
specified potency limits, ensuring the sustained efficacy of the medication.

Drawing conclusions from the stability data, it can be asserted that the 1% Propranolol HCI with
1% Polysorbate in CuraBlend® tablets, represented by both Formulation I and Formulation II,
exhibits stability for at least three months under the recommended storage conditions (Room
temperature). The confirmation of appearance conformity and consistent drug potency over time
provides a robust foundation for the formulations' reliability and potential for long-term use.

Examining the specific attributes of each formulation, Formulation II showcased conformity in
appearance throughout the three-month period, with pH values consistently within the range of 4.9
to 5.0. In contrast, Formulation I maintained its appearance and exhibited pH values within the
specified range of 4.5 to 5.5. However, the assay results for Formulation I indicated a gradual decrease
in drug potency, with values declining from 95.3% at zero months to 92.3% at the third month. Table
11 provides a concise overview of the stability study results for both Formulation I and Formulation
II, encompassing appearance, pH values, and drug potency at zero, first, and third months.
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Table 12. Stability report for tablets from formulation I and formulation II. An overview of the
stability study results for both formulation I and formulation II, encompassing appearance, pH
values, and drug potency at zero, first, and third months.
Test Specification Zero First Third
Month Month Month
Formulation I
Appearance Off-white, soft Conforms | Conforms | Conforms
chewable tablet with
vanilla flavor
pH 4.5-5.5 5.0 5.0 5.0
Assay 90.0-110.0% 95.3% 95.2% 92.3%
Formulation II
Appearance Off-white, soft Conforms | Conforms | Conforms
chewable tablet with
vanilla flavor
pH 4555 49 49 5.0
Assay 90.0-110.0% 105.5% 107.6% 105.7%

4.8. Overall Summary of the Results

The study explored the accuracy of tablet deposition and content uniformity across four groups,
employing different printers and formulations, to assess the impact of technological advancements
and formulation modifications on pharmaceutical manufacturing precision.

4.8.1. Printing Accuracy with Mass Variation

e Group I (MiniLab with Formulation I) demonstrated deposition accuracies
ranging from 89.2% to 93.8% across tablet weights of 300 mg to 500 mg,
suggesting a high level of accuracy with minimal variation.

e Group II (MiniLab with Formulation II) showed improved accuracies,
particularly for 500 mg tablets at 95.8%, indicating the positive impact of
Formulation II on printing precision.

e Group III (Pharma Printer with Formulation II) achieved superior accuracies
between 98.5% and 99.1%, highlighting the effectiveness of advanced dosing
technology combined with Formulation II.

e Group IV introduced hardware updates to the Pharma Printer and tested
additional target weights (225 mg, 275 mg, 425 mg), achieving 100% accuracy
within the European Pharmacopoeia limits, showcasing exceptional precision in
dosing across various tablet sizes.

4.8.2. Content Uniformity

o Consistent drug content was maintained across all tablet sizes in Groups I to III,
with Group III displaying slightly better uniformity and lower variability in
Acceptance Value (AV) than Groups I and II.
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e Group IV data focused on deposition accuracy, indicating a shift towards
optimizing hardware for enhanced precision and demonstrated very accurate
content uniformity and low AV values.

4.8.3. Blend Uniformity and Dissolution Tests

e Blend uniformity met the internal specification for content uniformity,
indicating the successful mixing of the active ingredient throughout the batches.

o Dissolution tests for two formulations highlighted differences in drug release
profiles, suggesting formulation-dependent effects on dissolution kinetics.

4.8.4. Stability Study

e Over a three-month period, both formulations maintained their physical
attributes and drug potency within the accepted range, affirming the stability
and efficacy of the medication.

4.9. General Considerations

For streamlining processes using automated technology for compounding purposes the is a need
to have ready-made excipient bases available that can be utilized in a versatile way in
extemporaneous drug manufacturing. If pharmacies need to develop these themselves a considerable
amount of resources need to be put on this and this is not typically possible in compounding
pharmacies or hospital pharmacies due to lack of resources. It is of course essential that these
excipient bases or pharma inks are of the highest quality and are GMP manufactured. Moreover, the
suitability for paeditaric use needs to be assured. Van Kampen et al. [26] wrote brief overview of
carrier materials currently used in pharmaceutical extrusion-based printing studies of medicines for
pediatrics and they elaborated on a way how to guide in carrier material selection in this type of
applications [27-30]. Many studies have addressed the importance of paediatric considerations and
the STEP (Safety and Toxicity of Excipients for Paediatrics) Database [31] and FDAs equivalent
database [32] are relevant sources in the context.

As we delve deeper into the digital transformation of manufacturing, leveraging cutting-edge
technologies like artificial intelligence (AI) and the Internet of Things (IoT) becomes increasingly
central. These advancements are paving the way for highly personalized and automated production
methods across both public and private sectors. Within this landscape, three-dimensional (3D)
printing emerges as an intriguing innovation, especially in crafting complex, tailored products with
new functionalities [33-39].

The application of 3D printing in the pharmaceutical sector, specifically in drug compounding,
can replace current manual methods when speed, accuracy, quality control and user friendliness are
fulfilled. While research into 3D-printed pharmaceuticals has been extensive, aiming to transform
traditional manufacturing processes, the technology's role in personalizing drug delivery systems is
not without challenges. The concept of tailoring medication to individual patient needs through 3D
printing —adjusting drug shapes, sizes, and dosages, or adding specific release functionalities—
remains complex and not fully realized. The practicality of implementing such personalized
production on a wider scale, especially for standard medication compounding, reveals the
technology's constraints in terms of efficiency and adaptability.

However, while 3D printing offers remarkable possibilities for creating tailored drugs for
individual needs, it is an efficient solution only when speed and ease of use are addressed.
Straightforward automated extrusion-based material deposition technologies and GMP
manufactured excipient bases as presented in this multisite study offer a more viable alternative for
rapid automated compounding. These type methods are precise and excel in speed, and the
simplification of quality control processes, making them better suited for the fast-paced production
of standard pharmaceuticals that are needed in normal compounding scenarios where the produced
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dosage forms should be similar in function (bioequivalent) as the market authorized products. This
distinction underscores the need to choose the right manufacturing technology based on the specific
requirements of drug production, whether seeking customization and complexity or efficiency,
standardization and scalability in drug compounding.

Conclusions

The study underscores the critical role of both printer technology and formulation
enhancements in achieving high levels of precision and uniformity in pharmaceutical manufacturing.
The introduction of hardware updates in the last phase of the study, alongside specific target weight
testing, marked a significant advancement in dosing accuracy, achieving 100% compliance with
pharmacopeial standards. These findings highlight the importance of continuous technological and
formulation improvements to ensure accurate, uniform, and stable pharmaceutical products. The
results and insights gained from this extensive multinational study pave the way for the future of
pharmacy tailored personalized medicine, by modernizing manual compounding practices and
improving patient outcomes.

This multi-site study concerning automation of compounding of oral paediatric tablets using a
novel technology inspired by 3D printing with in-process quality control tools was made between
May 2023 and December 2023 and in total 30 hospital and community pharmacies from eight
European countries took part in it. The results indicate that extemporaneous pharmacy
manufacturing can take a giant leap forward towards automation and digital manufacture of dosage
forms through this automated and quality-controlled compounding approach. This type of
technology has become reality in pharmacies, because it is able to cater for a wide range of drug
substances and dosage forms and presenting an alternative to laborious manual extemporaneous
manufacturing, thanks to validated and standardized steps in the process. Moreover, the methods
used need to be fast and validated to make sense for a pharmacy to invest in technology to replace
manual compounding techniques. Several 3D printing approaches that have been proposed in the
past years, are very slow and their use typically require a lot of technical competence for operating[9].

Pharmacy compounding, stands at the forefront of transformation not least due to demands of
closed loop medication management requirements by unit dose labelling and traceability due to a
digital process. Traditional methods of compounding often involve manual and time-consuming
processes, presenting challenges in terms of consistency, dosage accuracy, and scalability. However,
the emergence of cutting-edge technologies has started a new era for pharmacy compounding,
promising to redefine the way medications are prepared and delivered.
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