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INTODUCTION 
Over the past years, the pharmaceutical industry have been criticized for its large environmental impact 1. 
Environmental pollution from pharmaceuticals occur during development and production, use and disposal of 
products and can damage ecosystems, increase antimicrobial resistance and generate substantial greenhouse gas 
emissions 2. As a result, 'environmental sustainability' is increasingly present in today's society. Several 
sustainability assessment tools  have been developed for pharmaceuticals, however, most assessments typically 
consider only parts of the pharmaceutical life cycle (e.g. drug production) and focus on the environmental burdens 
of resource use and emissions, defined Indeed, these sustainability assessments usually do not 
simultaneously consider the beneficial impact of pharmaceutical care (e.g. human health benefit), the so-called 
handprint 3. In addition, existing sustainability assessments are often limited to traditional impact categories, 
neglecting other dimensions of sustainability. Nevertheless, a comprehensive sustainability assessment should 
holistically capture the three pillars of sustainability, i.e. environment, social, and economic. Hence, environmental 
impacts should be considered together with other societal impacts such as welfare, equity, job creation or well-
being. T
to conceptualize and propose a holistic framework for integrated sustainability assessment for pharmaceuticals, 
based on the three pillars of sustainability and taking into account both footprint and handprint.  

METHODS 
In a first stage, a literature review was conducted to identify all building blocks from a theoretical point of view. 
In a second stage, the framework was checked with stakeholders and experts in the field of sustainability and/or 
healthcare involved in the TransPharm project. 

RESULTS  
The holistic framework has been developed and is illustrated in Figure 1.  

 

 

 

Figure 1. The holistic framework for integrated sustainability assessment for pharmaceuticals. 



CONCLUSION 
The framework is specifically tailored to the needs of end-users such as regulators, industry and the healthcare 
sector. It is generic in its applicability, hence allowing for crossover between industries, pharmaceutical type and/or 
stakeholders. Gaps, barriers and opportunities to achieve sustainability are identified and, accordingly, the holistic 
framework proposes the best available evidence for decision making. This work on the framework is on-going and 
future research will focus on how environment, society, and economy have to be weighted against each other and 
how this differs between stakeholders. 
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INTRODUCTION 

The pharmaceutical industry aims to boost drug product development (DPD) and production efficiency with 
concepts like continuous manufacturing, QbD, PAT, and Pharma 4.0. Within these frameworks, predictive models 
play a central role, resulting in extensive research and development (R&D) to mathematical models capable of 
describing the behavior of the various unit operations in the pharmaceutical manufacturing system.1 

Within the scope of DPD, prediction models offer a significant advantage to reduce the experimental burden. 
However, model-based DPD approaches are not widely adopted in pharmaceutical R&D. Traditional Design of 
Experiments (DoE) methodologies remain widely used despite the challenges associated with this approach due 
to the scarcity of expensive active pharmaceutical ingredients (APIs), characteristic of this early stage of the DPD 
process. The limited use of model-based approaches is attributed to the lack of studies quantifying their benefits 
and pitfalls, especially when applied to entire production pathways. 

This study presents a newly model-based DPD framework to optimize the manufacturing process (in this study 
continuous twin-screw wet granulation (TSWG)) of an unprecedented pharmaceutical formulation composition. 
The study identifies the most appropriate process conditions to meet the targeted quality attributes (QAs), and this 
starts from the material properties only.  Finally, the study also quantifies the potential reduction in experimental 
efforts by comparing the conventional DoE approach with the proposed model-based framework. 

MATERIAL AND METHODS 

Industrial DPD assignments usually focus on new API components. This implies that there are often no 
prediction models available which were trained specifically on the materials for which the process is being 
optimized. Therefore, this optimization study was conducted by using a pharmaceutical formulation, which was 
not included in one of the different datasets used to develop the submodel structures.  

Second, t  continuous TSWG powder-to-tablet manufacturing device, is utilized in this 
study for producing high-quality drug products. TSWG is employed in the pharmaceutical industry to enhance 
the powder flow properties for tableting.2 The device is composed of several unit operations, of which the core 
processes are wet granulation and fluidized bed drying.  

Further, three model structures are employed in the proposed model-based DPD framework. Two of the models 
focus on describing the system behavior of the core unit operations. While the third model struccture is dedicated 
to describing the energy consumption concerning the process settings.  

To evaluate the DPD framework, a combined model structure connecting the manufacturing operation prediction 
models is used. This input-output model connection enables to take the impact of the granulation process settings 
on the product quality attributes in the subsequent drying stage into account during the process optimization. The 
combined model structure is constructed starting from the data-driven granulation model structure first suggested 
by Van Hauwermeiren3 and the segregation-sensitive drying model described in the work of Vandeputte4. 

The primary objectives of the process optimization assignment were to achieve a high-quality drug product and 
maximize energy efficiency. Figure 1 gives a schematic overview of the model-based DPD framework followed 
in this study to determine the optimal process settings of the formulation studied. Overall, the proposed 
methodology in this study consists of three main tasks: (1) determining a workable Design Space (DS) through 
model evaluations, (2) characterizing the optimal process settings within the defined DS, and (3) experimentally 
validating the proposed combination of process settings. 



 

Figure 1: Overview of the model-based DPD framework 4  



RESULTS AND DISCUSSION 

In the presented case study, the newly developed DPD framework is applied to an unprecedented formulation 
composition for the model structures. A process variable space, in which the end product was predicted to reach 
the quality targets was first defined. Subsequently, a certain safety margin on the quality targets and the energy 
efficiency was considered before the most appropriate set of process settings was determined. Finally, a 
validation experiment with the proposed process settings was performed, in which the granule and drying air 
features were monitored in function of drying time. Lastly, the QA of the final dried product was measured 
offline to validate the model predictions. 

The results of the suggested experiments confirmed that the suggested operating points met the targeted QAs 
after granulation and drying of the new formulation. Dry and well-flowing granules were obtained at the 
proposed set of process settings. Moreover, an additional experiment, in which 13 consecutive cells were 
operated in sequence, demonstrated that the proposed continuous manufacturing procedure can operate stably. 
The 13 samples taken from different drying cells were subjected to the optimized drying conditions and a total 
drying time of 472 seconds. Subsequently, the QAs of the different samples were measured offline. From these 
analyses followed that all predetermined quality requirements were achieved in all samples. This result gives the 
scientific ground to claim that the proposed production process is stable. 

Based on the preceding results, the applicability of the proposed model-based DPD framework is proven. 
Furthermore, a comparison with the conventional DoE approach has shown that the model-based DPD approach 
reduces the experimental work requirements significantly. It leads to a maximum reduction of 81.3% in time 
demand and 85.3% in material requirements to find the optimal process conditions for (new) pharmaceutical 
products. This reduction in material usage is particularly advantageous for the pharmaceutical industry, where 
API components are expensive and limited during the design phase of (new) drug products. However, it is 
essential to acknowledge that the case study was conducted in an academic setting, and further investigation is 
needed to transfer the findings accurately to an industrial environment. 

CONCLUSION 

This study presents an innovative mathematical approach to reduce the experimental effort during DPD. Different 
prediction models, each describing one of the core unit operations in the manufacturing process, were connected 
to obtain an overview of the entire production system. Furthermore, the study showed that the combined model 
structure combined with the proposed model-based DPD framework allowed the identification of an optimal set 
of process settings with less experimental work and consequently less API consumption.  

Nevertheless, the proposed DPD framework was not able to eliminate all experimental work. Still, one validation 
experiment was required to verify if all QAs were achieved when the drug product was produced at the proposed 
set of process settings. It was concluded that the used mathematical models accurately predicted the process 
behavior of the continuous TSWG line, which resulted in high-quality pharmaceutical products at the proposed set 
of process settings. 

Finally, the quantitative comparison between the conventional DoE approach and the proposed model-based DPD 
framework reveals that the latter achieved significant reductions in terms of the material and time requirements. 
Even though this study was conducted in a university setting, these results demonstrate the effectiveness of model-
based approaches in efficiently optimizing pharmaceutical manufacturing processes. 
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INTRODUCTION 
In scope of achieving real-time release of tablets, quality attributes need to be monitored and controlled through 
Process Analytical Technology tools such as Near-Infrared spectroscopy (NIRS). NIR spatially resolved 
spectroscopy (NIR-SRS) provides a balance between the fast but spatial information-lacking conventional NIRS 
and highly informative but time-consuming NIR chemical imaging (NIR-CI). NIR-SRS can be viewed as a 
simplified hyperspectral imaging system, where spatial and physicochemical information are obtained through fast 
multipoint NIR measurements. In this study, the suitability of NIR-SRS for continuous real-time quality 
monitoring and control of content uniformity, hardness and homogeneity of tablets with challenging dimensions 
was evaluated. A CUB-20 inspection unit (Pharma Technology, Nivelles, Belgium) with an integrated NIR-SRS 
probe (having nine built-in collection channels) was used as standalone equipment for the analysis of small oblong 
tablets (10.16 mm × 4.67 mm × 3.82 ± 0.18 mm) with deep cut break lines on both sides. 

MATERIALS AND METHODS 
A total of 66 tablets varying in tablet hardness (40  65  90 N) and Active Pharmaceutical Ingredient (API) 
content (70 to 130 % of the label claim) were inspected with the CUB-20. Each tablet was measured five times by 
reinserting the tablet in the CUB-20 inspection unit and measurements were repeated on three different days. Each 
tablet measurement resulted in a total of 45 individual spectra, obtained through five multipoint acquisitions (5 
acquisitions x 9 collection channels) across the observed area of the tablet. Two different spectra selection methods 
were developed and applied to create different datasets for model development. The selection methods differed in 
the considered number of collection channels of the NIR-SRS probe and therefore the resulting number of spectra 
selected for model development. For a single tablet measurement, selected spectra were either averaged into a 
single spectrum or used as individual spectra in the development of Partial Least Squares (PLS) models for tablet 
content uniformity and hardness assessment. Spectra of the tablets were regressed against either their respective 
tableting blend API content (% of the label claim) or hardness (N) values. Model performance was evaluated 
through the Root Mean Square Error (RMSE) and coefficient of determination (R²) of the calibration, cross-
validation and test sets. Tablet homogeneity was visualized by regressing all 45 spectra obtained through a single 
tablet measurement using a content uniformity model. 

RESULTS AND DISCUSSION 
Various PLS models were developed and validated, of which the content uniformity models show higher accuracy. 
Tablet hardness models were developed as well, although the models obtained through the different spectra 
selection methods show similar model performance. Even though the hardness models are less accurate compared 
to those for content uniformity (relative RMSEp of 14 % vs 7.3 %), their predictions can be seen as sufficient to 
detect tablet deficiencies for downstream unit operations such as e.g. tablet coating. Tablet homogeneity was 
visualized by plotting a concentration heatmap on a tablet background image (mimicking the scanning pattern 
when the tablet moved past the NIR-SRS probe) in order to provide insight on API distribution. 

CONCLUSION 
The CUB-20 inspection unit offered a balance between fast and non-destructive measurements while still 
providing multipoint NIR data, allowing the monitoring of tablet API content, homogeneity and hardness. The 
PLS models showed favourable model performances, although future work should focus on using the true API 
content values of the inspected tablets to improve overall model performance and subsequent homogeneity 
analysis. The CUB-20 inspection unit is well-suited for fast analysis of tablet batches and could also be used for 
in-line inspection of tablets coming from a tablet press, although it would be limited to low-throughput 
experiments. However, the CU-120 production-scale counterpart allows high-throughput analysis up to 120 000 
units/h. Future work should therefore investigate the scalability between these inspection units with regard to the 
analysis of tablets with challenging dimensions. 






























































