Editorial

Pharmaceutical
BIOPROCESSING

Bioprocess Digital Twins: Enabling Data-
Driven Biomanufacturing

Introduction

Bioprocess digital twins are virtual representations of physical biomanufacturing processes
that integrate real-time data, mechanistic models, and advanced analytics to simulate
and predict process behavior. By mirroring the performance of an actual bioprocess,
digital twins provide enhanced process understanding, support decision-making, and
enable proactive control strategies. As biomanufacturing becomes increasingly complex
and data-rich, digital twins are emerging as a key technology for improving efficiency,
consistency, and product quality across the process lifecycle [1,2].

Discussion

A bioprocess digital twin combines multiple modeling approaches, including first-
principles models, statistical models, and machine learning algorithms. These models are
continuously updated using data from sensors, process analytical technologies (PAT), and
manufacturing execution systems. This integration allows the digital twin to reflect current
process conditions and predict future outcomes under different operating scenarios.

Digital twins are applied across both upstream and downstream bioprocessing. In
upstream operations, they can predict cell growth, metabolite profiles, and product
formation, enabling optimization of feeding strategies and environmental conditions. In
downstream processing, digital twins support chromatography optimization, filtration
performance prediction, and capacity planning. By simulating process changes before
implementation, manufacturers can reduce experimental costs and minimize production
risks [3,4].

One of the key benefits of bioprocess digital twins is their ability to support real-time
monitoring and control. When coupled with advanced control systems, digital twins
enable predictive and prescriptive actions, such as adjusting process parameters to prevent
deviations or maintain optimal performance. They also play a valuable role in technology
transfer and scale-up by enabling virtual testing of process conditions at different scales.

Despite their potential, implementing bioprocess digital twins presents challenges.
Developing accurate and reliable models requires high-quality data and deep process
knowledge. Integration with existing digital infrastructure and ensuring data security are
additional concerns. Regulatory acceptance also requires transparency, validation, and
clear documentation of model performance and lifecycle management [5].

Conclusion

Bioprocess digital twins represent a powerful tool for advancing data-driven
biomanufacturing. By providing real-time insight, predictive capability, and virtual
experimentation, they enhance process understanding, control, and efficiency. While
technical and regulatory challenges remain, ongoing advancements in modeling,
analytics, and digital infrastructure are accelerating adoption. As biomanufacturing
continues to evolve toward smart and connected systems, bioprocess digital twins are
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expected to become an essential component
of next-generation manufacturing strategies.
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