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Smart Sensors in Bioreactors: Advancing
Real-Time Monitoring and Control
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process parameters in real time and provide actionable data for improved process control.

In biomanufacturing, precise regulation of environmental conditions such as temperature, s shor for correspondence:
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and ensuring consistent product quality [1,2]. Traditional sensors offer limited data and
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Smart sensors differ from conventional sensors by incorporating onboard data
processing, self-calibration, and communication capabilities. Common examples include
optical sensors for pH and dissolved oxygen, spectroscopic sensors such as Raman and
near-infrared (NIR), and biomass sensors that estimate cell density in real time. These
sensors continuously collect high-frequency data, enabling a detailed view of bioreactor
performance throughout the cultivation process [3,4].

One of the key advantages of smart sensors is their ability to support advanced control
strategies. By integrating with process analytical technology (PAT) frameworks and
distributed control systems, smart sensors enable automated feedback and feedforward
control. For example, real-time metabolite monitoring can trigger nutrient feeding
adjustments, maintaining optimal growth conditions and reducing the accumulation of
inhibitory byproducts. This leads to improved productivity, reduced variability, and more
robust processes [5].

Smart sensors also play a critical role in process intensification and continuous
biomanufacturing. High-cell-density cultures and perfusion systems require precise
monitoring to maintain steady-state conditions. The real-time insights provided by smart
sensors allow rapid detection of deviations and early intervention, minimizing process
disruptions and product losses.

Despite their advantages, challenges remain in the implementation of smart sensors.
Sensor fouling, drift, and long-term stability must be carefully managed, particularly
during extended production runs. Data integration and interpretation can also be
complex, requiring advanced analytics and robust data management systems. Regulatory
acceptance requires thorough validation, traceability, and documentation of sensor
performance.

Conclusion

Smart sensors in bioreactors are transforming biomanufacturing by enabling real-time
monitoring, enhanced control, and data-driven decision-making. Their ability to provide
continuous, high-quality data supports improved process robustness, productivity, and
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product consistency. While technical and
regulatory challenges persist, ongoing
advancements in sensor technology, digital
integration, and analytics are driving wider
adoption. As bioprocessing moves toward
greater automation and intelligence,
smart sensors will remain a foundational
component of next-generation bioreactor
systems.
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