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Abstract

The biopharma industry traditionally uses the batch model for manufacturing biotherapeutics
due to risk tolerance and regulatory concerns. However, there is a growing interest in
continuous processing to meet rising demand. Continuous processing offers benefits such as
improved productivity, consistent product quality, and reduced costs. While the majority of
research focus has been on the creation of end-to-end continuous biomanufacturing processes
in recent years, limited attention has been paid to real time monitoring and control of continuous
processes. The aim of this thesis is to develop model based designs and control of downstream
purification steps along with development of appropriate online Process Analytical Technology
(PAT) tool for real time monitoring of Critical Quality Attributes (CQAS) in continuous
processing of biotherapeutics.

The first objective of the work was to explore applications of machine learning (ML) algorithms
for qualitative monitoring and quantitative prediction of column state and performance for resin
cycling study of continuous capture chromatography. This process is crucial in monoclonal
antibody purification due to resin costs. Advanced ML algorithms were proposed to detect
column integrity breaches and predict yield decline in protein A chromatography. The
developed algorithms successfully predicted anomalies by detecting subtle changes in column
packing and decline in yield, enabling real-time control decisions for preventive measures.
The second objective of the work was to model the complex resin decay phenomena due to
extended re-use of protein A resin in continuous capture chromatography using general rate
model (GRM) for monoclonal antibody (mAb). Our findings show that pore and film diffusion
slow down with each cycle, affecting the protein transfer rate. It was also observed that although
pore diffusion was the limiting step, film diffusion was also slowing with number of cycles
leading to slower diffusion rate of protein out of solid phase to bulk phase. The methodology
and findings proposed in this work can assist in predicting reliable performance of Protein A
resin with useful insights regarding the underlying mechanism behind resin fouling.

Besides process modeling, creation of appropriate PAT tool is required for real time monitoring
of product quality attributes in continuous processing, thereby ensuring product quality and
consistency. In this objective, a cost-effective approach for using a traditional offline high-
performance liquid chromatography (HPLC) for online analysis using a 2 way/6 port valve to
facilitate simultaneous automated sampling of product stream eluting from a process column
and fractionation was proposed. The versatility of the proposed online configuration has been

verified by demonstrating its use for separation of aggregates and separation of charge variants



of mAb. Furthermore, predictive modeling was implemented to facilitate pooling to achieve
the desired purity. The study demonstrates that the proposed online HPLC configuration could
be used for PAT applications in continuous preparative chromatography.

Finally, model based design and control of end-to-end integrated downstream purification
process coupled with online HPLC PAT tool for achieving robust pooling decision making in
continuous processing of mAb was proposed. Robust pooling decision is required for achieving
uniform charge variant composition for mAbs. In this study, we proposed an end-to-end
modeling of continuous downstream process providing for digital twin, integrated with an
online HPLC-PAT tool for delivering real time pooling decisions to achieve uniform charge
variant composition. The model states were updated in real time using online HPLC charge
variant data for prediction of the initial and final cut point for cation exchange chromatography
(CEX) eluate, according to which the process chromatography was directed to switch from
collection to waste to achieve the desired charge variant composition in the CEX pool. The
control strategy was successfully implemented for wide range of charge variants in the feed
with its composition in the range of 13-17% for acidic, 18-23% for main and 59-68% for basic
variants. All the case studies yielded CEX pool of uniform distribution of charge variants with
process yield for main species was >85%. The results thus successfully demonstrate the
technical feasibility of creating digital twins of bioprocess operations and their utility for
process control.

In order to run a reliable, long-term continuous process with increased efficiency and
robustness, we believe the studies presented here as a part of this thesis will promote
development of several modeling based techniques together with application of appropriate

PAT tools for real time monitoring and control of bioprocess unit operations.
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