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ABSTRACT
The inspiration for this work is the growing focus on process intensification and continuous
manufacturing of biopharmaceuticals, to lower production costs. Most biopharma manufacturers
today operate in a batch or semi-continuous mode. In batch mode, sampling and analysis are
performed offline, inherently causing a halt in the process. The sequential scheduling leads to
suboptimal equipment utilisation with long standby periods. By overcoming these shortcomings,
continuous operation can enable manufacturers to cope up with increasing market demand due to
higher throughputs. It also provides advantages such as reduction in the scale and footprint of the
plants, lower process costs, better resin utilisation in chromatography steps, among others.
However, there are certain challenges in continuous manufacturing such as the need for in-
process monitoring and control to ensure safety, efficacy and the quality standards expected by
global regulatory authorities. This has been achieved through process analytical technology
(PAT) based tools, in recent times. A typical process consists of several upstream and
downstream unit operations, starting from cell culture followed by chromatographic purification,
viral clearance, and formulation. Downstream purification, consisting of clarification, capture,
polishing, and formulation, can contribute up to 80% of total Mab production costs. Up to 60%
of which are due to chromatography steps with the Affinity step contributing to 50-55% of the
total COGs making the intensification of this step an area of interest. The aim of this work is to
develop process intensification and process analytical technology (PAT) solutions for monitoring
and control of downstream unit operations for mAb production using mechanistic, spectroscopic,
or data-driven models for improved efficiency, reduced cost of goods sold (COGS), and

automation.

The first work is process intensification of protein A chromatography by proposing MFR (multi
flow rate) based loading strategies to maximize utilization of binding sites on the resin. This is
achieved by adjusting flow trajectory based on simulated breakthrough curves using estimated
diffusion constants at specific residence times. The strategy involves utilization of variable flow
rate during the loading phase or negative step gradient of residence time. A switch time is
defined to transition from one flow rate to the next. It was observed that by operating a process at
multiple flow rates, a near maxima of both adsorbent capacity and the productivity could be

obtained. In comparison to the reported methods using flow-trajectory based loading, the



proposed method follows a simpler approach and displays increased resin utilization (~15%

higher than batch) and improved productivity.

The next work is aimed at enabling a data-based monitoring tool to predict and prolong resin
aging in Affinity chromatography. The high cost of protein A resins makes it one of the most
expensive raw materials used in biopharmaceutical manufacturing. The resin is often used for
multiple cycles (as much as two hundred times). There are situations where concurrent validation
at the manufacturing scale may be more appropriate due to increased variability contributed by
factors such as multiple lots of feed, scale related differences with regards to packing/unpacking,
frequency of repacking, variations in contaminant levels in feed, and impact of proteases. In this
work, two case studies were considered to understand DBC decline during resin aging and a
model was designed to predict it. Based on the prediction, a control strategy to improve resin

performance is also demonstrated aimed at increasing the resin lifetime.

The next work is to develop a UV based PAT tool for online dilution-free concentration
determination at in-process stages of downstream manufacturing. A way to circumvent the
challenges that arise in concentration estimation due to saturation and non-linearity of signal/UV
at higher concentrations is proposed. Chemometrics has been used for visualisation and
prediction. The developed tool used method of partial least squares (PLS) to predict
concentrations up to 100g/L, validated with differing proteins and buffer systems. A few tools
exist in literature that enable online concentration measurements such as Flow VPE (variable
path length), Raman, NIR (near infra-red) or fluorescence-based spectroscopy. The proposed tool
is simpler and involves little or no capital investment as compared to current industry

considerations.

The final work was to develop a PAT tool using Raman spectroscopy, which can predict multiple
critical quality attributes such as fragments, acidic variants, in addition to protein concentration.
A series of machine learning tools were applied and tested before arriving at the best model in
terms of R2 and least RMSE for each attribute. To enable continuous manufacturing, having
tools in place that can determine the quality of feed entering the next unit operation, without
pausing the unit operation is the need of the hour. Other spectroscopic methods have been
proposed in literature that serve as PAT tools; however, Raman spectroscopy is highly specific

and displays the least impact from water interference. The tool would serve in online monitoring



of product quality and enable quality by design. The main objective is reduction of the number of
in-process testing at manufacturing scale to monitor critical quality attributes (CQAs), which are
both expensive and time consuming. The models were aimed to be successfully validated at all
downstream in-process stages, with multiple IgGl molecules and a few applications and

industrial case studies have been illustrated.
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