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Abstract

Manufacturing biopharmaceuticals is a complex process. Monitoring and controlling of process
variables is necessary to ensure consistent quality of the product. However, in-process quality
control is traditionally limited to off line analysis. This results in delay in taking critical
decisions, batch failures, and at the times loss of valuable product. In view of this, regulatory
authorities have proposed process analytical technology (PAT) guidance for the biotech
industries with an aim of achieving consistent product quality. PAT offers an approach to
facilitate application of process knowledge for improvement of control, delivering consistent
product quality, and delivering superior operational efficiency.

Implementation of PAT requires establishment of process models, mathematical relationships
between critical quality attributes, critical process parameters and feed material attributes.
While mechanistic models are desirable, most biotech unit operations are too complex to create
mechanistic models that are simple enough for use in commercial manufacturing. Use of
empirical models or hybrid models is more of a norm in industry. The two major platforms
used in biopharmaceutical manufacturing are the bacterial Escherichia coli system, and the
mammalian Chinese Hamster Ovary system. In E. Coli based process, refolding is one of the
important unit operations which decides the yield, impurity profile of the products.

Protein refolding is known to be significantly impacted by critical process parameters and feed
material attributes including composition and pH of the solubilisation and refolding buffers.
Hence, to achieve robust process control and product quality, these attributes and parameters
need to be monitored. A PAT tool has been developed using online oxidation reduction
potential, pH, and temperature probes to create a fingerprint of a typical refolding batch within
the pre-defined design and operating spaces. A database of successful runs about a set-point is
then created and used to develop statistical process control charts to monitor the evolution of
the batch with respect to the addition of each subsequent component. These charts have been
used for real-time monitoring of process deviations. This prevents wastage of valuable
inclusion body or solubilized inclusion bodies material and saves time by allowing early
detection of the otherwise unsalvageable batches. The tool also allows a history of batch
information to be saved in the form of easily interpretable profiles for future reference. The
probes are robust, cost-effective, and can be easily integrated with data collection systems.
Using these three online indicators in real time has been demonstrated to ensure that the process

1s being operated within the established design space, thereby potentially eliminating or at least
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minimizing the need for testing of the product critical quality attributes using offline methods
such as reverse phase-high performance liquid chromatography.

Many times biotherapeutic faces challenges such as lower half life and stability inside the body.
PEGylation of the product is a well-known method to improve the pharmacological properties
and stability of biotherapeutic proteins. Proper control of the PEGylation reaction step is critical
as the molecule’s size and nature changes significantly during the reaction, as does the impurity
profile of the process stream. A near infrared spectroscopy-based PAT approach has been
developed for monitoring and control of the PEGylation reaction of G-CSF. NIRS spectra have
been used to build calibrated and validated PLS models for the three species involved in the
reaction, namely G-CSF and its monoPEGylated and diPEGylated variants. A NIRS immersion
probe was deployed in the reaction vessel to provide real time information about the progress
of the reaction. A pH probe integrated with a peristaltic pump facilitated automated quenching
of the reaction at the deserved time. The NIRS spectra have also been used to build a Batch
Evolution Model for the reaction from end-to-end, including the addition of the reactants to the
reaction vessel, the progress of the reaction for 70 minutes, and the final quenching with Tris
base. Comparing real-time data with the expected trajectory of statistical process control charts
from the Batch Evolution Model allowed for the deviations to be identified as and when they
occur, and aid in root cause analysis.

Snakebite has been a neglected disease for decades until the World Health Organization
included it in the list of tropical neglected diseases in 2009. A process for manufacturing the
recombinant Lethal Toxin Neutralizing factor (rLTNF) has been developed with overall
recovery of 78—-80%. A manufacturing plant capable of producing 10 Kg of rLTNF per batch
was simulated and techno economic analysis performed. The production cost of rLTNF was
estimated to be $5-6 per g (or $0.09 per 15 mg dose), significantly lower in cost to that of
currently available antivenom in the market (approximately $6 per dose).Further, a novel three-
step process for manufacturing of rLTNF monomer to reduce the manufacturing cost by 30%.
The tolerance of alpha chymotrypsin enzyme to denaturing conditions was used to develop a
simultaneous solubilization and cleavage reaction in single step, in which the denaturant urea
not only aids inclusion body solubilization but also opens the peptide chains for efficient
cleavage. The cleavage reaction was identified to be critical as it determines product yield and
purity, and thus all further downstream processes and was optimized using Design of
Experiments techniques. The proposed process offers reduced manufacturing cost by up to 30%
from the previously published process and can be easily adapted to any peptide manufacturing

process. Finally, a PAT implementation for monitoring and control of the rLTNF enzymatic
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cleavage reaction was developed using ATR-FTIR spectroscopy which provides distinctive
spectra for r(LTNF concatemer and urea concentration in the reaction mixture. PLS calibration
models were built to correlate the at-line spectra with concentration of rLTNF concatemer,
allowing the progress of the reaction and percentage conversion to be tracked in real time. PAT
implementation ensured that the product formed meets critical quality attribute targets of purity,
yield and impurity profile. The tool also enabled identification of deviations, such as deviations
in the reaction buffer, concentration of concatemer in the IBs, enzyme loading relative to
protein concentration, and reaction time with late quenching, enabling robust monitoring and
control.

In protein therapeutics, it is critical that the excipient concentrations in the drug product are
maintained within the prescribed specifications. This task is quite straightforward when the
protein concentration in drug product is low. However, as the protein concentrations rise in the
drug product, especially in the case of subcutaneous formulations, maintaining precise levels
of excipients becomes challenging. At higher concentration (in excess of 100 mg/ml), protein
molecules tend to attract/repel the charged excipients when processed through tangential flow
filtration membrane, resulting in a significant drift of excipient concentration in the final
formulated drug substance. This in turn alters the pH, conductivity, and osmolality of the
solution. Limited literature exists on methods for analysis of excipients in protein drug products
and this is so due to incompatibility of protein with organic solvents and wide diversity with
respect to the nature of excipients used in protein therapeutic formulations. Two different
chromatographic modes, ion exclusion chromatography and reversed phase chromatography,
were deployed to analyse a total of seventeen excipients that are widely present in protein
formulations ranging from peptides to monoclonal antibodies. Both the methods were validated
as per ICH guidelines. The present methods did not require sample pre-treatment. The
application of the methods has been demonstrated by analysing excipients concentration in
various innovator products and their biosimilars. A mechanistic model incorporating coupling
of the charge fluxed through the membrane was developed to explain the drift in the excipient
concentration observed in DF and UF operations in the processing of mAbs. It was found that
the drift of the excipients in both the DF and UF operations is most strongly influenced by their
diffusivity, followed by the charge on the mAb and its concentration. The initial/ exchange
buffer concentration also had a significant influence on the drift of the excipients. The model
was validated with experimental results, and the match between the experimental and the
model-simulated values were within 8%. It has been demonstrated that the model can be used

to predict the initial/ exchange buffer concentration for a target final concentration after the
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UF/DF operation. The effect of system parameters on the drift of the excipients was determined
from the model, and the diffusivities of the excipients and mAb charge were found to have the
strongest influence.

We believe that the studies presented here as a part of this thesis will promote development of

highly efficient PAT tools for manufacturing of biotherapeutics.
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