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Abstract

While the concept of Quality-by-Design (QbD) has been explored for more than a decade, its
implementation in crystallization of active pharmaceutical ingredient (API) is limited and a
subject of ongoing development. Researchers have explored various novel technologies in
recent years to get product of desired quality directly from crystallization. However, there are
limited instances of successful implementation of this approach for the process of
pharmaceutical crystallization. Till date, there is limited understanding and major concerns
regarding implementation of QbD and process analytical technology (PAT) in the
pharmaceutical arena. The objective of this work is therefore to provide a comprehensive
understanding on various aspects of QbD and PAT, along with addressing the concerns related
to their implementation to achieve automation of the pharmaceutical process. In this thesis, we
attempt to alleviate a number of challenges associated with pharmaceutical drug quality by
following a QbD based approach: (a) development of a mechanistic model of anti-solvent aided
crystallization process; (b) implementing Design-of-Experiments (DoE) for anti-solvent aided
crystallization process; (c) implementing model-based control for particle size distribution in
anti-solvent aided crystallization process using PAT; and (d) evaluating impact of
crystallization process parameters on particle morphology and dissolution behaviour of drug
substance.

Thorough process understanding is a prerequisite for implementing QbD in development of a
pharmaceutical crystallization process. Identification of the critical process parameters (CPP)
and raw material attributes and creation of mechanistic models that can correlate these to the
product quality attributes are the first steps in this approach. In Chapter 3, a comprehensive
model for antisolvent crystallization has been developed by solving population balance
equation (PBE) along with considering dependence of crystal growth rate on crystal size and
kinetic parameters for nucleation and growth rates. The proposed model compares favourably
to other similar models in the literature with respect to the accuracy of prediction of crystal
size, surface area, and volume, even at varying feed rate profiles of antisolvent during
crystallization. The average residual value obtained in the given model is of the order of 1/10%"
of the previously published models. The superlative performance likely originates from the fact
that most models ignore the size dependence of crystal growth rate. It is expected that the
proposed model to be a useful tool in the arsenal of those involved in development of

pharmaceutical crystallization.



Chapter 4 focuses on implementation of a DoE driven QbD approach for the anti-solvent
crystallization of dexlansoprazole AP1 with the help of focused beam reflectance measurement
(FBRM) PAT. An empirical model has been created using Minitab19 software to design a
control strategy for managing crystal size distribution during crystallization. In this work,
screening study was performed on 7 crystallization parameters to identify CPP with respect to
particle size. The shortlisted critical process parameters (reactor temperature and addition time
of anti-solvent) were then subjected to full factorial study for deriving an empirical model
having a resultant R-square value of more than 80%. The derived model was also found to
support the theoretical growth rate equation. This work demonstrates how DoE-based
experimentation can be used to implement QbD for a pharmaceutical anti-solvent
crystallization process.

In Chapter 5, we demonstrate the use of derived empirical model for controlling the particle
size during crystallization, when the system is exposed to planned disruptions under the PAT
framework. The effect on particle size distribution was measured in terms of chord length
distribution with the help of FBRM PAT. In this study, during crystallization of
dexlansoprazole, the dosing pump feeding anti-solvent (n-heptane) was shut down temporarily
and the remaining anti-solvent quantity was added under different process conditions derived
from the empirical model targeting a desired set-point value of FBRM percentile C50 value.
The C50 value in model-based experiments (23.2 1, 24.2 ) were observed to be in close range
with the baseline experiment (23.1 ) while the experiment with model-free approach showed
significant deviation (32.9 ). The motivation was to check the effectiveness of model to design
a PAT based control scheme that can deliver particle sizes close to the desired values after
making suitable real-time changes to the CPPs.

In Chapter 6, the impact of crystallization process parameters on solid-state behaviour of
dexlansoprazole has been elucidated by utilizing various characterization techniques and derive
a model for intrinsic dissolution rate using JMP14 software for development of appropriate
pharmaceutical dosage forms. The dexlansoprazole samples prepared under different
crystallization conditions of temperature and anti-solvent addition rate were subjected to
characterization performed using a variety of analytical techniques, including particle size
distribution (PSD) by laser diffraction, X-ray powder diffraction (XRPD), scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), dynamic vapour sorption (DVS), and intrinsic dissolution rate (IDR). Intrinsic
dissolution rate of APl was found to be enhanced by keeping lower reactor temperature and

faster addition of anti-solvent during crystallization. This observation was supported and well
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explained with the help of characterization data generated with the above mentioned analytical

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

robust and automated crystallization platforms for manufacturing of pharmaceuticals.
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faaRor & T AlSe-3MRd [FAAT o] T, (G) gar Yard & o7 3ThReh 3R
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IR-FFARR AT dT AT AlSel 1 Yol el & [T qol qearenss sregae
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