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ABSTRACT

This thesis documents a study of implementing advanced control schemes towards bioreactor
control applications. Bioreactor operation is a primary operation in biotherapeutics
manufacturing which significantly impacts both the amount and quality of the product being
manufactured. Complexity of the control strategy increases with reactor size, which may vary
from thousands to tens of thousands of liters in commercial manufacturing. The regulatory
initiative of Process Analytical Technology (PAT) has highlighted the need for having robust
monitoring tools and effective control schemes that are capable of taking real time information
about the critical quality attributes (CQA) and the critical process parameters (CPP) and
executing immediate response as soon as a deviation occurs. However, the limited flexibility
that present commercial software packages offer may create a hurdle. We have developed an
integrated program using a visual programming environment for carrying out bioreactor
operations through which various peripheral devices are interfaced. The proposed program
facilitates real-time access to data and allows execution of control actions to follow the desired

trajectory.

Apparently, regulation at the cellular level is a complex phenomenon and as a result highly
non-linear state-time profiles are used to characterize bioprocesses. In such circumstances,
special attention must be devoted to design and to implement advanced controllers. Baker’s
yeast fermentation process possesses an appropriate degree of complexity so that successful
demonstration of implementing an advanced non-linear controller for this process presents a
challenge. Consequently, by solving a control problem for this process, in turn, becomes

equivalent to providing a solution for a range of bioprocesses.

A model for baker’s yeast fed-batch fermentation was selected from the literature. This model

was further examined from a system perspective to ensure that it possessed correct structure in



terms of controllability and observability. The model was validated by experiments. Using this
model, a decoupled input-output linearizing controller (DIOLC) was developed. This controller
possesses two separate control loops — substrate controller by substrate feeding rate and
dissolved oxygen (DO) regulated by air flow rate. The performance of DIOLC was
benchmarked against the performance of a proportional-integral-derivative (PID) controller
under different set of conditions. A case study also demonstrated comparing performances of
DIOLC and PID controller for biomass maximization in the baker’s yeast process. Superiority
of DIOLC was demonstrated over PID controller due to the ability of DIOLC to negate the

interactions between the inputs and outputs.

A different control strategy that did not have a strong dependence on the quality of the model
was used to control fed-batch fermentation of Pichia pastoris for the production of recombinant
human serum albumin (rHSA). Suitability of adaptive control was examined. Using principles
of decoupling (as used in the formulation of DIOLC), a decoupled adaptive controller (DAC)
was implemented for this process. Results of the performances of DAC (in spite of some
disturbances in DO) were found to be at par compared to that with PID controller. DAC was
better at controlling substrate than DO as measurements of DO showed disturbances in the
transition phase (from glycerol batch to methanol induction phase). As a result, augmenting

the strengths of both DAC and DIOLC was utilized to develop a third hybrid control scheme.

Another important aspect that has been examined is the proteolytic degradation of recombinant
products by host-specific proteases that hinder effective production and purification of
heterologous proteins at high cell density fermentation from yeasts such as S. cerevisiae and P.
pastoris. We demonstrated that use of conductivity sensor as a potential PAT tool for
monitoring real-time measurements of medium conductivity can lead to higher product titer

with minimal protease formation.
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a) Plot of maximum tryptophan fluorescence intensity vs. protein
concentration for HSA standard (0.1-4 mg mL-1), b) Plot of
maximum  extrinsic  fluorescence intensity vs. protein
concentration of HSA standard (0.1-4 mg mL-1), c) Actual vs.

predicted plot for total protein concentration produced in Pichia
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Figure 7.5

fermentation fed with methanol, d) Actual vs. predicted plot for
total protein concentration produced in Pichia fermentation fed
with mixed feed, e) Plot of maximum riboflavin fluorescence
intensity vs. protein concentration of recombinant HSA (obtained
by RP-HPLC) produced in Pichia fermentation fed with
methanol, f) Actual vs. predicted plot for rHSA production in
Pichia fermentation fed on mixed feed.

Results from the demonstration of an integrated approach for
monitoring protein production in Pichia fermentation. a) The plot
of maximum extrinsic fluorescence intensity and maximum
intrinsic riboflavin fluorescence intensity at different time
intervals for rHSA production from Mut* Pichia fermentation, b)
Actual vs. predicted plot for rHSA production in Pichia
fermentation using intrinsic riboflavin fluorescence, c) Actual vs.
predicted plot for total protein concentration in Mut™ Pichia
fermentation using extrinsic fluorescence, d) Actual vs. predicted
plot for rGCSF production in Pichia Mut® fermentation using
intrinsic tryptophan fluorescence, e) Actual vs. predicted plot for
rGCSF production in Pichia Mut® fermentation using intrinsic
riboflavin fluorescence, f) Actual vs. predicted plot for total
protein concentration in Mut™ Pichia fermentation using extrinsic

fluorescence
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Figure 7.6

Figure 7.7

Results from the production of GCSF in Pichia pastoris. a) RP-
HPLC chromatogram for GCSF Standard, b) Calibration curve
developed using RP-HPLC of GCSF standard, c¢) rGCSF
production trajectory of Pichia Mut® fermentation d) Biomass
production profile in Pichia Mut® fermentation.

Calibration curve of maximum riboflavin fluorescence intensity

vs different riboflavin concentration
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