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Abstract: This contribution discusses the main challenges related to successful application of automatic
control systems used to control specific growth rate in industrial biotechnological processes. It is
emphasized that, after the implementation of basic automatic control systems, primary attention
shall be paid to the specific growth rate control systems because this process variable critically affects
the physiological state of microbial cultures and the formation of the desired product. Therefore,
control of the specific growth rate enables improvement of the quality and reproducibility of
the biotechnological processes. The main requirements have been formulated that shall be met to
successfully implement the specific growth rate control systems in industrial bioreactors. The relatively
easy-to-implement schemes of specific growth rate control systems have been reviewed and discussed.
The recommendations for selection of particular control systems for specific biotechnological processes
have been provided.

Keywords: biotechnological processes; bioreactor control; specific growth rate control; batch-to-batch
reproducibility

1. Introduction

Biotechnological processes play an increasingly important role in modern industry and health
sectors. Many of the important active pharmaceutical ingredients are recombinant therapeutic
proteins produced by the cultivation of genetically modified microorganisms or mammalian cells in
bioreactors. These biotechnological processes are highly nonlinear and non-stationary. Therefore,
modeling and control of the above bioprocesses are complicated control engineering tasks, especially in
industrial recombinant protein production processes, in which high safety requirements and operational
restrictions must be secured [1,2]. The goal of this contribution is to review and recommend practical
and easily implementable control system schemes for biomass specific growth rate (further referred
to as SGR or ) control in industrial bioreactors. The recommendations are based on an analysis
of the existing SGR control solutions and availability of the control schemes suitable for practical
implementation in industrial bioreactors. The specific growth rate u (1/h), is defined as the ratio of the
cell’s absolute growth rate and the amount of cells:

n=2 2 m

where X = xV (g) is the cell (biomass) amount; x (g/L) is the cell (biomass) concentration; and V (L) is
the cultivation broth volume. The SGR is the most important variable in biotechnological processes,
which influences the physiological state of microbial culture, production of cell biomass and desired
products, and quantity and quality of products [3-8].
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The development of relatively simple and reliable methods for SGR monitoring and control
in industrial bioreactors is one of the most important control engineering tasks for successful
implementation of the Process Analytical Technology (PAT) framework in bioengineering [9,10].
However, to properly exploit the benefits of SGR control systems in microbial and mammalian cell
cultivation processes, basic bioprocess variables (temperature, pH, dissolved oxygen concentration,
etc.) need to be controlled by commonly available and well-functioning control systems. Unfortunately,
in many cases these systems do not ensure sufficient control quality [1,11,12] allowing to further
proceed with SGR monitoring and control.

This paper is structured as follows: In Section 2, importance of the control quality of the
basic control systems in the biotechnological processes is analyzed. Section 3 introduces important
preconditions for implementation of SGR control systems in industrial bioreactors. Section 4 expands on
strategies for SGR control suitable for industrial bioreactors. Finally, the authors give recommendations
for application of the discussed SGR control solutions in various biotechnological processes.

2. Quality of Basic Control Systems in Industrial Bioreactors

The performance quality of automatic control systems for basic process variables is still low
in most industrial microbial and mammalian cell cultivation processes [1,11]. Despite the fact
that sophisticated control strategies for microbial cultivation processes are widely discussed in the
academic community and research papers [2,13-15], the authors’ experience shows that, at present,
only simple, conventional automatic control systems are realized in the majority of industrial-scale
(bio)reactors [11,16]. This situation is related to a common underestimation of the control systems
importance in improving the productivity and quality of the biotechnological processes. It is also
related to the relatively high costs of implementation and maintenance of these advanced control
systems and the resultant low acceptance of these systems by plant managers.

Bioreactors are the key operation units in biochemical and biopharmaceutical processes,
in which the basic control systems attempt to control the cultivation environment outside of the
cell. The commonly controlled variables of the cells” environment are temperature, pressure, pH,
and dissolved oxygen concentration. The basic feedback control systems of industrial bioreactors for
controlling bacterial cell cultures that produce biopharmaceutical products are presented in Figure 1.
The temperature controller manipulates the flow rate of cooling water in the jacket. The pressure inside
the bioreactor is controlled by manipulation of the off-gas flow rate. The pH controller manipulates the
flow rate of ammonia solution (usually, the acid solution does not need to be added to bacterial cell
culture cultivations, unless compensation of base excess is required). The dissolved oxygen controller
output is split to manipulate the air flow rate and the agitation speed (at high cell density cultivation
the air flow may be enriched by additional oxygen).

Today, the most important industrial cultivations of microbial and mammalian cells are carried out
in the fed-batch mode. In fed-batch processes, one or more substrates are fed into the bioreactor during
the process. The product remains in the bioreactor until the end of the cultivation cycle. Fed-batch
processes overcome substrate inhibition and overflow effects. Such an operational mode allows a high
cell density and product concentrations to be achieved [6]. By controlling the substrate feeding rate,
the optimal conditions for the biotechnological process can be secured.

To realize the bacterial growth rate control systems, efficient glucose feeding algorithms need
to be implemented, and in the mammalian cell cultivation processes, additionally, the feeding rate
of glutamine needs to be controlled. It is important to note that modern industrial bioreactors are
equipped with inexpensive and reliable devices to measure the composition of aeration gas in the inlet
and outlet (fraction of O,, CO;) and the molar flow rate, Q. Hence, the oxygen uptake rate (OUR) and
the carbon dioxide production rate (CPR) can be calculated from the online measurements as follows:

7
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CPR = Q(CO%" - COl). @)

The above measurements allow an online estimation of the important process variables, OUR
and CPR, during bacterial and mammalian cell cultivation processes [17,18]. Because of the lower
cell density and respiratory intensity, OUR and CPR measurements based on the off-gas composition
may cause larger measurement errors in mammalian cell cultivation processes. As an alternative
technique, an OUR estimation using dissolved oxygen (DO) measurements may also be applied [19].
The OUR and CPR are the most important variables for indirect monitoring of the biomass growth rate
in industrial bioreactors, as they comprehensively reflect the physiological state and metabolic activity
of the aerobic biotechnological processes [1-3,11,20].
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Figure 1. Basic control system loops for a typical microbial cultivation process.

Good performance of the basic control systems improves the batch-to-batch reproducibility/
repeatability of the processes [11,21]. The other advantage of a well-controlled bioreactor is the
possibility to run the bioreactor at higher capacity or with better efficiency by operating the process
closer to physical constraints. Good reproducibility is also an important condition for possible process
improvements and modifications, as improvement in reproducibility by means of well-operating
control systems allows a reduction in the number of expensive and time-consuming experiments
required to compare the performance indices of the modified processes and to optimize the controlled
technological regime [1].

The proportional-integral-derivative (PID) controllers are predominant controllers used in the
basic control systems of microbial and mammalian cell cultivation processes. Quality of the bioprocess
control depends on the complexity of the process dynamics, the process variable measurement noise
and errors, tuning of the system controllers, and performance accuracy of the executive devices (valves
and speed drives). Dynamics of the particular biotechnological parameter control process can be
characterized by three resulting dynamic parameters: dead time, time constant and process gain.
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These parameters are commonly used to determine the tuning parameters of a PID controller. Control
quality of the bioreactor operation mode critically depends on how well the controllers are set up
and tuned to deal with the sources of the process variability [1,2,11,13]. Because of the nonlinearity
and nonstationarity of the bioprocesses, proper tuning of the controllers requires appropriate efforts.
The performance of PID controllers with fixed tuning parameters are not sufficiently accurate because
of the significant variations in the process” dynamics. Consequently, various approaches have been
proposed to tune the PID controller parameters in microbial cultivation processes under time-varying
operating conditions, including gain-scheduling methods [12,22-24], first-principle models [25],
tendency models [26], rule-based fuzzy systems [13], and other techniques [1,2,14,15]. The proposed
approaches give a sound theoretical and practical basis to implement adaptive control schemes in
bioreactor systems and show that implementation of the adaptive algorithms in basic control systems
can significantly increase the performance of the systems. Gain-scheduling methods and tendency
models are the most appropriate solutions for improving the quality of basic control systems in microbial
cultivation processes because they are relatively simple to implement and pose low requirements on
model complexity. The advantages have been extensively discussed and substantiated in previous
studies [12,22-24,26]. An important task now is to broaden implementation of these algorithms in
industrial bioreactors.

Well-functioning basic control systems create opportunities for further process improvements and
also for implementation of the SGR control systems in bioreactors [1,11]. Development of relatively
simple solutions to control the specific growth rate in fed-batch processes remains a timely and
important task in view of implementing the PAT framework in industrial biotechnological processes.

3. Preconditions for Implementation of SGR Control Systems in Industrial Bioreactors

The basic requirements for SGR control systems designed to control microbial and mammalian
cell cultivation processes can be formulated as follows:

e  The systems should be as simple as possible and intuitive for the user. Process operators without
special modeling/control knowledge should be able to supervise these systems.

e  The systems must be based on measurement and control equipment that is currently used standard
equipment in industrial bioreactors.

e  Development time, cost, and benefits of the systems must be attractive to potential users.

According to the above requirements, most of the solutions for SGR control systems presented
in scientific literature [3,6] are not attractive enough for industrial implementation. More complex
monitoring and control systems, even if equipped with easy-to-use interfaces, may require retuning,
model identification, and maintenance tasks in case the operational modes or microbial cultures have
been changed. Often these tasks cannot be carried out by the biotechnology companies alone and may
cause additional expenses for outsourcing and production delays. In the authors’ opinion, this is the
main reason SGR control systems have rarely been used in industrial bioreactors so far.

In this contribution, the authors provide an overview of those SGR control systems that meet
the aforementioned requirements. In most widespread control systems, SGR is usually controlled
by manipulating the substrate feeding rate [6,27]. In recombinant protein production processes,
the temperature of the medium is also used to control cell growth [28]. Despite that the growth
rate could be controlled (e.g., by manipulating the dissolved oxygen concentration in cultivation
medium [29], temperature of the medium [28] or pH), to date these techniques have not been sufficiently
investigated and have not been widely implemented in industrial practice [11].

When the growth rate is controlled by manipulating the substrate feeding rate, the substrate
concentration in cultivation medium remains relatively low [30]. This allows avoiding production
of the overflow metabolites in some of the most important microbial expression systems, so-called
Crabtree-positive organisms, such as S. cerevisiae and E. coli. The presence of the overflow metabolites,
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such as acetate or ethanol, frequently leads to inhibition of both the biomass growth and formation of
the proteins.

To ensure controllability and batch-to-batch reproducibility, the SGR needs to be controlled during
the process at a level that is lower than the maximum SGR [11]. The maximum available SGR is
observed during particular growth phases of the process, when the growth is not limited by substrate
concentration [12,31], and depends on the specific culture, medium composition, concentrations of
biomass and metabolites, as well as the oxygen transfer capabilities of the bioreactor. It is worth
mentioning that direct control of the substrate concentration in bioreactor at the set-point does not
guarantee that a constant SGR will be kept. This is because [11]:

e  Cell growth at a limited rate occurs under low substrate concentrations. Because of this, online
measurements, calibration of the measuring devices, and control of the substrate concentration
are difficult to implement in industrial bioreactors.

e Sensor readings of the substrate concentration reflect only the local substrate concentration
around the sensor, which may significantly differ from the average concentration in the bioreactor.
Therefore, the substrate concentration control system is not able to control the SGR in the entire
cultivation medium.

In the majority of recombinant protein production processes, the control objective is to maximize the
amount of target protein at the end of the process while maintaining high batch-to-batch reproducibility.
To achieve this goal, two steps most often are implemented for SGR control:

e  During the first stage of the process, the SGR is kept at a trajectory that is 10-15% below the maximum
available SGR.

e During the second stage, the SGR is kept at a trajectory that leads to the maximum specific
production rate of the target product. Usually, the level of the SGR kept at this phase is significantly
lower compared to that maintained at the first stage.

SGR control systems can be realized using open-loop and closed-loop control systems [6,11].
In the following sections, the authors analyze and evaluate SGR control systems that are best suited for
industrial applications. The analyzed and evaluated control solutions are ordered in this review by
their complexity (i.e., starting with the simplest open-loop systems and ending up with the control
systems that employ cascade control schemes and SGR estimators).

4. Schemes for SGR Practical Control Systems

4.1. Open-Loop SGR Control Systems

The majority of industrial fed-batch microbial cultivation processes are operated using open-loop
SGR control systems [11], in which the time profile of the substrate feeding rate is calculated using
simple mass-balance models and a desired time profile of the SGR during the process. The desired
SGR values, pist, can be described by the following equation:

tset; = (0.85...0.90) pax for growth phase,
Hset = (4)

Uset, = Hopt for production phase.

Based on the desired set values for SGR, the corresponding substrate feeding rate can be determined.
Accumulation of the total biomass during cultivation and the substrate feeding rate for both stages of
the process can be estimated from simple mass-balance equations:

ax )
E = [JsetiX/ 1= 1/ 2. (5)

The amount of biomass accumulated in the growth stage can be calculated from the equation

X(t) = Xpets !, (6)
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and the amount of biomass accumulated in the production stage can be calculated from the equation
X(t) — Xoe#sefl tg . e#setz (t_tg), (7)

where t; (h) is the end time of the growth stage.

Using the predicted time trajectories of the biomass accumulation, X(t), the substrate feeding rate
F;(t) in the growth stage can be derived from the dynamic mass-balance equation for the substrate
under steady-state conditions [2,6,8,20,30], which results in the following equation

t
. Xoet'sh Uset

Fi(t) = , 8
() = =5 ®
and the substrate feeding rate F(t) in the production stage can be estimated from the equation
X eHsetl tge{lsetz (t—tg)
Fa(f) = = F ©)

YxsZ SF ’

where X)) (g) is the total amount of biomass in the bioreactor at the beginning of cultivation process;
X(t) (g) is the time trajectory of the total biomass accumulated during the process; Sr (g/L) is the
concentration of the substrate in the feeding solution; and Y,s; and Yy, (g/g) are the yields of biomass
on substrate in the growth and production phases, respectively. In substrate-limited processes,
the substrate concentration in the bioreactor is low. Therefore, this concentration is not taken into
account in Equations (8) and (9).

When the SGR control algorithm based on Equations (8) and (9) is developed, implementation of
the control system is straightforward. For this purpose, only an actuator to dose the feeding substrate
to the bioreactor is needed. For some recombinant protein production processes, the yield of biomass
on substrate can be different in the growth (Y1) and the production stages (Yxs3). In such cases, the
yields must be identified from experimental data for the particular process phase and must be taken
into account when using Equations (8) and (9) to estimate the substrate feeding rates. Additionally,
Pmax and popr may vary during the process because of the increasing concentrations of metabolites,
biomass, and other process variables. In this case, umax(t) and ugp(t) should be presented as time
profiles, and a numerical integration procedure to predict the biomass growth and substrate feeding
time profiles needs to be applied.

The substrate feeding time profiles estimated from Equations (8) and (9) can be directly
used for implementing the open-loop SGR control systems in various biotechnological
processes [6,7,22,30,32,33]. Certainly, more sophisticated bioprocess models and optimization
procedures can be used to determine the feeding rate control algorithms in open-loop SGR control
systems. These methods are widely reviewed and analyzed in many research and academic
papers [3,6,8,27,34,35]. However, implementation of more sophisticated procedures in industrial
bioprocesses requires specific knowledge in process modeling and efforts to develop more accurate
models. Consequently, application of complex methods in industrial environment is not a commonplace.

The SGR open-loop control systems based on Equations (8) and (9) are easy to implement and do
not require additional measurements. On the other hand, open-loop systems do not compensate for
process disturbances. Consequently, possible variations in the substrate concentration of the feeding
solution or deviations of the feeding flow rate are not compensated. These disturbances can decrease
the performance of the biotechnological process. In the next sections, the authors analyze and provide
relatively simple and already existing solutions to overcome these problems.

4.2. SGR Control Systems Based on CPR/OUR Estimations

Reliability and accuracy of SGR control can be increased by employing closed-loop control systems.
One of the simplest closed-loop SGR control systems is proposed in Reference [27]. Here, based on a
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simplified assumption that the carbon dioxide production rate (CPR) during the process is in a linear
relationship with the biomass growth rate

CPR(t) = ap(t)X(t), (10)
the specific growth rate u can be estimated using the following equation

CPR(t)
- = 11
#l) fot CPR(7)dt -

where a is a model parameter, and 7 is the integration time variable.

If real-time estimation of SGR is available, feedback control systems can be developed to
automatically track a desired SGR time profile by manipulating the substrate feeding rate.

Results of the SGR control obtained in Reference [36] show that an acceptable control quality can
be obtained by applying a typical control system based on PI controllers. To achieve better control
quality, it is straightforward to adapt the controller parameters to the time-varying dynamics of the
controlled process by applying gain-scheduling algorithms mentioned in Section 2 and using the
CPR signal as a scheduling variable. The main drawback of the analyzed control approach is that,
during SGR estimation, an assumption is made that the CPR during the process is proportional to
the absolute biomass growth rate. In fact, it is known that more accurate results may be achieved
if the Luedeking—Piret-type relationship is applied to correlate the CPR and the biomass growth
rate [20,37]. This relationship additionally takes into account the CPR fraction that is related to the
maintenance of the cell’s vital functions and accounts for a significant part of the total CPR (for instance,
in high-cell-density bacterial cultivation processes). Figure 2 shows the simulated trajectories of the
biomass growth and the CPR of the recombinant E. coli cultivation process in a 1 m® volume bioreactor
as well as the comparison of the actual and the estimated SGRs. The latter is calculated from Equations
(10) and (11). The actual CPR of the process is modeled using the equation

CPR(t) = ap(t)X(t) +BX(1), (12)
where parameter  determines the CPR fraction related to maintenance of the cell’s vital functions.
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Figure 2. Simulated trajectories of the biomass growth and carbon dioxide production rate (CPR) (a),
and the trajectories of the real specific growth rate (SGR) and that estimated from Equation (7) (b) in a
typical recombinant E. coli cultivation process in a 1 m3 bioreactor.

In the simulation experiment, values of the parameters a and  were used that are typical for
recombinant E. coli cultivation processes (a = 0.9 (gCO,/gX), and = 0.1 (§CO,/(gX-h))), induction at
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t = 8 h) [38]. The simulation results, presented in Figure 2, show that the estimated SGR deviation
from the real trajectory increases with an increasing amount of biomass (the estimated rate at the
end of the process is 0.05 (1/h) higher than the real one). Hence, it is advantageous to introduce
empiric correlations correct the estimated SGR when applying this method in high-density cultivation
processes. The magnitude of correction should be defined from earlier cultivation experiments.

To estimate SGR, OUR data can also be used. However, the measurements related to OUR
estimation may be corrupted by the noise related to the off-gas composition, pressure, and the gas
flow rate fluctuations if additional oxygen is used enrich the aeration air. Therefore, to control the
high-density cultivation processes, it is recommended to use CPR data in SGR estimation relationships.

A more accurate SGR control system based on OUR or CPR measurements is proposed in
References [25,39]. Realization of the proposed control system does not require a mathematical model
and a priori knowledge of the culture of the microorganisms under control. It can be realized using
standard programmable controllers/measurement devices and is well suited for control of industrial
biotechnological processes. In the cited contributions, it is shown that if the substrate feeding rate is
manipulated to control OUR during the process, in such a way that the OUR data-based ratio R

dOUR 1

R= =3~ our’

(13)

is stabilized at the desired SGR set-point R =y, then the specific growth rate u will asymptotically
approach the set-point p.; and will be controlled at that point. For control of the ratio R, the PI control
algorithm was recommended, and controller gain was adapted to the time-varying dynamics of the
controlled process using the gain-scheduling approach with the feeding rate as the scheduling variable.
The block-scheme of the SGR control system and the simulation results of the system’s performance
are presented in Figure 3. The simulation and experimental investigation tests of the proposed SGR
automatic control system have shown a stable performance and sufficiently accurate control of the SGR
under stepwise changes to the process parameter values and high-level noise of the feedback signal
measurements [25,39]. This control system can be efficiently applied in controlling biotechnological
processes, in which the SGR set-point is constant or changes slowly. For realization of the system,
either OUR or CPR online estimates can be used.
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Figure 3. Block-scheme of the SGR control system (a) and the simulation results of the system
performance (b). Reproduced with permission from D. Levi$auskas, Biotechnology Letters; published
by Springer Nature, 2001.

It should be stressed that the SGR control systems based on Equation (11), when applied in
high-density cultivation processes, cause noticeable deviations at high cell concentrations. SGR control
systems based on Equation (13) are less efficient when tracking time-varying SGR set-point profiles.

In the next sections, more complex control systems are discussed that overcome the
above shortcomings.
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4.3. SGR Control Systems Based on CPR/OUR Estimations and the Mass of CO2/O2 Produced/Consumed
During Cultivation

Robust control of the SGR is a crucial problem when designing an efficient process, in which
the SGR is to be controlled at the value piset < pax in order to secure reproducibility of the processes.
However, the already discussed SGR closed-loop control systems have two shortcomings: (a) for
system implementation, an online estimation of the p-values is required, and (b) high batch-to-batch
reproducibility is not guaranteed. For example, if disturbances occur during a process (e.g., variation
in the initial amount of biomass X)) or in the instrumentation (e.g., if the substrate feeding is shortly
interrupted), they cause slight deviations in the biomass growth trajectory from the desired trajectory,
and such an offset cannot be eliminated later on, even if the controller exactly tracks the predefined
u-profile. An approach to cope with the disturbances that cause process reproducibility problems
is proposed in Reference [40]. In this work, a desired SGR time profile s (t), the initial amount of
biomass X, and Equation (1) were used to estimate the biomass growth time profile X(t) during the
process. If the biomass growth profile X(t) can be tightly controlled by manipulating the substrate
feeding rate, the corresponding SGR profile will follow the desired p(t) profile. This control system
is more robust as compared to direct SGR control systems, as the short-term disturbances that occur in
the control equipment and the process itself are compensated by controlling an integral variable—the
amount of accumulated biomass X(t). However, implementation of the above control system requires
development of a reliable soft-sensor for the online estimation of the amount of accumulated biomass
during the process. Therefore, the X(t) online estimation problem complicates the practical realization
of this control approach. To eliminate this shortcoming, simplified SGR control systems were developed
and experimentally tested in bacterial and mammalian cell cultivation processes [41-43]. The main
idea behind these control systems is to use the predetermined time profiles of CPRg(t) as the system’s
time-varying set-point, and the mass of CO,(t) produced during the process (mCOy,) as an indirect
metric for SGR control purposes. CPR(t) is stoichiometrically related to the SGR and the biomass
(Equation (9)), and the integral of this equation gives the mass mCOy,(t) produced during the process.

By manipulating the substrate feeding rate to control the predetermined set-point time profile
mCO7g4(t), the control system indirectly maintains the desired SGR during the process. The structure of
the discussed cascade control system is depicted in Figure 4. The PI controller of the inner loop controls
the CPRgt(t) time profile, and the PI controller of the outer loop controls the set mCO,q(t) profile.

me0y,,(t)

—)C})_) Pl
Controller

Pl CPR

|—>»| Bioreactor
Controller

v

CPR,.,(t) [}

I
I
I Gain
- Scheduling le o o o o e - = =
Algorithms

meo,

Figure 4. Cascade control system for indirect SGR control based on predetermined CPRg(t) and
mCOyq(t) time profiles.

If the controlled process is tightly kept on the CPRg(t) and mCOq(t) time profiles, the process
will also follow the desired SGR time profile. The proposed control system ensures good quality of
the SGR control, and, because of the cumulative nature of the set-point variable mCO,(t), random
disturbances do not significantly distort the course and reproducibility of the process.

Implementation of the proposed control system can be realized in the following steps:
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e  Choose arational p(t) time profile for the process. A proper profile can be estimated from expert
knowledge, mathematical model-based process optimization results, or from the analysis of a
successful “golden batch” experiment.

e  Choose an appropriate inoculum size (initial amount of the total biomass X)) for the process
and estimate the biomass growth time profile X(t) using the p:(t) profile, Equation (4), and a
numerical integration procedure.

e  Estimate the CPRyx(t) time profile using Equation (10) and the identified parameter values a and
B. Note that the above parameter values may be different for the biomass growth and product
formation stages.

o Integrate the CPR(t) time profile to get the corresponding profile mCO ;s (t) for the controlled process.

e  Control the process by tracking the estimated profiles CPRs(t) and mCOyq(t). Control is realized
using the cascade control system that manipulates the substrate feeding rate.

Various realizations of the above control system have been investigated by computer simulations
of the system’s performance and by controlling real processes of recombinant E. coli and mammalian
cells (CHO) [18,41,42]. Typical results of the applied control system for controlling the recombinant
E. coli fed-batch cultivation processes over six runs are presented in Figure 5. The laboratory-scale
experimental results show that the proposed control approach leads to a stable and robust behavior of
the controlled process. It should also be stressed that small variations in the initial amount of biomass
Xp and short instrumentation disturbances do not significantly affect the reproducibility of the process.

0.8
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Figure 5. Typical experimental results of the total cumulative CPR (a) and SGR indirect control
(uset(t) = 0.5 1/h at the first process stage and g (t) = 0.175 1/h at the second stage) (b) during the
recombinant E. coli cultivation process. Reproduced with permission from M. Jenzsch et al. J. of
Biotechnology; published by Elsevier, 2007.

Because of the significant changes in the process dynamics during cultivation, it is possible to
improve control quality of the cascade control system by adapting controller parameters. Tuning
parameters of the PI controllers can be adapted to time-varying dynamics of the controlled process
using the gain-scheduling approach. The controller adaptation scheme using the gain-scheduling
algorithm is shown in Figure 4 by the dashed lines. In the gain-scheduling algorithms, one can use
CPR or OUR measurements as the gain-scheduling variables.

Instead of using the OUR(t) or CPR(t) time profiles, the performance of the inner control loop
of the cascade control system can also be improved by implementing the SGR estimator, developed
from Equations (12) and (13) [44]. Investigation results presented in Reference [44] have shown that
the control system with the SGR estimator outperforms the control system depicted in Figure 4 when
the controlled process is affected by disturbances to the substrate feeding rate. On the other hand,
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implementation of the modified control system requires additional calculations related to online
estimation of the SGR.

The structure of the SGR control system presented in Figure 4 may be used as a basis for
development of closed-loop control systems for controlling the processes of various microbial cultures
in industrial bioreactors. Because it is technically simple to implement and possible to improve
batch-to-batch reproducibility, this system could be used as a benchmark to compare the control quality
of various SGR control systems and to evaluate their potential implementation in industrial bioreactors.

5. Concluding Remarks and Recommendations

In recent years, numerous research papers have been published, in which original solutions and
sophisticated control techniques were developed for the automatic control of microbial and mammalian
cell cultivations processes. However, the majority of the proposed control systems are too complicated
to be attractive for robust control of industrial biotechnological processes. Therefore, the well-known
statement of Luyben [16], “Complex elegant control systems look great on paper but soon end up on
‘manual’ in an industrial environment”, is also valid for the majority of the control systems developed
for biotechnological processes.

In this paper, relatively simple control approaches that can be applied in microbial and mammalian
cell cultivation processes are discussed and recommended for practical application. The reviewed
algorithms and systems designed for indirect control of the specific growth rate can significantly
increase robustness and batch-to-batch reproducibility of industrial-scale biotechnological processes.
The recommended control algorithms and systems are based on CPR or OUR online measurements
and on the total mass of oxygen consumed or the total mass of carbon dioxide produced during the
process. In the case when additional oxygen is used during the processes, it is recommended to use
the CPR and mCO, signals in the control system algorithms because of their lower estimation errors
compared to those when using OUR and mO, signals. To estimate oxygen uptake and carbon dioxide
production rates, several industrially well-established gas analyzers and mass flow meters are available.
Basic instrumentation for installation of the SGR control systems, the online gas analyzer, combines
parallel measurement of CO, and O, concentrations in the off-gas using two space-saving sensors.
The analyzer can be used both for lab- and industrial-scale bioreactors. In the industrial gas analyzers,
compensators for gas pressure and humidity are incorporated. Consequently, these analyzers ensure
good precision and reliability of the measurements.

The available instrumentation and discussed control methods and systems provide a possibility
for wider application of SGR control in biotechnological processes. At the very beginning of the
process, accuracy of the indirect measurements is usually low and insufficient to track exactly the
SGR set-point time profile in closed-loop control systems. Consequently, it is recommended to start
the process using the feeding rate open-loop control strategies determined by Equations (8) and (9)
and, after three to four hours, to switch the SGR control to the closed-loop control system. For the
low-density cell cultivation processes, the SGR control system based on Equation (11) is recommended.
For processes, in which the SGR set-point is kept constant, the control system based on Equation (13)
(Figure 3) is well suited. For more advanced applications, the SGR control system presented in Figure 4
is recommended. The above system can be applied as a benchmark to compare the control quality of
various SGR control systems.

Author Contributions: Conceptualization, V.G., R.S., and D.L.; methodology, V.G., R.S., and D.L.; software, V.G.
and R.S; validation, V.G, R.S., and D.L.; formal analysis, V.G., R.S. and D.L.; investigation, V.G., RS, D.L.,
and R.U,; resources, V.G., R.S. and D.L.; data curation, V.G.; writing—original draft preparation, V.G. and R.S;
writing—review and editing, V.G., R.S., D.L., and R.U.; visualization, V.G.; supervision, V.G.; project administration,
V.G; funding acquisition, V.G., R.S., D.L., and R.U.

Funding: This research was funded by the European Regional Development Fund according to the
supported activity “Research Projects Implemented by World-class Researcher Groups” under the Measure
No. 01.2.2-LMT-K-718.

Conflicts of Interest: The authors declare no conflicts of interest.



Processes 2019, 7, 693 12 of 14

References

1. Boudreau, M.A.; McMillan, G.K. New Directions in Bioprocess Modelling and Control: Maximizing Process
Analytical Technology Benefits; ISA: Eindhoven, The Netherlands, 2007; ISBN 978-1-556-17905-1.

2. Dochain, D. Bioprocess Control; ISTE: London, UK, 2008; ISBN 978-0-470-61112-8.

3. Schuler, M.M.; Marison, . W. Real-time monitoring and control of microbial bioprocesses with focus on
the specific growth rate: Current state and perspectives. Appl. Microbiol. Biotechnol. 2012, 94, 1469-1482.
[CrossRef] [PubMed]

4. Rocha, I.; Veloso, A.; Carneiro, S.; Costa, R.; Ferreira, E. Implementation of a specific rate controller in a
fed-batch, E. coli fermentation. IFAC Proc. Vol. 2008, 41, 15565-15570. [CrossRef]

5. Puertas, J.; Ruiz, J.; Vega, M.R.; Lorenzo, J.; Caminal, G.; Gonzalez, G. Influence of specific growth rate
over the secretory expression of recombinant potato carboxypeptidase inhibitor in fed-batch cultures of
Escherichia coli. Process Biochem. 2010, 45, 1334-1341. [CrossRef]

6.  Mears, L,; Stocks, S.M.; Sin, G.; Gernaey, K.V. A review of control strategies for manipulating the feed rate in
fed-batch fermentation processes. J. Biotechnol. 2017, 245, 34—46. [CrossRef]

7. Chenikher, S.; Guez, J.S.; Coutte, F; Pekpe, M.; Jacques, P.; Cassar, ].P. Control of the specific growth
rate of Bacillus subtilis for the production of biosurfactant lipopeptides in bioreactors with foam overflow.
Process Biochem. 2010, 45, 1800-1807. [CrossRef]

8. Jenzsch, M.; Simutis, R.; Luebbert, A. Generic model control of the specific growth rate in recombinant
Escherichia coli cultivations. J. Biotechnol. 2006, 122, 483—-493. [CrossRef]

9. Food and Drug Administration. Guidance for Industry. PAT-A Framework for Innovative
Pharmaceutical Development, Manufacturing, and Quality Assurance. 2004. Available online:
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-
pharmaceutical-development-manufacturing-and-quality-assurance (accessed on 4 August 2019).

10. Gnoth, S.; Jenzsch, M.; Simutis, R.; Liibbert, A. Process Analytical Technology (PAT): Batch-to-batch
reproducibility of fermentation processes by robust process operational design and control. J. Biotechnol.
2007, 132, 180-186. [CrossRef]

11. Simutis, R.; Liibbert, A. Bioreactor control improves bioprocess performance. Biotechnol. J. 2015, 10,1115-1130.
[CrossRef]

12.  Gnoth, S.; Kuprijanov, A.; Simutis, R.; Liibbert, A. Simple adaptive pH control in bioreactors using
gain-scheduling methods. Appl. Microbiol. Biotechnol. 2010, 85, 955-964. [CrossRef]

13. Babuska, R.; Damen, M.R.; Hellinga, C.; Maarleveld, H. Intelligent adaptive control of bioreactors.
J. Intell. Manuf. 2003, 14, 255-265. [CrossRef]

14. Smets, 1.Y,; Claes, J.E.; November, E.J.; Bastin, G.P.; Impe, ].F. Optimal adaptive control of (bio)chemical
reactors: Past, present and future. J. Process Contr. 2004, 14, 795-805. [CrossRef]

15. Bastin, G.; Impe, J.F. Nonlinear and adaptive control in biotechnology: A tutorial. Eur. J. Contr. 1995, 1,
37-53. [CrossRef]

16. Luyben, W.L. Process Modeling, Simulation, and Control for Chemical Engineers, 2nd ed.; McGraw-Hill: New
York, NY, USA, 1990; ISBN 978-0-07-039159-8.

17.  Aehle, M,; Kuprijanov, A.; Schaepe, S.; Simutis, R.; Liibbert, A. Simplified off-gas analyses in animal cell cultures
for process monitoring and control purposes. Biotechnol. Lett. 2011, 33, 2103-2110. [CrossRef] [PubMed]

18. Aehle, M,; Schaepe, S.; Kuprijanov, A.; Simutis, R.; Liibbert, A. Simple and efficient control of CHO cell
cultures. J. Biotechnol. 2011, 153, 56-61. [CrossRef] [PubMed]

19. Lin, J.; Takagi, M.; Qu, Y.; Yoshida, T. Possible strategy for on-line monitoring and control of hybridoma cell
culture. Biochem. Eng. J. 2002, 11, 205-209. [CrossRef]

20. Pirt, S.J. Principles of Microbe and Cell Cultivation; Blackwell Scientific Publications: Oxford, UK, 1985;
ISBN 978-0-632-01455-2.

21. Urniezius, R.; Galvanauskas, V.; Survyla, A.; Simutis, R.; Levisauskas, D. From Physics to Bioengineering:

Microbial Cultivation Process Design and Feeding Rate Control Based on Relative Entropy Using Nuisance
Time. Entropy 2018, 20, 779. [CrossRef]


http://dx.doi.org/10.1007/s00253-012-4095-z
http://www.ncbi.nlm.nih.gov/pubmed/22569637
http://dx.doi.org/10.3182/20080706-5-KR-1001.02632
http://dx.doi.org/10.1016/j.procbio.2010.04.024
http://dx.doi.org/10.1016/j.jbiotec.2017.01.008
http://dx.doi.org/10.1016/j.procbio.2010.06.001
http://dx.doi.org/10.1016/j.jbiotec.2005.09.013
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-pharmaceutical-development-manufacturing-and-quality-assurance
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-pharmaceutical-development-manufacturing-and-quality-assurance
http://dx.doi.org/10.1016/j.jbiotec.2007.03.020
http://dx.doi.org/10.1002/biot.201500016
http://dx.doi.org/10.1007/s00253-009-2114-5
http://dx.doi.org/10.1023/A:1022963716905
http://dx.doi.org/10.1016/j.jprocont.2003.12.005
http://dx.doi.org/10.1016/S0947-3580(95)70006-1
http://dx.doi.org/10.1007/s10529-011-0686-5
http://www.ncbi.nlm.nih.gov/pubmed/21744145
http://dx.doi.org/10.1016/j.jbiotec.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21419815
http://dx.doi.org/10.1016/S1369-703X(02)00028-1
http://dx.doi.org/10.3390/e20100779

Processes 2019, 7, 693 13 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Akesson, M.; Hagander, P. A Gain-Scheduling Approach for Control of Dissolved Oxygen in Stirred
Bioreactors. IFAC Proc. Vol. 1999, 32, 7608-7613. [CrossRef]

Galvanauskas, V. Adaptive pH control system for fed-batch biochemical processes. Inf. Technol. Control 2009,
38, 225-231.

Gnoth, S.; Simutis, R.; Liibbert, A. Selective expression of the soluble product fraction in Escherichia coli
cultures employed in recombinant protein production processes. Appl. Microbiol. Biotechnol. 2010, 87,
2047-2058. [CrossRef]

LeviSauskas, D. An algorithm for adaptive control of dissolved oxygen concentration in batch culture.
Biotechnol. Tech. 1995, 9, 85-90. [CrossRef]

LeviSauskas, D.; Simutis, R.; Galvanauskas, V. Adaptive set-point control system for microbial cultivation
processes. Nonlinear Anal. Model. Control 2016, 21, 153-165. [CrossRef]

Lee, J.; Lee, S.Y,; Park, S.; Middelberg, A.PJ. Control of fed-batch fermentations. Biotechnol. Adv. 1999, 17,
29-48. [CrossRef]

Velut, S.; de Maré, L.; Hagander, P. Bioreactor control using a probing feeding strategy and mid-ranging
control. Contr. Eng. Pract. 2007, 15, 135-147. [CrossRef]

Galvanauskas, V.; Volk, N.; Simutis, R.; Liibbert, A. Design of Recombinant Protein Production Processes.
Chem. Eng. Comm. 2004, 191, 732-748. [CrossRef]

Lim, H.C.; Shin, H.S. Fed-Batch Cultures: Principles and Applications of Semi-Batch Bioreactors; Cambridge
University Press: Cambridge, UK, 2013; ISBN 978-0-521-51336-4.

Jenzsch, M.; Gnoth, S.; Beck, M.; Kleinschmidt, M.; Simutis, R.; Liibbert, A. Open-loop control of the biomass
concentration within the growth phase of recombinant protein production processes. J. Biotechnol. 2006, 127,
84-94. [CrossRef]

Shiloach, J.; Fass, R. Growing E. coli to high cell density—A historical perspective on method development.
Biotechnol. Adv. 2005, 23, 345-357. [CrossRef]

Sun, Z.; Ramsay, ].A.; Guay, M.; Ramsay, B.A. Automated feeding strategies for high-cell-density fed-batch
cultivation of Pseudomonas putida KT2440. Appl. Microbiol. Biotechnol. 2006, 71, 423-431. [CrossRef]
Wechselberger, P.; Sagmeister, P.; Engelking, H.; Schmidt, T.; Wenger, J.; Herwig, C. Efficient feeding profile
optimization for recombinant protein production using physiological information. Bioprocess Biosyst. Eng.
2012, 35, 1637-1649. [CrossRef]

Ytizgeg, U.; Turker, M.; Hocalar, A. On-line evolutionary optimization of an industrial fed-batch yeast
fermentation process. ISA Trans. 2009, 48, 79-92. [CrossRef]

Chul Lee, S.; Gyeom Kim, C.; Keun Chang, Y.; Nam Chang, H. Dissolved Oxygen Concentration and Growth
Rate Control in Fed-Batch Fermentation Process. IFAC Proc. Vol. 1992, 25, 267-270. [CrossRef]

Luedeking, R.; Piret, E.L. A kinetic study of the lactic acid fermentation. Batch process at controlled pH.
Biotechnol. Bioeng. 2000, 67, 636—-644. [CrossRef]

Jenzsch, M.; Simutis, R.; Eisbrenner, G.; Stiickrath, I.; Liibbert, A. Estimation of biomass concentrations
in fermentation processes for recombinant protein production. Bioprocess Biosyst. Eng. 2006, 29, 19-27.
[CrossRef] [PubMed]

Levisauskas, D. Inferential control of the specific growth rate in fed-batch cultivation process. Biotechnol. Lett.
2001, 23, 1189-1195. [CrossRef]

Jenzsch, M.; Gnoth, S.; Kleinschmidt, M.; Simutis, R.; Liibbert, A. Improving the batch-to-batch reproducibility
in microbial cultures during recombinant protein production by guiding the process along a predefined total
biomass profile. Bioprocess Biosyst. Eng. 2006, 29, 315-321. [CrossRef] [PubMed]

Jenzsch, M.; Gnoth, S.; Kleinschmidt, M.; Simutis, R.; Liibbert, A. Improving the batch-to-batch reproducibility
of microbial cultures during recombinant protein production by regulation of the total carbon dioxide
production. J. Biotechnol. 2007, 128, 858-867. [CrossRef]

Aehle, M.; Bork, K.; Schaepe, S.; Kuprijanov, A.; Horstkorte, R.; Simutis, R.; Liibbert, A. Increasing
batch-to-batch reproducibility of CHO-cell cultures using a model predictive control approach. Cytotechnology
2012, 64, 623-634. [CrossRef]


http://dx.doi.org/10.1016/S1474-6670(17)57299-7
http://dx.doi.org/10.1007/s00253-010-2608-1
http://dx.doi.org/10.1007/BF00224403
http://dx.doi.org/10.15388/NA.2016.2.1
http://dx.doi.org/10.1016/S0734-9750(98)00015-9
http://dx.doi.org/10.1016/j.conengprac.2006.05.009
http://dx.doi.org/10.1080/00986440490276056
http://dx.doi.org/10.1016/j.jbiotec.2006.06.004
http://dx.doi.org/10.1016/j.biotechadv.2005.04.004
http://dx.doi.org/10.1007/s00253-005-0191-7
http://dx.doi.org/10.1007/s00449-012-0754-9
http://dx.doi.org/10.1016/j.isatra.2008.09.001
http://dx.doi.org/10.1016/S1474-6670(17)50368-7
http://dx.doi.org/10.1002/(SICI)1097-0290(20000320)67:6&lt;636::AID-BIT3&gt;3.0.CO;2-U
http://dx.doi.org/10.1007/s00449-006-0051-6
http://www.ncbi.nlm.nih.gov/pubmed/16502002
http://dx.doi.org/10.1023/A:1010528915228
http://dx.doi.org/10.1007/s00449-006-0080-1
http://www.ncbi.nlm.nih.gov/pubmed/16955246
http://dx.doi.org/10.1016/j.jbiotec.2006.12.022
http://dx.doi.org/10.1007/s10616-012-9438-1

Processes 2019, 7, 693 14 of 14

43. Kuprijanov, A.; Schaepe, S.; Aehle, M.; Simutis, R.; Liibbert, A. Improving cultivation processes for
recombinant protein production. Bioprocess Biosyst. Eng. 2012, 35, 333-340. [CrossRef]

44. Levisauskas, D.; Galvanauskas, V.; Simutis, R.; Repsyte, J. Inferential control system for tracking desired
trajectory of biomass growth in fed-batch cultivation process. In Recent Advances in Circuits, Systems and
Automatic Control, Proceedings of the 14th International Conference on Circuits, Systems, Electronics, Control &
Signal Processing (CSECS '15), Konya, Turkey, 20—22 May 2015; WSEAS Press: Sofia, Bulgaria, 2015; pp. 57-62.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/s00449-011-0571-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Quality of Basic Control Systems in Industrial Bioreactors 
	Preconditions for Implementation of SGR Control Systems in Industrial Bioreactors 
	Schemes for SGR Practical Control Systems 
	Open-Loop SGR Control Systems 
	SGR Control Systems Based on CPR/OUR Estimations 
	SGR Control Systems Based on CPR/OUR Estimations and the Mass of CO2/O2 Produced/Consumed During Cultivation 

	Concluding Remarks and Recommendations 
	References

