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Abstract

Industrial-scale bioprocessing underpins much of the production of pharmaceuticals, nutraceuticals, food, and beverage
processing industries of the modern world. The profitability of these processes increasingly leverages the economies of
scale and scope that are critically dependent on the product yields, titers, and productivity. Most of the processes are con-
trolled using classical control approaches and represent over 90% of the industrial controls used in bioprocessing industries.
However, with the advances in the production processes, especially in the biopharmaceutical and nutraceutical industries,
monitoring and control of bioprocesses such as fermentations with GMO organisms, and downstream processing has become
increasingly complex and the inadequacies of the classical and some of the modern control systems techniques is becoming
apparent. Therefore, with increasing research complexity, nonlinearity, and digitization in process, there has been a critical
need for advanced process control that is more effective, and easier process intensification and product yield (both by quality
and quantity) can be achieved. In this review, industrial aspects of a process and automation along with various commercial
control strategies have been extensively discussed to give an insight into the future prospects of industrial development and
possible new strategies for process control and automation with a special focus on the biopharmaceutical industry.
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/0 Input and output SCM Single-cell model
ISA International Society of Automation SSF Solid-state fermentation
IoT Internet of things SSCH System, structures, component, and human
IIoT Industrial Internet of things TBR Trickle bed bioreactor
IPQC In-process quality control USP United States Pharmacopeia
IT Industrial technology VOC Volatile organic compounds
ISO International Organization for WCM Whole-cell model
Standardization
ISE Ion selective electrode
ISFET Ion-sensitive field effect transistor Introduction
IR Infrared
KBCS Knowledge-based control system Understanding, constructing, and integrating biological
KPA Key process attribute workflows which are mostly systemic in nature can all be
LCA Life cycle assessment aided by bioprocess systems engineering [1]. The new age
ML Machine learning consumers’ demand for products is mostly based on envi-
MBR Miniature bioreactor ronmental sustainability in addition to high quality and cost
MES Manufacturing execution system competitiveness. This necessitates a rethinking and repur-
MOM Manufacturing operation management posing of resources in the domain of bioprocess develop-
MMI Man-machine interface ment for effective utilization of natural resources and intro-
MCA Metabolic control analysis duction of new technologies and strategies for meeting the
MOSFET  Metal oxide semiconductor field effect goals of technical feasibility, resource sustainability, and
transistor economic viability [2].
MVDA Multivariate data analysis In bioprocess development, many advances such as strain
MPC Model predictive controller phenotype improvement by bioengineering, process optimi-
MS Mass spectrometry zation, scale-up, optimization-based correlation data, and
NCS Network control system OMICS techniques have resulted in optimized operating
nCPP Not critical process parameter conditions based on the requirements at the cellular level
nKPP Not key process parameter transitioning to a bioreactor and whole bioprocess sys-
OEE Overall equipment effectiveness tems. Availability of genetic engineering tools, metabolic
OUR Oxygen uptake rate engineering, and OMICS technologies have enabled rapid
OTR Oxygen transfer rate modification and analysis of new strains and in turn, affect
OEM Original equipment manufacturer the time scales for scale-up and commercialization of the
OPEX Operating expense or expenditure bioprocess [3].
P Proportional The move to greater efficiencies and economic optimiza-
PI Proportional integral tion of the facilities especially through contract manufactur-
PID Proportional integral derivative ing has moved the bioprocess development toward flexible
PLC Programmable logic controller manufacturing processes that can produce multiple products
PAT Process analytical technology in a single facility. The reduction in cost per unit of a certain
PFD Process flow diagram product due to increased production can also be realized
P and ID Piping and instrumentation diagram through automation of the processes and development of
PBM Population-based model efficient control algorithms for large-scale production. Tra-
PDMS Polydimethylsiloxane ditional control strategies relied on optimizing control strate-
PSAA Preventive safety assurance activity gies for a fixed number of unit operations in a fixed facility
pCPP Potentially critical process parameter with little modification is generally the underlying physical
pKPP Potentially key process parameter setup. With the increasing need for flexible facilities, the
QbD Quality by design need for rapidly reprogrammable and reconfigurable process
RFID Radio frequency identification control systems becomes a key requirement for commercial
RTD Resistance temperature detector success [4].
RIF Risk increase factor
RSM Response surface method The objective of this study
RPM Revolutions per minute
SCADA Supervisory Control and Data Acquisition While there are many excellent literature reviews on bio-
SUB Single-use bioreactor processes [5] and process control [6, 7], this review will
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specifically focus on the recent bioprocess developments and
process control in the context of flexible and rapidly scalable
manufacturing process trends. This study will provide an
in-depth discussion and synthesis of the historical context,
present scenario, future needs, and the challenges pertain-
ing to a variety of bioprocess control systems with a par-
ticular focus on the biopharmaceutical industry. This review
will address the research gap in the context of the latest
trends in control systems and automation of bioreactors in
the bioprocessing industry. The whole paper is divided into
ten sections. The first section is the introduction, followed
by the objective of the study. Section 2 gives an overview
of bioreactors and control strategies for bioprocess control.
Section 3 discusses the sensing technologies used to date for
bioprocess control. State and parameter estimation is dis-
cussed in Sect. 4. Sections 5 and 6 discuss process control
strategy for various bioreactor configurations and challenges
faced with control architectures. Scale-up, risk assessment,
economics and environmental safety, historical timeline,
and market analysis are discussed in Sects. 7, 8, 9, and 10,
respectively.

Brief overview of bioreactor control systems

Maintaining optimal process conditions for achieving target
yields and titers regardless of the bioreactor configuration,
nature of the biocatalysts used, and the process disturbances
are the essential function of any bioprocess control system.
Many researchers have looked into bioreactor control in the
past. Disturbances that cause the system to deflect from its
optimal state are typically controlled by adjusting the rate
of nutrient intake, temperature, pressure, agitation, pH, DO
concentration, and other critical control parameters [8].
Developing integrative and smart control systems does not
necessarily mean developing a foolproof bioprocess for all
eventualities, but is more focused on making the process
more robust and efficient. Even small and minute improve-
ments in efficiencies and robustness can result in dramatic
improvements in the economic viability of the product.

The optimal choice of process control and the control
strategies are critically dependent on the type of bioreactors.
Shaken devices, stirred-tank reactors, and bubble column
reactors with slight modifications to suit process require-
ments are some platforms of bioreactor that are currently in
use in the industrial sector [9]. With the advances in bioman-
ufacturing processes, and the introduction of new types of
bioreactor configurations such as single-use and mini/micro
bioreactors, the need for sophisticated control systems that
are more robust and optimize the processes under increas-
ingly complex operating conditions has increased.

The design aspect of bioreactors in turn is greatly depend-
ent on many factors, one of which includes the type of

biocatalyst being used. An example of such can be explained
in terms of animal cell culture growth, wherein mechani-
cal brittleness and poor growth characteristics of these
cells prompt the high-density cell culture technique, which
requires maintenance of the cells inside the bioreactors to be
aided by a continuous flow of media. In the field of regen-
erative medicine, innovations for cell and tissue therapies
have emerged in recent decades. As a result, the bioreactor
utilized in these cultures should be operated under rigorous
control to create goods of sufficient quality fulfilling specific
clinical needs, as the products of interest are the cells and
tissues themselves which are delicate in nature [10, 11].

Product quality regulations, minimal footprint and pro-
cess flexibility to switch to multiple products on the same
production lines are some of the new age requirements for
the production of high-value products like biopharmaceu-
ticals and nutraceuticals. For meeting these quality and
flexibility requirements in a bioprocessing unit, single-use
bioreactors are rapidly emerging as the reactors of choice
in upstream bioprocessing. It provides to a certain extent
clear economic and time-to-market advantages in conjunc-
tion with enhanced performance. Inlet/outlet ports for gase-
ous exchange, types of filters, valves for pressure control or
flow control, and additional ports for sensors are included
in these bioreactors, which range in size from 50 to 2000 L
[12]. Other bioreactors such as airlift bioreactors and fixed-
bed bioreactors are also used in bioprocessing as well as
the biopharmaceutical industry. These industry trends have
catalyzed new advances in sensor development to new con-
trol algorithms.

Control strategies for bioprocesses

Biotechnological processes (bioprocesses) produce a wide
range of goods, including food products such as additives,
medicines like monoclonal antibodies, antibiotics, and thera-
peutic proteins, and also sustainable and renewable products
such as biofuels and biodiesel from various wastes [13]. The
burden of quality criteria maintenance on bio-manufactured
products with almost negligible effect on performance and
productivity in the face of increasing industrial competitive-
ness has resulted in a massive change in the way processes
are controlled on a plant scale today [14]. In essence, even
though bioprocesses are subject to much variability and
unpredictability, precise controllers may be used to direct
the process along the intended path and maintain the opera-
tions within the desired ranges. While bioprocess model
reduction is predictive and helps in the control, validation
of bioprocess models (structured or unstructured) is still dif-
ficult due to the evolution of the bioprocess dynamics due to
process parameter changes or metabolic changes or muta-
tions giving rise to increasing deviation of the models from
the predictions [15]. To address these challenges, process
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control can be conceptualized to function at various levels,
namely: at the device/activator level, at the process level,
and at the plant level. Various control processes, algorithms,
and strategies are employed based on the process control
needs (a detailed introductory discussion of the various con-
trol strategies is provided in supplementary data 2) must be
tailored to specific needs of the bioprocesses considering the
bioreactor design and operational considerations.

Device/activator level control: classic control strategies

The actuator level controls represent the most basic level for
the control and are ubiquitous in most machines. The actua-
tor level control involves the realistic actuation of the vari-
ous control devices such as pumps, valves, heaters, electric
voltages, and stirrer speeds. In industrial plants, PID control-
ler constitutes the majority of the process control elements
for regulatory level process control. PID is regarded as the
classical controller which proved to be hugely successful in
the industries of electrical, aerospace, and mechanical appli-
cations and is very effective for single-input single-output
linear systems. The PID controllers have a rich history of
development and industrial use and have evolved into com-
moditized off-the-shelf components that can be tailored for
specific applications [16].

With the advent of digital advancements, engineers have
integrated digital control concepts with PID. Adaptation,
gain scheduling, and self-tuning concepts have been easily
integrated with PID control schemes leading to excellent
control architectures for processes. While PID controllers
are used at the equipment level for control of a single vari-
able such as the temperature or pH of the bioreactor, they
are inadequate for the control of a complex bioprocess due
to highly nonlinear dynamics. In such situations, the feed-
forward process controls can provide greater flexibility for
optimal process control than purely feedback control systems
such as PID controllers [17].

Distributed control strategies

Distributed control strategies (DCSs) were introduced
as strictly microprocessor-based control developed in the
1970s. This type of system enables the incorporation of
advanced process control strategies and builds on the PID
controllers. In a DCS framework, host computers are used
to perform Level 2 type tasks (based on ISA 95 Purdue
Model) which are basically optimization algorithms and
advanced control strategies, while the actual controls at the
device level are performed by the PID controllers. Since the
communication between the PID controllers and the master
controller is critical for error-free functioning of the con-
trol systems, various data transmission links, protocols with
error correction, and redundancies were developed. With the
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implementation of DCS, the operators could supervise and
control the entire plant from centralized control stations that
provided printers for alarm logging, report printing, or hard-
copy of process graphics and video consoles for real-time
viewing of the processes. Regulatory level control functions,
such as PID algorithms, are implemented by remote control
units, which can also include data gathering and extrac-
tion capabilities. As a result, data storage devices were used
to store process data for control and process analytics. Soft-
ware, not hardwiring, was used to communicate and interact
with controllers, inputs, and outputs. As a result, DCSs have
transformed many elements of process management, from
the look of the control room to the widespread usage of
advanced control methodologies [18].

The working competencies of DCSs have increased mani-
fold since the early 1980s. Within process control, there has
been a steady growth in the usage of a digital framework for
communication technologies. DCS framework also allows
for some advanced control strategies to be implemented. As
communication methods become more digital, most of the
local control units perform their analog-to-digital (A/D) and
digital-to-analog (D/A) conversion and are housed in equip-
ment rooms closer to the process. A bidirectional flow of
information is established back to the control room using
digital communications over a coaxial or fiber-optic con-
nection, saving money on wiring. Smart transmitters and
actuators are becoming more common with the increasing
use of digital communications technology. These devices,
having their own microprocessor, perform activities such as
autocalibration, autoranging, signal conditioning, characteri-
zation, and self-diagnosis on site. As a result, the operations
performed by the local control unit or the data collection
unit are decreased [19]. The features that have made DCSs
popular are:

e The usage of data highways and remotely located local
control units reduce wiring and installation costs.

e The reduced panel area needs space in the control room.

e Customized screens with improved operator interface.

e Due to the modularity of the DCSs, expansion is much
easier.

e [ncreased control architecture flexibility, allowing con-
trols to be updated without rewiring.

o Reliability and redundancy are improved.

Client—server (personal computer) configuration Previ-
ously, control systems consisted of a single manufacturer
who provided the entire plant automation system due to the
lack of interoperability with other vendor products. The
current advances propagating transition of systems to “plug
and play” came into the picture with the help of software
technologies such as CORBA and COM along with pro-
gramming languages such as Java/Python and the internet/
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intranets. Personal computers are increasingly replacing
panel boards as operator stations, making it easier to com-
municate data from the control system with other programs
operating on personal computers or over the network [20].
The concept of the component object model has been intro-
duced along with DCSs to generate more open solutions
for process and data-oriented problems. These technologies
enable the integration of the best applications from various
vendors to improve plant-wide control.

Programmable logic controllers based strategies

PLCs are microprocessor-based devices that execute sim-
ple binary logic for sequencing and interlocks since their
launch and have been ruggedized and adapted for control
manufacturing processes. They were designed to be used
with hardwired electromechanical and electrical relays,
switches, pushbuttons, and timers in the first place. Simplic-
ity (in terms of calculations), ease of adjustments, and altera-
tions enabled its adoption in process industries to evaluate
and implement PID algorithms, thus replacing the need for
hardware-specific PID controllers. The PLCs can handle
sequential logic and are equipped with an intrinsic ability to
time for programmable delays, alarm and timer-based trig-
gers, and extensive capability for handling multiple inputs
and outputs. Current industrial practice is to use PLCs and
DCSs in an integrated fashion with separate provisions for
operator I/0 [21].

Plant level control strategies

With increasing digitization and networking of the pro-
cesses, plant-wide process control software has been devel-
oped. The application software is hosted on dedicated serv-
ers that provide integrated solutions and management of
plant-based projects starting from PFD, P & ID, electrical
instrumentation, and control engineering solutions, thus pro-
viding an integrated view of the complete plant to the control
engineer. This is essential for keeping the CQAs of the final
product close to specification in the face of severe and per-
sistent disturbances. The software also provides capabilities
for simulating the impact of selected disturbances along with
the effectiveness of control strategies and final products to
maintain the CQAs at the desired values, especially during
the transition of processes from batch to batch or switching
of the processes. Several commercial application software,
such as COMOS (Siemens), are commercially available that
provide extended features such as 3D virtual reality models
in addition to the capabilities described above [22].
Efficient engineering strategies are easily implemented
through in-built software packages wherein the process can
be customized according to user needs along with technical
solutions to the process, which also is provided from the

server while building the process. Process parameters data-
sheet gets continuously updated automatically if the user or
the process engineer makes changes even at the last moment
just before process startup. Thus, these kinds of plant-wide
control servers or interfaces provide for a unique range of
solutions in the biomanufacturing domain [23].

Supervisory Control and Data Acquisition control strategy

Supervisory Control and Data Acquisition (SCADA) sys-
tems are similar to microprocessor-based PLC and DCS sys-
tems for plant-wide control. SCADA systems are adopted in
industries that require flexible and scalable control system
architecture with multiple process redundancies. Supervi-
sory control addresses the following domains:

e  Computation of set point causing an impact on energy,
quality, and production volume.

Startup/shut down/ emergency operations.

Control reconfiguration/tuning.

Performance monitoring/diagnostics.

Operation interface.

SCADA is similar to PLCs and DCSs in terms of built-in
features like microprocessors-based control. SCADA sys-
tems are software applications installed on standard com-
puters or servers that allow data to be transferred between
various input and output devices as well as other computer-
based process data systems [23, 24].

Development of bioreactor control system

The starting point to any control structure design procedure
is to set the desired functionality of the process which is the
plant operating goal. A conceptual control design study is
based on the following characteristics [25]:

Functionality.

Top-down analysis.

Bottom-up design.

Evaluation of the control structure performance.

Simulation of various process controls is also critical
for the development of a bioreactor control system before
going in for the final implementation of the process model.
To reduce the hardware dependency and fine-tuning of the
process model, it is very much necessary to have software
for testing and verification which can be developed as a.NET
application. The software is built such that it will simulate
the behavior of cell culture and must be able to send pro-
cess values and receive set point and control values from
PLC. The cell culture can be based on ordinary differential
equations describing cell density, dissolved oxygen tension,
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substrate concentration, and many such parameters. The
software simulator also must have a graphical user inter-
face (GUI) where process parameters can be specified and
simulation behavior modified as per changes required during
execution. Such operations will enable better process devel-
opment, minimize problems, and also give us a fair idea of
trade-offs associated with various parameters when used in
real for product development [26].

Trade-offs in controller design

A real-world controller design is an exercise in balanc-
ing the considerations for a speed of response, robustness,
disturbance rejection, and cost of the control strategy [27,
28]. A trade-off can happen at any level of industrial auto-
mation levels or at regulatory control levels depending on
the importance of the product being developed in the plant.
It is the foresight in certain cases and intensive modeling
approaches combined with data analytics that gives the pro-
cess engineers the defined weightage of parameters that can
be given high or low priority. Many times during process
development, tweaks and changes in model structures are
required to validate the model for further use in the develop-
ment of the process. Therefore, a thorough understanding of
the various types of bioprocess models is crucial for devel-
oping sound process models.

Identification and development of model structures

Modeling gives a basic idea about the process, especially in
the case of nonlinear processes, wherein modeling param-
eters may or may not work for the process either due to poor
availability of process variables to formulate the necessary
equations or if it is in case of an industry level there is a
possibility of plant-model mismatch [15]. The applicable
process knowledge, on the other hand, is substantially less
than that required to create a mechanistic model based on
mass balances. The amount of data, on the other hand, is far
greater than what would be required to identify a mechanis-
tic model. It should be noted that less empirical data may be
adequate to identify an accurate model, demonstrating that
more data are not always necessarily required for a process
to function at its optimal efficiency [25].

A complete flowchart showing all the model architectures
has been described with utmost clarity as obtained from [15,
29]. Both the references have shown model structure classifi-
cation on a generalized and much more distinct classification
has been demonstrated wherein one type of classification
is based on bioprocess growth modeling and another on
nonlinear (mathematical) model classification. However, in
this figure, an attempt has been made to summarize all the
model classifications under one umbrella called bioprocess
modeling as shown in Fig. 1.

Bioprocess Modelling

v

Hybrid Model

Biological Models

Data-Driven/Non-Linear
(Growth)
Qualitative Knowledge- Mathematical Statistical
based . !
Segregated Biophase Unsegregated
! - ¥ ) . > Segregated Biophase
o Explanatory Correlative Cells
Qualitative i Segregated «
:roce.ss. Fuzzy Logic v s structured Models Cells
escription . v
V.. . Structured Models
Black Box Grey Box White Box Deterministic SCM
v Stochastic
v Lumped or > ::Jnlfegregated Unsegregated *
Neural N p ells Cells
Network Distributed lired model v
WO Parameter Unstructured models Unstructured
Logistic Models

Deterministic PBM i
Deterministic PBM

Fig. 1 A detailed classification showing all the different types of bioprocess modeling
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Unstructured models, which are widely used, fail to
account for changes in biomass composition as a result
of environmental changes. Being simple to code and easy
to simulate with software such as LabVIEW, controllers
which are model-based can quickly be constructed utilizing
unstructured modes and can be implemented online into the
software giving the operators an interface for communica-
tion with bioreactor platform [30]. These types of models
are widely known for providing accurate representation only
when growth conditions are balanced. As a result, control-
lers built with these models may work poorly under spe-
cific metabolic situations that are not properly represented
by them, thereby being disadvantageous due to a lack of
intrinsic metabolic information. However, structured models
can give better information regarding dynamic metabolic
conditions and microbial biomass composition. Models are
further classified based on the level of detail with which they
represent different phenotypes and the characterization of
internal components or cell "structure” [31].

Unsegregated models treat microbial cultures as homo-
geneous or population based, while segregated models treat
cells as distinct entities or single cells and allow them to be
classified into interest groups. Extrapolation competencies
of structured and segregated models are superior to those
of unstructured models. Therefore, controllers created with
these models describe the predictable response of the system
to perturbations. The drawback of adding additional cellular
data is that parameter estimation and assimilation of this
function into the controller becomes difficult, if not impos-
sible. As a result, one must choose between the simplicity of
application and the minimum complexity required to solve
the specific circumstances pertaining to the problem under
consideration.

Online sensor development and measurement

With regard to changing process dynamics, a need has been
observed in real-time monitoring for processes wherein the
measured parameters are processed instantaneously as and
when the process is ongoing. Even though sensors technol-
ogy has improved quite a lot with the coming of smart sen-
sors and actuators [27], the need for off-line analysis has not
been fully eradicated. Even in well-established companies
running continuous or perfusion culture batch processes, oft-
line measurements are a necessary part of the process often
referred to as in-process quality control (IPQC).

While real-time sensors do have the ability to process
and analyze the information in real time, there is a danger
of unprecedented process deviations/incidents occurring due
to faulty sensor data. However, some sensors do have alarms
that provide an early warning to the system before any mis-
hap to the process starts to occur. With regard to industries
while conducting CMO/CDMO-based processes, often it

happens that for a particular process the company which
conducts the manufacturing process often dominates the
system of the third party company just to ensure that there
is no possibility of process variability. For example, turning
the alarm systems off for certain sensors like Hamilton pH
probes or for flow meter sensors to ensure smooth loading
of the eluted product takes place without any unnecessary
interruption is pre-determined before the process runs in
some cases.

Along with single-use bioreactors, single-use sensors
have been developed by several companies like Finesse [12].
They have built a series of optical sensors (TruFluorTM)
that use a wholly disposable element (pre-programmed
RFID tag) that arrives inserted and sterilized from the time
of manufacture with the single-use container, ensuring that
the sterile barrier is not breached. All the disposable ele-
ments are ensured as gamma radiation resistant, and all
wetted materials have either been tested to USP Class VI
standards or have been designated a priori as ISO 10993
compliant. Additionally, they can be pre-calibrated and can
be set up to enable electronic data traceability.

System identification

System identification can be defined as a procedure that
involves perturbation caused by an input variable and then
retrieving the system’s output variable data, thereby deter-
mining the model. Using input—output data, an appropriate
method is used to find the unknown parameters in the para-
metric model. The model is then tested against the experi-
mental data and fitness on the system.

Thorough system identification is essential before the
startup of the process or introducing any new changes into
the system, the process engineer should be aware of the sys-
tem configurations and input—output characteristics of the
system. A crucial understanding of the system’s upper and
lower limits to anticipate any problems is essential before
the start of operation. To operate the system, one must first
determine the relationship among the input and output vari-
ables, as well as construct a system model. It is feasible to
incorporate input—output data from experimental studies or
mass—energy balances when modeling the systems. How-
ever, in complex systems, by using mass—energy balances, it
is difficult to construct a model, and in some circumstances,
these balances may be inconsistent to appropriately define
the system. In such circumstances, model creation using sys-
tem identification methods from experimental input/output
data becomes more useful [32].

Optimization strategy

Optimization criteria are set according to the bioprocess
model or the modeling equations that have been developed
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for the process wherein the process models play an impor-
tant role in terms of the kind of model being proposed
which may be structured or unstructured [33]. Identifying
optimal operational strategies for metabolic products is
difficult. A variety of metabolic products, the complexity
of bioprocesses, a number of control variables, and the
system’s fuzzy nature even if it leads to developing opti-
mal operating techniques do increase total profits, but it is
not always or necessarily a favorable choice. This happens
because knowledge of understanding metabolic profile and
pathways is still not very clear and thus can be favorable
in terms of economy in certain cases only but not for all.
Several operating modes, such as batch, fed-batch, and
chemostat, have been investigated for effective bioreactor
operation, and some are widely used in the industry.

Methodologies based on MCA and FBA form the basic
framework of some of the optimizations of certain biore-
actor systems [34]. MCA is typically used in metabolic
pathways that are in a steady state. Control distribution
of various fluxes and concentrations can be determined
using MCA. This knowledge aids in the manipulation of
metabolic fluxes, which is one of the primary objectives
in the domain of metabolic engineering. It is mandatory
to express any system in the form of a reaction network to
apply MCA to it. After the system has been described in
this way, MCA can be used to calculate gradient informa-
tion about the system that is qualitatively equivalent to
the flux and concentration control coefficients. The MCA
method is an excellent mechanism for investigating sys-
tem behavior in terms of control and response coefficients.
The information about the system interactions is implicitly
contained in these coefficients. In fact, the system behavior
may be simply examined on an integrated basis with sub-
processes and all parametric determinations.

Metabolic pathways and their various research involv-
ing tweaking of certain enzymes and substrates give the
desired output which involves metabolite overproduction,
network rigidity, flux balance analysis, metabolic flux
analysis, and many more [35]. Researchers have solely
concentrated on enzyme amplification or changes of sev-
eral intermediary enzymes along the product pathway to
increase metabolite overproduction. Overproduction of
many metabolites, on the other hand, necessitates sig-
nificant redirection of flux distribution redirection in pri-
mary metabolism, which may not be easy to achieve after
product deregulation because metabolic pathways have
evolved to have control architecture that resist flux changes
at branch points. The idea of metabolic stiffness, which
includes a method for locating and deleting rigid branch
points within an experimental framework, can be used to
engineer better strains with greater process flexibility.
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Sensing technologies for bioprocess control

Sensors form an integral part of bioprocess control strate-
gies. With the advances in bioreactor designs and opera-
tions, the requirements for sensing technologies have also
evolved. For example, the increasing adoption of single-
use bioreactors (SUBSs) in the last two decades necessitates
new developments in sensing technologies. Many sensors
that are currently used in SUBs are those that have been
used in traditional stainless steel bioreactors and are not
optimal for use in current bioreactor designs [36].

Temperature, pH, DO, and agitator speed

pH sensors The pH of the media is a critical variable in
the operation of bioreactors. pH-sensing technologies can
be broadly divided into the following categories: porous
glass electrode-based electrolyte-filled sensors, MOSFET-
based ISFET pH sensors, optical property-based pH sen-
sors, potentiometric sensors, electrochemical-sensing
technologies.

The glass pH electrode is still used in most pH sen-
sors, which was created in the 1960s. Because of their
excellent repeatability, long life, and precise Nernstian
response, glass electrodes have long stood the test of time
in industries [37]. Ion-selective electrodes (ISE), such as
the electrochemical pH electrode, are a huge sub-category
based on the principle of potentiometry which is a method
to measure potential with no current flow in between elec-
trodes. The indicator electrode compares potential varia-
tions across the solid-state membrane between the internal
solution and the analyte to the reference electrode. In the
case of modern pH meters, a reference electrode is gener-
ally incorporated inside the probe body for comparing test
pH value to baseline, resulting in structural bulkiness. The
main challenge with the glass electrode-based pH-sensing
is that these sensors are fragile, require regular mainte-
nance in terms of replenishing the electrolytes, and have
fouling problems when used in complex media typically
used in bioreactors.

Electrochemical sensors In these types of sensors, an
electrode is used that converts the analyte into a measur-
able substance. For example, in the case of gas sensors, the
concentration of the target gas is measured by either oxi-
dizing or reducing the target gas at the electrode and the
resultant current used for conversion is measured. Typi-
cally, for any electrochemical sensor, it consists of three
electrodes—working, reference, and counter electrode.
The working electrode is the one where a redox reaction
takes place with the flow of ions. For each reaction in the
working electrode, it draws a response from the counter
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electrode. Owing to the system’s working, the counter
electrode will try to balance the change in the potential
by balancing the reaction between the detected gas and
the working electrode. This balancing gas is dynamically
monitored by the main reading of the sensor. Along with
these electrodes, a gas-permeable membrane is present
which separates the aqueous component from the gases
and also regulates the amount of gas reaching the working
electrode, thus preventing leakage inside the sensor [38].

ISFET-sensing technology It is based on a field-effect
transistor which is ion sensitive in nature used for meas-
uring ion concentrations in solutions. An attachment of
ions or molecules to an ion or analyte sensitive layer that
is coated to the gate membrane of the transistor is the
measurement technique in ISFETs. Source and ground
electrodes are grounded to a substrate and connected in
the circuit. The attachment of the analytes/ions to the
gate membrane causes a change in the electric potential
between source and ground electrodes and this change is
the measure of the concentration of ions/analytes. ISFET
can be regarded as the first biosensor-field-effect transistor
to be used in biological solutions and hence also known
as BioFET [39].

Sensors devices like optical pH sensors with the func-
tionality of non-contact sensing and lower size are also gain-
ing popularity. They work by measuring the absorption or
fluorescence of a pH indicator dye. Absorption dyes, such
as phenol red, bromocresol green, and phenolphthalein, and
fluorescent dyes, such as 8-hydroxy-1,3,6-pyrenetrisulfonic
acid trisodium salt and fluorescein, are examples of the dyes
utilized. So they are classified as absorbance and fluores-
cence-based technologies depending on the measurement
technique used for the detection [39].

In comparison to electrochemical sensors which detect
the concentration of the pH indicator, optical sensors meas-
ure only the activity of H30 +ions. An optical sensor has
several advantages over an electrochemical sensor: it is
least invasive, delivers continual measurements, and does
not require a separate reference electrode, proving that min-
iaturization is relatively easy. This enables the usage of
patching systems. Photobleaching is one of the most sig-
nificant issues with these types of sensors. The breakage of
covalent or non-covalent bonds generated by non-specific
binding triggered by excitation light causes photobleaching
of the indicator dye, whether it be a fluorophore or a colori-
metric dye, rendering it unable to glow. Over time, this leads
to inaccuracy. The primary trends in optical sensor devel-
opment point to a shift toward miniaturization, which will
reduce costs and increase mass producibility while requiring
new manufacturing methods. The optical pH patch is one
such device, which combines a pH sensor onto an adhe-
sive disc that is attached to the bioreactor surface. Another
area of research that will help in the usage of disposable

bioreactors is the development of single-use optical sensors,
which will prove to work well with disposable bioreactors
[40].

Certain bioprocesses, like anaerobic processes, are still
very much highly dependent on ‘manual laboratory analysis’
and the adaptation of such system by a ‘qualified operator’
wherein spectrometric, titrimetric, and some other princi-
ples have been explored as sensing options for anaerobic
digestion [40, 41]. The processes being studied and the
magnitudes of the energy changes involved require differ-
ent spectroscopic techniques to work over various, limited
wavelength ranges within the electromagnetic spectrum
[42]. Spectroscopic bioprocess monitoring generates a vast
number of spectra, each with a significantly lower informa-
tion content than the data volume, from which useful infor-
mation should be extracted quickly.

Fluorescence spectroscopy including 2-D fluorescence
spectroscopy emerged in the early twenty-first century as
one of the pioneering instruments based on optical-sensing
elements [40, 41]. The fluorescence measurement of the
reduced form of nicotinamide adenine dinucleotide (phos-
phate) [NAD(P)H], which was initially utilized for in vivo
measurements by Duysenz and Amesz [43], is the most
popular fluorescence sensor.

Temperature The control of temperature in a bioreactor
is a well-established technology and a precision of 0.5 °C or
better is routinely achieved. Typical temperature sensors in
industrial settings are thermocouples, resistance temperature
detectors (RTD), and thermistors. The choice of a particu-
lar temperature measuring instrument is dependent on the
stability, sensitivity, accuracy, linearity, and sterilizability
of the sensors. The J- and K-type thermocouples are com-
monly used for temperature-sensing applications in bioreac-
tors. The most common RTD is made of coil-type platinum
resistance wire Pt100 type sensors. The most common type
of thermistors is used in specialized applications where the
required sensitivity is much higher, but can operate only
in a limited range of temperatures (~— 50 to 200 °C). The
temperature control in an animal cell bioreactor is generally
less complicated than in a microbial fermenter due to lower
metabolic activity which results in a lower amount of heat
to be removed from the reactors [44].

Clark-type DO sensor Developed by the principle of
microfabrication, it consistsof three electrodes on a glass
substrate, an FEP oxygen-permeable membrane, and a
PDMS reservoir for storing few cells in solution. [45]. This
electrode established itself as the first glucose biosensor in
1962.

Impeller speed Standard single-impeller or single-baf-
fle stirred tanks are frequently criticized for uneven shear
characteristics and energy dissipation, both of which are
known to be hazardous, particularly to microorganisms
in bioreactors. In the case of multiple-impeller systems,
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impeller speeds will be reduced for equivalent power dis-
sipation, resulting in lower values of the maximum shear
generated. It should be noted that in single- and multiple-
impeller systems, the shear forces-related contributions
from the bubble bursting at the interface will be the same,
and thus the overall cell destruction rate due to fluid shear
is expected to be lower in multiple-impeller systems dissi-
pating the same overall power. Multiple-impeller systems
will thus be preferred where shear sensitivity to microor-
ganisms is an important criterion of design [46].

During the installation of impellers or any such rotat-
ing devices, it is often qualified using instruments like a
tachometer for sensing whether the desired rpm matches
with the reading in the tachometer thus verifying rpm
values to be close to the optimum value or not. CFD mod-
eling and various characteristic mixing predictions are
required to achieve the desired impeller speed and con-
trol. RPM shifts are crucial for maintaining cultures in the
upstream unit for product maximization, thus implement-
ing such shifts is crucial to the process and its control
architectures associated with it.

Other variables such as headspace gas analysis

Although headspace gas analysis does play an important
role, it is only needed wherein the gas component evolv-
ing is a product of interest to us: for example, VOCs’
component analysis or CO, analysis. Headspace gas
analysis can be categorized under non-invasive sensing
technology as it allows the measurement to be performed
without breaking the boundary between the bioprocess
stream and the surrounding environment [47]. Integration
of techniques such as gas chromatography with headspace
sampling results in faster analysis, thus reducing the pos-
sibility of sample contamination. Another method called
direct injection mass spectrometry (DI-MS) is also used
wherein gaseous analytes from headspace are directly
introduced in the MS system, simply reducing sample
analysis procedures. The optical array sensing approach
has also demonstrated outstanding results in the detec-
tion and identification of a variety of analytes, including
hazardous compounds, and hence can be used to detect
and identify VOCs that collect in bioreactor headspaces.
The off-gas analysis is used to design colorimetric sensor
arrays coupled to optoelectronic readers for the detection
of various bacteria and fungi.

Inline GCs are commonly used for headspace gas
analysis. Specific gas sensors, IR sensors for CO,, and
humidity sensors are used where relevant. CO, sensors in
particular along with D sensors can be used to calculate
the OUR which is a very critical parameter for microbial
growth.
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Biosensors

Researchers working in interdisciplinary fields such as bio-
technology generally agree that biosensors are made up of
two parts: a biological molecule or cell that detects the ana-
lyte and a transducer that turns the detection event into an
electrical signal. The ability to recognize molecules of a
given analyte is a significant biological trait for which bio-
sensors are exploited. The possible biological components
fall into two broad categories:

a. Biocatalysts (enzymes, microbial, plant and animal cells,
and subcellular organelles).

b. Bioreceptors (antibodies, lectins, cell membrane recep-
tors, and other specific binding agents) [48].

Biosensors were built keeping in mind the influence of
enzyme sensitization kinetics and also enzyme-sensitized
detectors. There are enzyme-sensitized amperometric bio-
sensors, potentiometers, thermistors, semiconductor devices,
and immobilized cell-sensitized sensors.

From the transducer’s point of view, biosensors can be
classified as electrochemical, optical, thermal, and piezo-
electric devices. In biosensors, electrochemical detectors are
the most widely used transducers. Many enzymes consume
and/or create electrically active species that can be meas-
ured using amperometric, potentiometric, or conductimetric
methods.

Even though several optical transducers in biosensors
have been fabricated, their application is mostly restricted
to illumination or light emission [48]. But P.O’Mara et. al.
had proposed that biosensors exclusively drive the technol-
ogy for better sensor development for bioreactors in the
twenty-first century with the help of electrochemical sensors
through the process of miniaturization [49].

State and parameter estimation

The purpose of state estimation is to deliver reliable, real-
time state variables defining a process using available quan-
titative/qualitative knowledge of the process in conjunction
with the known process measurements. The state estimation
is critical where some of the process variables cannot be
measured in real time to estimate the process states. The
methods that provide an online estimation of unmeasured
process variables and parameters are called state estimators.

Fundamentally, the unmeasured states can be estimated
if the measured outputs/states contain sufficient information
about the process dynamics to infer the unmeasured state.
The observability criteria can be used to mathematically
test for the sufficiency of the measured outputs to meas-
ure/estimate all the states. For a fully observable system,
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the estimates of the unmeasured states can be done using
observers. Observers are sometimes known as soft sensors
since they are designed to be asymptotically convergent
to prevent measurement mistakes from proliferating [50].
Model mismatches and process uncertainties can be com-
pensated significantly by an online estimate of unknown
bioprocess variables and their input into the control regula-
tion. This estimated state variable information can be used to
supplement traditional sensor data and delayed measurement
information, allowing controllers to get frequent feedback
signals and improve control performance. The estimator-
supported control schemes can lead to improved process
operations with enhanced productivity. As a consequence,
bioprocess state estimates must be integrated with process
systems engineering techniques including improved process
control, fault detection, and diagnosis [51, 52].

An example of a parameter estimation technique can be
the multi-response technique which can be used to estimate
the course of simulations from the nonlinear model. Identi-
fying nominal process parameters from literature, which is
generally based on laboratory level studies, leads to differ-
ences in experimental data, whereas appropriately calculated
process parameters result in a greater agreement. This type
of change can be linked to the hydrodynamics of large-scale
reactors, which exhibit substantially more complex behavior
[32, 49].

Process control strategies for various
bioreactor configurations

Control schemes for bioreactors are based on the process
requirement. In some cases, different control schemes can be
applied to a particular bioreactor or in a certain application,
a single control or maybe a hybrid control scheme can prove
to be effective against a wide range of bioreactors.

Batch culture

Batch bioreactors are one of the most common types of bio-
reactor configurations used in the pharmaceutical industry.
The distinguishing feature of the batch reactor is that once
the reaction is initiated, the substrate is not supplied during
the batch operation. This means that the process conditions
continuously change during the batch reaction process and
surprisingly require more sophisticated control algorithms
for maintaining near-optimal process conditions. There are
inevitably small changes in the initial conditions of every
batch which poses challenges to the reproducibility in terms
of the process yields and titers if the initial quality control
and the process control are not maintained within fine tol-
erances [53]. Although it has some important applications
[21, 54] as a kinetic model study in processes like lactic

acid fermentation and adaptive se tpoint control system for
microbial cultivation processes, most of the processes are
oriented toward fed-batch and continuous systems.

Fed-batch culture

The importance of fed-batch operations in a plant is that
the reactors involved in this type of process can maintain
an optimum level of substrate concentration throughout
the course of the bioprocess by controlling the feed prop-
erly [55]. However, the product concentrations continue to
accumulate posing challenges if the biocatalyst is prone to
product inhibition. In general, a fed-batch operation may
be advantageous when the specific rates of growth and/or
product development are non-monotonic functions of the
substrate concentration, and it is then important to calcu-
late the best substrate feed rate. The usual goal of fed-batch
bioreactor optimization is to maximize either biomass or
metabolite production, and the optimization has historically
been done with regard to substrate feed rate. Singular control
presents a challenge in determining the ideal substrate feed
rate, because the control variable occurs linearly in both the
dynamic equations describing the process and/or the perfor-
mance index to be optimized [56].

Continuous culture and perfusion culture

Though researchers are shifting their gear to continuous
culture as an easy recovery of product and easier process
control, it still has its disadvantages in the form that cross-
functional teams involved in the process along with process
operators have to stay in continual alert mode to keep a tab
on the ongoing process in a plant facility. Perfusion culture
differs from continuous cultures in the fact that in perfusion
the cells are not retained in the bioreactor, but are collected
in a cell retention device by the process of alternating tan-
gential flow filtration wherein the cells get retained in the
filter of the ATF, while the spent media is moved back into
the bioreactor unlike continuous culture where the cells stay
inside the bioreactor for the whole process [57].

Solid-state bioreactors

The name of such bioreactor is derived from the bioprocess
technique known as solid-state fermentation or otherwise
referred to as solid-state fermentation bioreactor, which
has proven to be quite successful in recent years and has
been looked at as a substitute to the submerged fermenta-
tion process. One of the key advantages of this process is
to develop therapeutic enzymes, whose yield is low but
are of high value and whose production is difficult using
conventional processes [58]. The metabolic heat removal
is difficult to remove from a bed of particles in which the
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interparticle phase is occupied by air than it is to remove
this heat from a continuous aqueous phase. Water activity
and the composition of the solid substrate play a crucial role
among several key difficulties. The thermal properties of a
continuous aqueous phase, such as thermal conductivity and
heat capacity of liquid water, are superior to those of a bed
of moist solids with interparticle air. Cooling the bioreac-
tor from the outside is the greatest technique to eliminate
any heat that will be generated within it, thus avoiding any
damage to the contents of the bioreactor, and the revolving
speed would allow for quick cooling. The impeller rotation
has several purposes: it helps to appropriately expose the
substrate-strain combination, resulting in a larger surface
area for the reaction to occur, and it also allows heat to drain,
resulting in increased productivity. During SSF, the mixing
procedure is an issue keeping in mind the sensitivity of the
microorganism being used. The sensitivity of the microor-
ganisms can be managed by selecting an optimum rpm that
does not disrupt the balance of the substrate strain mixture
and is calculated based on characteristics connected with
the design of the specific bioreactor, such as the bioreactor’s
dimensionality for rpm determination [59].

Trickle bed bioreactor

These bioreactors have been in the market for over 40 years
and are used when a reaction involving catalysis by a solid
catalyst is carried out at least between two components—one
in gas and the other in a liquid phase [60, 61]. The advan-
tages of TBR include a flow rate of liquid matches that of
plug flow leads to higher reaction conversions. The usage of
catalysts is minimal, especially when costs are concerned.
There are no moving parts present in the system of TBR.
TBRs holds the possibility of operating at higher pressure
and temperature. The sizes of the TBRs can vary from small
scale to large scale. The reactions taking place in TBRs have
a low liquid—solid volume ratio causing less occurrence of
homogeneous side reactions. CAPEX and OPEX pertaining
to TBRs are also low compared to some other bioreactors.
TBRs also have the feature of varying the liquid flow rate set
according to catalyst wetting and also heat and mass transfer
resistances.

The disadvantages of TBRs include lower catalyst activity
efficiency in certain reactions because of the large size of
particles. There also exist limitations in terms of the use of
viscous and foaming liquids. If side reactions occur inside
the reaction volume of TBRs, there is a constant risk of
increasing pressure drop or obstruction in the working of
catalyst pores can be observed. Catalysts used can also be
rendered ineffective if there are low liquid flow rates and
the reactor diameter/particle size ratio is less than 15-20.
TBRs also have the difficulty of reaction heat which could
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give useful information on the gaseous component being
produced in the reaction. [61]

Microbioreactor

Microbioreactors can be referred to as microfluidic tools
which are capable of providing high-throughput screening
of bioprocess materials in a fast and cheap manner using a
minimal amount of reagents [62]. They can be used as an
array of microfluidic tools in case of process continuous
perfusion culture modes are at play [63—65]. Furthermore,
as compared to traditional bench-scale reactors, such instru-
ments are more adaptable and may provide for improved
parameter controllability. As a result, the scientific commu-
nity has been paying attention to this technology in recent
years.

Microbioreactors emerged as a result of the convergence
of two major fields: microfluidics technology and molecular
biology. The advent of photolithography led to the concept
of microfabrication, allowing scientists to create the first
microdevices: micro-sized transistors in the latter half of
the century.

As long as developments in instrumentation allowed it,
the concept of lab-on-a-chip technology arose. Microbiore-
actors were constructed and studied to do so, with charac-
teristics such as growth rate, dissolved oxygen (DO), tem-
perature, and pH levels analyzed.

Microfluidics is a science that analyzes and takes in fluids
in small quantities using micrometric channels as a result
of the advancement of microtechnology. Microbioreactors
are a derived product from the domain of microfluidics, and
they are one of the many applications that this technology
potentially introduces.

Controlling fluid dynamics and applying it to microsys-
tems can be highly beneficial for studying genetic responses
to environmental changes, diagnostics, molecular screen-
ing, microbial screening, and cellular microenvironment
simulation.

Single-use bioreactor

Single-use bioreactors provide a versatile and process-ori-
ented design along with a wide range of mixing principles.
Stainless steel bioreactors have been studied for more than
five decades and many methods for characterization of these
bioreactors have evolved including scalability. The study of
single-use bioreactors’ scalability issues addresses evolving
bioprocess industry requirements such as the need for faster
batch turnaround times, lower contamination risk, and easier
operation and maintenance. SUBs are suitable for the cul-
tivation of shear-sensitive cells, such as mycelium-forming
organisms and stem cells. SUB systems are known to be
easily integrated with continuous perfusion processes [66].
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Another type of single-use bioreactor is rocking motion
wave bioreactor (RM20/50) which also is a part of the seed
train process in perfusion culture and helps in the first scale-
up procedure in terms of cell growth and expansion. It usu-
ally comes in either 20L or 50L bags which are adjusted in
rocking motion and the temperature and pH optical probes
are inserted, thus keeping the medium under constant shake
and maintaining DO, pH, and temperature for a certain
period as determined for the specific process.

Challenges in deploying control strategies

Due to high process variability, the complexity of biologi-
cal systems, the need to operate in a sterile environment in
most cases, and the relatively few real-time direct measures
available to help describe the status of the culture, bioreac-
tor controlling poses unique challenges. This has resulted
in some innovative solutions as well as the identification of
areas that require additional research and development [67].

Similarity principles for scale-up

Similarity principles are used for the scale-up of bio-
processes, but face several practical challenges since achiev-
ing both geometrical and kinematic similarity is impossi-
ble [68]. When the basic physics underlying the process is
known and the relevance of various parameters is known, the
Pi-theorem can be used to derive the dimensionless groups
of numbers and the relationships among them to perform
the scale-up process. Since achieving a complete similarity
is not feasible, a partial similarity is often the goal of the
designers. Bioprocesses also require physiological similar-
ity during the scale-up, making the process of bioprocesses
even more challenging than the scale-up for chemical reac-
tors. Physiological similarity refers to the maintenance of
conditions that maintain similar substrate feeding rates,
product accumulation/removal rates, biomass growth rates,
pH and temperature, and micro and macronutrient concen-
trations in the bioreactor as in the laboratory scale studies
where the process was developed. [69, 70].

Mass transfer considerations

Scale-up with respect to oxygen mass transfer has been
a domain of research for certain kinds of bioreactors like
U-loop and airlift-loop bioreactors. Oxygen transfer rate and
multiple impeller usage for good mixing are some of the
techniques used to do mass transfer, and considerations like
what values or what should be a certain impeller size were
to be taken into consideration [71, 72].

Biocatalysts considerations

Usage of biocatalysts in bioprocess either accelerates or
improves the process in numerous ways and, combined
with the help from the systems biology domain, have proved
themselves for scale-up considerations to a moderate level
[73]. Increased agitator speeds can promote mass transport
inside a bioreactor; nevertheless, biocatalysts are generally
sensitive to shear fields induced by increased agitator speeds,
resulting in a decline in productivity. For example, when the
Rushton turbine was set to 1000 rpm, the specific production
rate of a penicillin fermentation (gram per cell dry weight)
was approximately 50% lower in a 6-L. CSTR compared to
600 rpm, which is a clear indication of the fact that increased
turbine speed does not always improve the reaction and may
in turn damage productivity due to other factors [74]. Not
only the speed, but also sometimes heat transfer plays a huge
role in scale-up considerations, as certain processes do get
affected due to the heating up of reactors whether or not
biocatalysts are used.

Equipment challenges

Although there is much commercially available equipment,
most of them lack the flexibility of an open-source solution.
There is a long-standing debate on the wisdom of retrofit-
ting certain well-established equipment versus replacing it
with more modern versions [75]. However, this retrofitting
is mostly considered as a last resort to the equipment change,
as typically a plant is designed keeping in mind for a period
of about 20 years or more. Also, process variability demand-
ing change in equipment or including parts of equipment is
not feasible always keeping the economy in mind.

Risk and safety assessment of control
strategies

The bioprocess sector is well versed in identifying the health
concerns associated with biochemical processes, as well as
implementing stringent quality control methods at all stages
of production and processing. The biological agents and
their products are strictly regulated to ensure the safety of
the personnel engaged [76, 77]. For example, while mak-
ing a perfusion media in a manufacturing facility, mishaps
can happen in 3D drums in the form of impeller crashing
into the drum causing it to crack resulting in the spillage
of whole media, or during media filtration procedure if the
filter pore sizes are not correctly known and the filtration
system has not been connected properly. There is a possibil-
ity of splashing of media, and there could be huge health
and economic repercussions. Measures to be adopted for
preparedness and readiness from the perspective of the user
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handling the control system fall into two broad categories
as described below:

1. Preventive safety assurance activities (PSAA) compris-
ing safety planning categorization, testing and inspection
programs, quality assurance, preventive maintenance,
training, procedures, and human factors development,
based on the ranking algorithm of safety significance
of systems, structures, components, and human actions
(SSCH).

2. Making regulatory decisions regarding authorized con-
figuration modifications, developing technical specifica-
tions, and monitoring risk online.

The term criticality has a huge role to play in risk assess-
ment and also the cumulative effect of criticality. The criti-
cality and sum of the criticality of parameters in a process
have advantages based on optimization based on risk and
cost. It has been observed that rating a preventive activity
based on criticality results in a lower total load in a preven-
tive activity, while the risk is minimized or held constant.

RIF gives us an estimate of the corrective priorities and
acceptable risk values that can be obtained when a process/

Fig.2 Risk assessment guide-
line (Figure adapted from [79])
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component is already known to be failing or when intending
to take the component out of service for breakdown main-
tenance [78].

CPP is the critical process parameter whose variability
has an impact on CQA and therefore should be monitored or
controlled to ensure the process achieves the desired quality.
KPA is used to measure the lack of process consistency, but
does not affect product quality. It is synonymous with the
process performance attribute. KPP can be regarded as an
adjustable parameter that when maintained within a narrow
range ensures optimum process performance. The ranges in
KPP are adjusted during process development and changes
to operating ranges are managed in quality systems. In short,
these are some of the parameter classification norms that
have been followed to generate the qualitative risk assess-
ment protocol. A qualification called ‘potential’ to under-
score the generic nature of the process has been used in the
risk assessment flowchart which decides on parameters or
attributes that could be important and require additional data
to assign a critical rating.

A guideline for risk assessment has been described below
(Fig. 2) which has been developed by Biophorum Operations
Group Limited for parameter classification.
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Contamination control associated with control
systems

The introduction of multi-parametric sensors has been con-
sidered as a possible opportunity for reduced contamina-
tion and improved safety protocols, as a small number of
openings will be required during the manufacturing process
and also reduce the contact between the bioprocess and the
environment [80]. Unpredictable risks for example ruptur-
ing of the bag, damage to sensors due to drift or delay, and
power shutdown can be directly or indirectly be a possible
source of contamination to the process concerned. In this
type of situation, a backup should be in place on-site so
that there is not much delay in resuming the process again
without any interruption leading to possible damage or loss
of product [81].

Process analytical technology for quality assurance

Maintenance or improvement of the product quality does
require technologies like PAT, which strives to measure,
analyze, monitor, and ultimately manage all critical quali-
ties of a bioprocess [36, 82]. The PAT system incorporates a
variety of operations that support the QbD strategy, ranging
from the development and installation of unique analytical
sensors for the measurement of certain specific solutions
to risk management measures, and advanced data analysis
methodologies. This spans a wide picture of the system that
includes chemical, physical, and microbiological data that
can be quantified. Dynamic models enable process systems
engineering methodologies in PAT, which include design,
understanding, optimization, monitoring, and control of pro-
duction processes. Even though the PAT guidelines were
designed for the pharmaceutical industry, many other life
sciences sectors, including industrial biotechnology, which
includes the food, feed, and biopharmaceutical industry, are
adopting this approach.

PAT does offer the opportunity to control the process
based on in-line/real-time measurements. Raman spectros-
copy is one of the most widely used PAT due to its pos-
sibilities of usage in upstream biopharmaceutical indus-
tries. Monitoring and control of bioburden, endotoxins, and
aggregates using PAT could contribute to the robustness of
continuous biomanufacturing. Certain unique parameters
like particle size distribution and filter impact using an in-
line particle size analyzer in conjunction with PAT can be
implemented. Measurement of output concentrations based
on critical parameter regulation can also be implemented
using PAT as an additional level of control. So, all these
instances culminate into the understanding of the fact that
PAT can revolutionize the bioprocess industry, especially the
biopharmaceutical domain.

Economics and environmental impact
assessment

Economics and environmental impact assessment mostly
includes integration of LCA, model analysis, water quality
indicators for wastewater treatment plants, and distinctive
impact categories [83, 84]. Many high-value-added manu-
facturing businesses, particularly specialized chemicals and
pharmaceuticals, place a premium on batch end-product
quality control [85, 86].

Cost of control strategies

Direct cost analysis and estimation based on various param-
eters such as stirring speed, gas requirement, medium to
be used for cultivation, and cost of cooling can be done to
determine the impact of different parameters on the overall
process economics [87, 88]. There is not much literature
and studies available concerning the cost that is encountered
while implementing a new process algorithm. The imple-
mentation cost is related to the number of loops and process
loops involved in an APC; however, a functional dependency
is difficult to derive. Hardware requirements and upgradation
also are part of the new control architecture. Costs associ-
ated with production loss due to installation downtime are
also a part of the development of control architecture. Mis-
cellaneous costs could also be there due to failure or unmet
needs that might have not been predicted from beforehand
or a mishap during a run.

A differentiation between risk in cost and risk in benefit
must be done. The two most important risk factors pertain-
ing to cost are novelty and complexity. Both of them are
intricately involved in the project’s resource allocation. A
newly developed technology can be implemented with little
risk if the control engineers are experienced, knowledgeable,
and fully devoted to the project while a proven application
may fail if not enough or inexperienced staff members are
involved.

Environmental impact minimization
through control strategies

The environmental effects of bioprocess technologies have
recently become a significant subject of concern. Many fac-
tors have fueled this interest, including concerns about cli-
mate change, pollution, and energy supplies; rapidly rising
costs and waste disposal restrictions; a greater understanding
of the status of disposables in bioprocessing; and the avail-
ability of a wider variety of disposable choices.

As aresult, today’s process designers and customers must
be able to monitor and give information on the environmen-
tal consequences and sustainability of their manufacturing
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processes. This operation can be challenging and time-con-
suming, especially when dealing with multistage operations
that use stainless steel equipment or disposable.

Before agreeing to proceed with a planned action, an
environmental assessment examines the environmental
implications of a proposal, strategy, program, or actual pro-
ject. Prospective environmental footprints for the process’s
numerous discharge sources, as well as possible mitigations
and their downsides, can be produced. Proposed technologi-
cal advancements can also be assessed for their influence
on the environment, with opposing and supporting effects
established for various footprint areas [89].

Waste disposal constraints, water supply limits, energy
prices, and other local issues would all play a role in any
form of assessment. There are a variety of sources of infor-
mation that can assist with an environmental assessment,
including guidelines from industry associations, regula-
tory guidelines (e.g., BioProcess Systems Alliance, BPSA),
directives, data from suppliers and manufacturers, written
papers, reports, reviews, and case studies.

Historical timeline and trends in bioprocess
control

Bioprocess model development covering more than one
century of research and development in modeling, moni-
toring, control, and optimization concepts as well as high
computation models and potential future trends in industrial

bioprocess especially in the biopharmaceutical industry has
been clearly demonstrated in (Fig. 3) given below [90].

The history pertaining to bioprocess control is vast and
huge as it dates back to World War II. The development
of discrete-time control theory began around that time, fol-
lowed by the state-space theory which developed around
1950-1960s. It was demonstrated that the optimal-linear
quadratic control problem can be reduced down to a cer-
tain Riccati equation. The stochastic theory simultaneously
also started developing at that time. Automatic control
problems having algebraic character were shown to have
solutions that were obtained from polynomial methods. In
the late 1960s, the idea of adaptive control also emerged,
the development of which was influenced by the theory of
dual control, parameter estimation, and recursive algorithms.
The 1970s saw the rise of integrated control systems such
as PLCs, DCSs, and SCADA as discussed earlier. Recent
model developments include IMC (internal model control),
MBPC (model-based predictive control), and EMPC (eco-
nomic model predictive control) [91].

Post-digitization saw the rise of a hierarchical structure
control system, which is basically a networked control sys-
tem maintained as a hierarchy through links and these links
are the computer systems that maintain a network. Techni-
cally, HSCS comprises two famous network systems—DCSs
and PLCs. An alternative to HSCS is FCS which can be
divided into two sections—field devices comprising sen-
sors, actuators, and communication channels, and the sec-
ond comprising the computer connections. For mobile com-
munication technology and wireless communication, FCS
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(1012)  (1922) (1951) (1967) (1977)  Control  Observer (1990)
(1979)  (1982)
| al
Extended :r?r:iszeraltei'on
Genome Genome Biotech
i i PAT by FDA f DT -
Hybrid Modelling Scale Model (2001\; Scale Model ?2016) Application of DT
(1992) (1992) (2011) (2019)

t 1 1 1 1

>

J L

ANN Fourth Digital Twin Ingustry Intensified cpp scale. BiOPharma
Control Generation  Concept : " DOE up Model 4.0 (post
(1993) MPC (2000) (2002) f;g;;;’ (2016)  (2017)  2015)

Fig.3 Timeline of model concepts, monitoring, control, and optimization concepts and potential future trends in industrial bioprocess. ( Adapted
from Noll et. al [90]) (For more information about individual technologies, please refer to SUPPLEMENTARY DATA 2)
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gets adopted in many industries. Followed by FCS came
in the NCS, wherein all the field devices were connected
using a network and using the Internet for data transmission
instead of Fieldbus which is used in FCS. The core differ-
ence of NCS from FCS is that the hierarchical structure was
fully replaced by a fully distributed structure, with each and
every device connected to a network via node. The rise of
both FCS and NCS did some really good work in bioreactor
control; however with the emergence of PAT—integration
of offline/online process datasets into a real-time control sys-
tem became a problem. This gave rise to KBCS which took
care of this issue and was implemented at two levels—the
first level: direct control of a specific parameter using fuzzy
logic and the second level entails a higher knowledge-based
supervisory control system which consisted of modules such
as knowledge base, database, and inference. KBCS proved
to be hugely successful working in conjunction with various
regulatory controls like PID [27].

Market analysis and future trends

Understanding the market scenario and stature of bioreactor
control systems as of today is that more unique solutions
come up with increased efficiency and control. Although
PAT and QbD technologies are at play in the market, a
sophisticated need is observed in MVDA requirement which
is in literature regarded as future and enabler of PAT. From
2014 to 2020, the advanced process control market is pro-
jected to develop at a CAGR of 11.79 percent. Extensive
research has been observed on membrane bioreactors and
single-use wave bioreactors over the past few years [92, 93].

Even though the economics of scale and scope has been
subjected to a robust and dynamic environment in the last
few years leading to some saying that there is the exist-
ence of no proper economic model as such when it comes
to marketing of the product (e.g., vaccine and medicines),
it is quite evident that the various commercialized process
control schemes will definitely have successful long run irre-
spective of the type control scheme being used. The near
future trends point to the increasing adoption of membrane
technology, sensor technology, single-use bioreactor, and
advanced control architectures. Also, cloud-based technol-
ogy like Industry 4.0, Biopharma 4.0, and IIoT paves the
way for an opportunity in the market for specialized control
systems for producing specific products in the biopharma-
ceutical industry.

Increased pharmaceutical drug production
There is absolutely no doubt that both pharmaceutical and

biopharmaceutical will have successful business ventures in
terms of drug development given the current scenario. With

regard to single-use biomanufacturing, a trend for develop-
ing small and efficient systems that are to be used in asso-
ciation with single-use bioreactors is expected to witness
wide adoption in the next 5 years. The smaller companies
especially in the domain of biopharmaceuticals increase
their utilization of services of engineering, procurement,
and construction companies (EPCs) so as to upgrade the
bioreactor facility.

Scalable/just in time vaccine production

Traditionally, the production of vaccines and distribution
used to take about 3 years with full-scale clinical trials, data
generation, validation, documenting, and approval. However,
the CoVID-19 pandemic has demonstrated the need and the
ability of the biopharmaceutical industry to produce vac-
cines at much faster rates and shorter turnaround times as
implemented in the USA in a program called ‘Operation
Warp Speed’ [94]. Some of the key areas that should or
can facilitate increased vaccine production are indicated in
Fig. 4.

Development of reliable supply chains

Supply chains link together cross-department functionality
with invariably dynamic integration of skilled, unskilled,
and expert people in bringing about an environment of
working together to deliver goods and services necessary
for carrying out a process. Supply chain management with
regard to the biopharmaceutical industry still requires a lot
of coordination among raw material supplies and producers
of API, with many layers of documentation and procedures
for traceability and quality assurance [95]. Assuring the
operation of reliable supply chains even in the face of natural
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Fig.4 Key areas concerning continuous biomanufacturing that needs
to be critically assessed for efficient vaccine production
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Table 1 List of companies involved in single-use technology

Company name

Product names

ThermoFisher Scientific

Gore
Merck Millipore

Sartorius Stedim Biotech

Meissner

Terumo

Trace ANALYTICS GmbH
GE Healthcare/Cytiva

Pall

JM Separations
Scientific Industries Inc
Repligen

Eppendorf

Pierre Guerin

Jobst Technologies
Corning Life Sciences
PBS Biotech

Watson-Marlow Fluid Technology Group

Entegris

Schulte bagtainer systems GmbH
Saint-Gobain

Parker Hannifin Corp
mp2-labs

Lonza

Hamilton

CeLLution Biotech
ExcellGene

Ocean Optics
Machine Solutions Inc
Dover Corp’s Pump Solution group
Celltainer Biotech BV
Levitronix
PendoTECH

PreSens

Infors AG

Gemue GmbH
Applikon

Adolf Kuhner AG
Cole-Parmer

C-Cit

Cellexus

Charter Medical
Bosch Pharma
Advantapure
ARTeSYN

Bags, containers, connectors, filters, filling systems, sampling systems, tube welders, sensors, system
control, bioreactors
mixers, plates, flasks

Sampling systems, tubing, valves, freeze and freeze-dry dishes

Bags, containers, connectors, filters, tubing, sampling systems, mixers, bioreactors, incubation shak-
ers for SUB, filling systems, platform solutions for USP and DSP

Bags, containers, connectors, filters, tubing, sampling systems, mixers, bioreactors, filling systems,
membrane adsorbers, freeze and thaw systems, platform solutions for USP and DSP, tube welders,
resealers

Bags, bioreactors, containers, mixers, and filters
Bags, tube welders, resealers
Sensors and sampling sytems

Bags, containers, connectors, filters, tubing, sampling systems, mixers,
bioreactors, filling systems, chromatography columns, tube welders, resealers

Mixers, bags, bioreactors, connectors, filter, filling systems, platform solutions for USP and DSP
Bags, tubing, manifolds, mixers, filters
Bioreactors

Chromatorgraphy

Bioreactors (New Brunswick)
Bioreactors

Sensors

Bags and bioreactors
Bioreactors

Pumps, tubings and filters
Bags, mixers, and bioreactors
Containers

Connectors, tubings

sensors (SciLog)

Bioreactors

Containers

Sensors (Fogale Biotech)
Bioreactors

Bioreactors

Sensors

Tube welders

Pumps

Bioreactors

Pumps

Sensors

Sensors

Incubation shakers
Membrane valves
Bioreactors

Incubation shakers for single-use bioreactors
Sensors

Sensors

Bioreactors

Bags

Dosing and filling systems
Tubing

Valves
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Table 1 (continued)

Company name Product names

3 M Purification Filters
Aber Instruments Sensors
AC Engineering Pumps

disasters, pandemics and other disruptions with increased
localization efforts around the world for APIs will be the
leading trend soon.

Increased single-use technologies

The increased usage of disposables in the process industry
has led to instigating the OEMs and EPCs to focus on the
development of single-use manufacturing to broaden their
portfolios. OEMs not only restrict themselves to equipment
supply only, but also provide system integration services
which include piping, instrumentation, and programming
with built-in software that can work platform independently.
Even though there is wide adoption and huge popularity
of single use in the market, single-use bioreactors are still
unable to replace stainless steel bioreactors, as SUBs are
available in limited volume capacities. Market players are
increasingly investing in research and development for over-
coming the limited-volume capacities of SUBs by including
and excluding additional features that might be customized
for the process to be performed [96].

The following table (Table 1) gives the estimate of 48
companies, which are currently involved in single-use tech-
nology productions and how many products they produce.

Decreased time from the laboratory to the field

With regard to the biopharmaceutical industry, process opti-
mization, intensification, and data analytics currently play a
huge role in the advent of newer and efficient vaccines from
continuous biomanufacturing practices. A typical example
of a biopharmaceutical company adopting a flexible distrib-
uted control system is Gilead Sciences, which looks into the
pilot-scale studies, research, and development, clinical trials,
and meets pipeline demands as per customer requirements.
Banks Integration partnered with Gilead Sciences to develop
a control architecture that would be required for Phase III
clinical trials and needed two glass-lined reactor suites and
one corrosion-resistant steel reactor suite. Banks Integration
addressed the needs of the Gilead Sciences which included
less hardware-oriented and less programming, easy scalabil-
ity, visibility, and flexibility consideratio ns for building the
control system and thus developed accordingly [97].

Need for scale-free control systems

Scale-free control systems are those that can be deployed
at multiple scales without modification of the core control
strategies/algorithms. Experiments have been performed
wherein scale-up procedures were performed with no tweak-
ing or changing the original control architecture that was
used for a low-scale process. There is a need for developing
such systems, especially with the increased adoption of the
SUBSs by the biopharmaceutical industry.

Conclusions

There has been a thorough discussion on the different types
of modeling, simulation, and computational structures avail-
able along with various requirements to develop different
control architectures. Also, total plant-level automation
levels have been intricately discussed with coming-of-age
trends in things like IIoT and Biopharma 4.0. A discus-
sion on historical and future trends in the development of
bioreactor configurations and sensor technologies indicate
increased use of single-use bioreactors with a much more
sensor-intensive networked process control environment.
The rise of the single-use technologies is aligned with the
new paradigms Biopharma 4.0, leading to a shift toward
‘total intensification’ with minimal needs in terms of
increased productivity, shortening timelines, reduced cost of
goods, increased flexibility, and definitely reduced footprint.
Such developments are needed for preparing humanity for
the current and future challenges in healthcare to assure a
healthy future for humanity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43393-021-00048-6.
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