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1 | INTRODUCTION
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Abstract

Continuous manufacturing is an indicator of a maturing industry, as can be seen
by the example of the petrochemical industry. Patent expiry promotes a price
competition between manufacturing companies, and more efficient and cheaper
processes are needed to achieve lower production costs. Over the last decade,
continuous biomanufacturing has had significant breakthroughs, with regulatory
agencies encouraging the industry to implement this processing mode. Process
development is resource and time consuming and, although it is increasingly be-
coming less expensive and faster through high-throughput process development
(HTPD) implementation, reliable HTPD technology for integrated and continuous
biomanufacturing is still lacking and is considered to be an emerging field. There-
fore, this paper aims to illustrate the major gaps in HTPD and to discuss the major
needs and possible solutions to achieve an end-to-end Integrated Continuous
Biomanufacturing, as discussed in the context of the 2019 Integrated Continuous
Biomanufacturing conference. The current HTPD state-of-the-art for several unit
operations is discussed, as well as the emerging technologies which will expedite a

shift to continuous biomanufacturing.
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Shukla et al., 2017; Somasundaram et al., 2018). Continuous bio-

processing utilizes a continuous flow of material through the various

A possible solution to establish more efficient and flexible processes
in the biopharmaceutical industry is to transition to continuous in-
tegrated manufacturing: An improvement in productivity, product
quality and consistency can be achieved while drastically reducing

the facility footprint and manufacturing costs (Rathore et al., 2015;

unit operations such that, at steady state, product of consistent
quality is being produced as long as the operation runs (Rathore
et al., 2015).

Many manufacturing sectors, such as chemical, food, and phar-

maceutical have long adopted continuous manufacturing, but its

Abbreviations: CQA, critical quality attribute; HTPD, high-throughput process development; HTS, high-throughput screening; ICB, integrated continuous biomanufacturing; LC, liquid
chromatography; MM, mechanistic models; PAT, process analytical technology; QbD, quality by design.
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implementation in biotechnology manufacturing, particularly of
biotherapeutics, is still behind (Rathore et al., 2015; Zydney, 2016).
However, Walther et al. (2015) conducted an economic analysis into
an integrated continuous biomanufacturing platform and concluded
that it would allow to reduce costs by 55% relative to conventional
batch processing, demonstrating the promise of implementing a
continuous bioprocess for the manufacturing of recombinant pro-
teins. Therefore, there is a growing interest, from both academia and
industrial research, to develop continuous processing systems
(Konstantinov & Cooney, 2015). An example is the ongoing
project Continuous Downstream Processing of Biologics—CODOBIO
(2018—2022), a research program with the main goal of facing the
future transition challenges to a continuous downstream process,
implementing innovative integrated continuous manufacturing in the
bioindustry.

The Integrated Continuous Biomanufacturing (ICB) conference
aims to bring together academia and industry peers to shed some
light on the recent advances and discoveries on bioprocesses, which
could help to achieve the “holy grail” of a continuous end-to-end
process and real-time release. Within the fourth edition of the
conference (ICB 1V), held in Cape Cod (Massachusetts, USA) in 2019,
a workshop entitled “High-Throughput Methodologies for ICB”
brought together participants with different backgrounds (Figure 1).

The workshop aimed to trigger the discussion on which are the

perceived gaps in high-throughput (HT) technologies for process
development, what are the current needs for ICB, the major pro-
blems and the correspondent expected solutions, and what is
currently being done in research to achieve this continuous bioma-
nufacturing. With a total of 73 participants (from which the vast
majority belonging to industry), the workshop aimed to collect re-
levant and up-to-date data on what is the view regarding the shift to
continuous manufacturing in the biopharmaceutical realm, and what
still needs to be done to put this industry closer to this objective. The
attendees were asked to split and mix with their peers from different
backgrounds and affiliations. This aimed to achieve a more diverse
discussion between the groups and promote a greater need for
consensus when posting an answer. Overall, six out of the eight
groups were mixed in terms of affiliation and a good mix of back-
grounds was also possible to achieve (Figure 1c).

Although current trends in the production of biopharmaceuticals
are to gradually move from batch processes to integrated continuous
processing strategies, to perform the process in a continuous mode, an
integration of the different unit operations in one single production
and purification train is the ultimate goal, adding to each unit operation
the capacity of recycling streams and the ability to purge impurities as
required by the process (Rathore et al., 2015). Furthermore, analytical
techniques must provide real-time information of each biomanu-

facturing step to gain knowledge and control over the overall process.
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FIGURE 1 Workshop participants background: (a) Area where the participants work in: Industry, academia, or regulatory agencies;
(b) Function/Department where the participants work in: USP, upstream processing; DSP, downstream processing; process development, which
implicates both USP and DSP function; and analytics. (c) Descriptive constitution of each of the eight groups formed during the workshop,

according to the area/function of each participant
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Therefore, this white paper will discuss the major gaps in HTPD for
the different unit operations, the integration problems present in
the continuous manufacturing of biopharmaceuticals, and the already
available tools to overcome these challenges. By covering what is the
state-of-the-art for several established technologies, the paper aims to
shed some light on the emerging tools for process development to

enable and accelerate the shift to a continuous process.

2 | OUTCOME OF THE WORKSHOP

After identifying the state-of-the-art in HTPD, it was possible to
pinpoint the gaps in HTPD for continuous biomanufacturing.
In Figure 2, the unit operations/system components perceived by
the participants as having a major gap for HTPD are presented: Cell
culture was unanimously identified by every group, followed by
the filtration unit operation and the current analytical tools for a
continuous process. Some groups also pointed out potential gaps
regarding cell media development, viral inactivation, chromato-
graphy, and other unit operations, such as centrifugation and
aqueous two-phase extraction.

Cell culture has had the industry's attention for several years,
with higher titer-producing strains being developed. There is already
equipment available for the HTPD of cell culture, still, such systems
come at a high price, as will be discussed further, which makes it to
be perceived by all groups as being an area where a significant gap is
present.

On the contrary, filtration has been an overlooked unit operation
when it comes to HTPD. When many researchers focused efforts on
the optimization of chromatography, most likely due to being one of
the most expensive unit operations, filtration steps have stayed be-
hind when it comes to HT alternatives. Although a batch filtration step
can easily be implemented in a continuous process, the optimization of

such steps can become costly, as scale-down models are lacking, with a
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FIGURE 2 Major gaps indicated for high-throughput (HT)
development in integrated continuous biomanufacturing (ICB) by the
participants in the workshop
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large investment to find optimal operating conditions needed.
Therefore, there usually exists a compromise between oversizing the
equipment or spending a considerable amount for the optimization of
this unit operation. However, recent studies developed by Fernandez-
Cerezo et al. (2019) used a downscale method for a filtration unit
resorting to using a combination of critical flow regime analysis,
modeling, and experimentation to predict the performance of a pilot-
scale system, therefore, showing a possible HT tool for future condi-
tions studies in this unit operation.

Regarding the analytical tools needed for implementation in a
continuous process, the major gaps indicated are related to the
quantity of sample and different techniques necessary to obtain in-
formation on the overall process. Furthermore, there are still great
limitations in the available HT analytical tools used in ICB, high-
lighted by the limited number of techniques which were able to be
integrated with HT platforms. A possible explanation for this lim-
itation is related to the lengthy analysis times of each technique,
which can make it difficult to employ for process monitoring and
control. The current trend to tackle these analytical shortcomings is
the creation of at-line sensors, which can provide real-time mea-
surement and data on a continuous process, titled process analytical
techniques (PAT), and will be further discussed in this paper.

3 | STATE-OF-THE-ART IN CONTINUOUS
BIOMANUFACTURING

The workshop participants were tasked to come up with HT
technologies that are currently in use in process development for
continuous biomanufacturing. Although some unit operations got
more attention than others, the main goal of this activity was to
understand what are the mainly used equipment and tools involved
in the development of processes for the desired successful shift to a
continuous operation. The main tools already in place are the auto-
mated systems for liquid-handling, where there is the possibility to
use tailored equipment for a specific unit operation or an equipment
with a broader capability that can have minor adaptions for different
uses. In Table 1, the state-of-the-art of HTPD tools for the devel-
opment of different unit operations is summarized.

The use of liquid-handling stations for the determination of best-
operating conditions for cell media development and antibody pur-
ification has gained popularity over the past years (Treier et al., 2012).
The work developed by Schmidt et al. (2016) shows an improvement of
previous studies where a platform for the purification of an antibody in
an automated two-step chromatography purification was developed.
The HT system showed limitations in the flow rate that could be used in
the RoboColumns, which affected the value for the dynamic binding
capacity that could be obtained, but the results were comparable to
the previously used AKTA™ systems. This platform process allows for
the purification of hundreds of monoclonal antibodies per week, even at
low feed concentrations.

In terms of available HTPD tools for viral inactivation and
viral clearance, even though the participants indicated to be a
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TABLE 1 State-of-the-art in the integrated continuous biomanufacturing (ICB) field

Technology Answers References from literature
Cell line/media development ~ Ambr® 15/250/P Sandner et al. (2019); Xu et al. (2017)
Liquid handling systems (Tecan) Shi et al. (2011)
Beacon® Le et al. (2020)
Spin tubes Strnad et al. (2010)
Cell culture (bioreactor) Ambr® 15/250/P Sandner et al. (2019); Xu et al. (2017)
Small scale bioreactors Schwarz et al. (2020)
Cell culture (clarification)® Pendotech Fedorenko et al. (2020); N. D. S. Pinto et al. (2020)
Filtration skids Arunkumar et al. (2017)
Acoustic wave Baptista et al. (2013); Granicher et al. (2020)
ATF/TFF Arunkumar et al. (2017); N. D. S. Pinto et al. (2020)
Centrifugation Hogwood et al. (2013); Tait et al. (2009)
Chromatography Tecan McDonald et al. (2016); Sisodiya et al. (2012)
Predictor plates Bergander et al. (2008)
RoboColumns Keller et al. (2015); Schmidt et al. (2016)

Mechanistic understanding using HT ~ Kumar et al. (2015); Nfor et al. (2012); Pirrung et al. (2018)
AKTA™ Keller et al. (2015)

Multicolumn chromatography (MCC)  Gjoka et al. (2015)

Filtration®® SPTFF Clutterbuck et al. (2017); Fernandez-Cerezo et al. (2019)
UF membranes Baek et al. (2017)
96-well plate Tang et al. (2020)
Viral inactivation®" Low pH/mixing David et al. (2019); Gillespie et al. (2019) Orozco et al. (2017); Parker
et al. (2018)
Solvents/detergents Lofgren et al. (2020); Martins et al. (2019)
Filters Lute et al. (2020); Tang et al. (2020)
Temperature Gillespie et al. (2019)
Purification steps Gjoka et al. (2017)
Tubular reactor Gillespie et al. (2019); Orozco et al. (2017); Parker et al. (2018)
Two chambers (not continuous) Gjoka et al. (2017)
Analytical tools®” uv Kamga et al. (2013); S. W. Li et al. (2014)
pH Gillespie et al. (2019); Zelger et al. (2016)
Conductivity Zelger et al. (2016)
Raman spectroscopy Kornecki & Strube (2018); M. Y. Li et al. (2018); Nagy et al. (2017)
NIR/MIR spectroscopy Capito et al. (2013); Capito et al. (2015); Thakur, Hebbi, et al. (2020); Thakur,
Thori, et al. (2020)
MALS Patel et al. (2018); Sauer et al. (2019)
Online LC Rathore, Wood, et al. (2008); Rathore, Yu, et al. (2008); Sharma et al. (2006)
Mass spectrometry Dong et al. (2016); Liu et al. (2020); Steinhoff et al. (2016)

Abbreviations: HT, high-throughput; LC, liquid chromatography; MIR, mid-infrared; NIR, near-infrared; STPFF, single-pass tangential flow filtration.
#Mainly a description of what is being done in the scope of ICB and not completely related to HT.

PFew groups answered this question: Either they had some struggles to find an answer or didn't consider this technology to be a bottleneck.
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considerable gap in development, recent studies have been published
demonstrating the potential of developing a virus filter micro-scale
HTPD model. Tang et al. (2020) used, in combination with an auto-
mated liquid handling system, a 96-well filter plate to assess its
suitability to be a novel microscale HTPD scaledown model. With
these types of tools, HT virus filtration optimization is now an option,
enabling rapid process development for continuous biomanufactur-
ing. Additionally, to make this important step continuous, several
lab-scale models of viral inactivation system have been simulated,
designed, and built: for example, Gillespie et al. (2019) tested mul-
tiple incubation chamber designs to allow narrow residence time
distributions; whereas Parker et al. (2018) used a comprehensive
computational fluid dynamics model to create a laminar flow tubular

reactor.

4 | CURRENT NEEDS IN THE INTEGRATED
CONTINUOUS BIOPROCESSING

From the information gathered during the workshop, the major
challenges pointed out by the participants in HTPD for the im-
plementation of continuous bioprocessing are presented in Table 2.

TABLE 2

A wiey—2
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Furthermore, it was requested to the participants to propose
possible solutions for each of the challenges discussed. Modeling and
micro/nanofluidics were the main suggestions for the fields to fur-
ther invest/prioritize to make an easier and smoother transition to
continuous biomanufacturing. These proposed solutions and other

current needs in ICB will be further discussed, with a particular focus

given to PAT tools and unit operation connection.

41 | Process analytical technique

PAT was defined as “a system for designing, analyzing, and control-
ling manufacturing through timely measurements (i.e., during
processing) of critical quality and performance attributes of raw and
in-process materials and processes, with the goal of ensuring
final product quality” (U.S. Department of Health and Human
Services, 2004). The ultimate goal of implementing PAT in the bio-
pharmaceutical industry is to design and develop well-understood
processes that will reliably ensure a predefined quality in the final
product by either monitoring the raw material or in-process product
attributes in real-time to control the process, the critical quality at-
tributes (CQAs) (Glassey et al., 2011; Read et al., 2010). The clear

(a) Major problems indicated by the participants of the workshop, with the proposed solutions/fields to invest/prioritize for ICB

process development; (b) Summary of the suggested tools by the participants (only six groups answered this question) as solutions for current

gaps/problems with HTPD in ICB

(a)

Major Problem

Suggested Solution

Scale Down of Filtration Processes Microfluidics
. Microfluidics
USP-DSP Integration .
Modelling

Low-Throughput Cell Line and Media Development

Integrate robotics into existing systems

Cell Culture Development (bioreactor/cell retention
device) is not mechanistic

Big Data Analysis / Smart HTPD (Artificial Intelligence /
Mechanistic Modelling)

Process Development for Cell Culture Microfluidics
Scability of Mini-Columns (done in batch mode) Modelling
Integration of Chromatographic Steps Modelling
Modelling
(b)
Big Data Micro/Nanofiuidics
Automation and Robotics HTPD for membranes

Abbreviations: DSP, downstream processing; HTPD, high-throughput process development; ICB, integrated continuous biomanufacturing; USP, upstream

processing.
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process control and understanding provided by the PAT framework
supports as well the quality by design (QbD) approach adopted by
the biopharmaceutical industry. QbD was defined as “a systematic
approach to development that begins with predefined objectives
and emphasizes product and process understanding and process
control, based on sound science and quality risk management”
(Wasalathanthri et al.,, 2020). Hence, PAT implementation will aid
this systematic process development method, QbD, by providing a
better understanding of the products and design processes that will
ensure consistent product quality.

The crucial element for PAT applications in a continuous process
is to be able to gather CQA information for the process and elicit a
timely response to facilitate control. It is necessary for the analytical
measurements to be available in the time-frame necessary to facil-
itate real-time decision making (Read et al., 2010). Additionally,
to easily implement a PAT tool, the cost required for the in-
strumentation should not be high, at least until it does not drastically
increase the biopharmaceutical production cost. Furthermore, the
chosen analytical technique has to be precise, accurate, and robust
(Mandenius & Gustavsson, 2015). Although a continuous process has
a lot of gain from PAT implementation, these types of tools have
been fairly unexplored (Read et al., 2010; Sharma et al., 2006) and
for the advancement of continuous processes, important improve-
ments in sensor technology, configuration, and robustness are still
required (Fisher et al., 2019).

Regarding upstream processing, classical process sensors pro-
vide information on process variables such as temperature, pH,
dissolved gases, and foam levels (Fisher et al., 2019). However, more
robust techniques, involving spectrometric sensors, have been
successfully implemented for process monitoring. For example, near-
infrared spectroscopy has been most extensively studied to
determine the concentration of individual components in the cell
culture broth, as demonstrated by Arnold et al. (2002). Furthermore,
Raman spectroscopy can be used not only to analyze broth compo-
nent profiles as well as to monitor structural/chemical changes in
proteins, of particular interest to on-line monitor aggregate forma-
tion (Gryniewicz & Kauffman, 2008) or quality attributes such as
glycosylation (M. Y. Li et al., 2018). Recently, liquid chromatography-
mass spectrometry-based multiattribute methods have emerged as
an important PAT, allowing for simultaneous monitoring of the
product quality attributes such as glycan profile, charge variants, and
purity of biotherapeutics (Wasalathanthri et al., 2020). By developing
a platform with the collection of cell-free samples from bioreactors,
followed by automated HT purification using an automated liquid
handling system, Dong et al. (2016) demonstrated that it was pos-
sible to produce a “near-real-time” measurement, laying out a solid
foundation towards using this technique to monitor multiple CQAs
during the entire biomanufacturing process.

For the downstream processing, PAT implementation is still
fairly limited due to, in part, a lack of sensor options: pH, con-
ductivity, absorbance, and pressure sensors do not actually measure
quality attributes of the biomolecule, such as protein aggregation.

However, Kamga et al. (2013) employed multiwave UV spectra to

effectively determine the concentration of individual components in
a protein mixture, accurately predicting aggregate concentration
relative to the protein of interest. Additionally, for the chromato-
graphy steps, implementing PAT can be challenging because of
the typical short process times of these unit operations (Read
et al, 2010). Sharma et al. (2006) demonstrated that, with on-line
analytical LC, continuous monitoring of the chromatography step for
aggregate peaks can be achieved. An on-line high-performance liquid
chromatography (HPLC) system was used to investigate the real-
time pooling of a process chromatography column and it was pro-
grammed to stop collecting when the aggregate peak starts, showing
the feasibility of using PAT to facilitate real-time decisions for
column pooling based on product quality attributes.

Therefore, in a continuous process, a PAT tool must provide
decisive information for subsequent process steps on-line, making
continuity of processing possible (Mandenius & Gustavsson, 2015).
In the future, the development and implementation of these PAT will
allow for the design of a manufacturing process that will deliver a
consistent, well-defined quality product and improve process effi-
ciency. Foreseeable challenges include implementing noninvasive
process monitoring techniques and incorporating advanced sensors

into automated process control strategies (Fisher et al., 2019).

4.2 | Data collection/modeling

The biological processes in the biotechnology industry present many
challenges and are usually, if not always, less straightforward than in
other industries. The complexity of the operations, especially fer-
mentation, drove the industry to a trial-and-error mode of optimi-
zation for years. However, in recent years with the application of
QbD and PAT initiatives (Rathore, 2009; U.S. Department of Health
and Human Services, 2011), there has been a greater push for a
better understanding of the process. This has empowered scientists
and engineers to have greater knowledge and details of each op-
eration and not treat processes purely as black boxes.

The ability to translate a process, whether it is a relatively
complex process, such as a fermentation, or a simpler process, such
as a mixing tank, into a mathematical model has not only allowed a
greater process understanding but also a reduction in time and ex-
periments needed for optimization (Chhatre et al., 2011; Nfor
et al., 2013). Mechanistic models (MM) aim to accurately describe
the physicochemical phenomena of the system to be described, and
several examples of such models have been published for biopro-
cesses (Hebbi et al., 2020; Kumar et al., 2015; Nfor et al., 2012; Yahia
et al., 2015). Besides models that are purely mechanistic, hybrid
approaches using MM and machine learning, like Artificial Neural
Networks, can help to ease up the computational load on the com-
puter, for example, by using data sets for the determination of
certain parameters and then use these as input to the models.
This accelerates the process development and provides faster re-
sults, as has been shown in literature, for estimation of process

parameters (Wang et al., 2017) and optimization of full downstream
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processes (Pirrung et al., 2017). Once such models are tuned and
trained, the output of these computations will provide valuable in-
sight into the processes. It is clear that models are of great im-
portance for the leap into integrated continuous biomanufacturing,
both in the process development stage and also once such processes
are implemented in the production facilities. Modeling cannot,
however, be completely detached from the experimental work and
data. It needs data to estimate parameters, to train models, and ul-
timately, to validate them. Moreover, mathematical models are im-
portant for the implementation and realization of much-needed
control strategies, which are crucial for ensuring the proper func-
tioning of such a complex production train.

The use of models is now widely accepted by industry and is
certainly a critical feature of future continuous processes. The ability
to make decisions on the fly depending on unexpected changes to
the process based on an accurately described model is something the
industry requires. This also raises the need for reliable and accurate
data collection. Coupled to increasingly improved sensors, there is a
great need to have very fast and accurate analytics to not only col-
lect data on the process's behavior in order for fast action to take
place, but also to be able to monitor and control the CQAs and
maintain the final product quality. Considering all the unit operations
and processes taking place in a production facility, the amount of
data generated at once can be overwhelming. Though this generation
of large amounts of data is of paramount importance for the process
understanding and monitoring, automation of the analyses of the
data is crucial (Oliveira, 2019). The integrated continuous bioma-
nufacturing initiatives are longing for ways to accommodate and
make good use of all the generated data, whether it is destined to

process control, process overview, or process development.

4.3 | Upstream/downstream processing
connection (and unit operations)

For a truly integrated continuous biomanufacturing, the unin-
terrupted connection of continuous unit operations (upstream and
downstream) is necessary, with no or minimal isolated intermediate
or hold steps occurring between them.

Several examples of integrating a continuous upstream process
with immediate capture have been established (Kamga et al., 2018;
Karst et al., 2017), with the use of perfusion culture to continuously
remove media and extracellular material from the bioreactor.
A major challenge with integrating both processes is synchronizing
the upstream perfusion flow rate with the downstream purification
flow rate (Fisher et al., 2019). Synchronized control systems between
upstream and downstream systems are also lacking. Therefore, a
deviation in the upstream process will not be detected by down-
stream systems (feedforward control) or vice versa (feedback con-
trol). This type of system needs to be developed and implemented
since several upstream parameters can impact subsequent down-
stream operations. Karst et al. (2017) demonstrated the possibility of
implementing feedback control with the installation of an at-line

T wiey—
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HPLC to provide titer data on bioreactor harvest to modulate the
operating conditions of the capture step and regulate the continuous
volumetric flow rate by using control loops.

Though continuous upstream bioprocessing is reasonably well
established, the integration of a full continuous downstream pro-
cessing is still a developing field. For continuous capture and pol-
ishing chromatography, two main systems can be applied: Periodic
counter-current chromatography (PCC) and simulated moving bed
chromatography. In a truly integrated continuous chromatography
platform, process synchronization can be achieved by enforcing the
residence time in a column to exceed the successive column steps. To
ensure that poor quality eluent material from one column is not
pooled with material to the next functioning column, real-time
monitoring and feedback control are necessary. The pooling between
columns might also introduce the risk of cross-contamination, which
this feedback control strategy might be able to detect and divert the
effluent away from the second column (Fisher et al., 2019). At a small
scale, the connection between different chromatography columns
and an ultrafiltration unit for the purification of a recombinant
protein was developed by Gomis-Fons et al. (2019). An external
controller, Orbit, was used to make the system automated and open
and closed-loop control strategies were applied: UV was monitored
in-line and used for automatic product pooling based on cut-off ab-
sorbance levels, for example. Furthermore, in an integrated con-
tinuous downstream process, a significant reduction in consumable
needs, such as chromatography media and buffer consumption, will
lead to a drastic reduction in operating and costs. Gjoka et al. (2017)
converted four purification unit operations into a continuous pro-
cess, reducing the resin volume and buffer required by more than
95% and 44% compared to the corresponding batch process, re-
spectively, and significantly decreasing consumables consumption.

Therefore, a fully integrated continuous process has the poten-
tial to improve quality, cost, speed, and flexibility, with the most
urgent challenge to be tackled being the creation of a global mon-
itoring and control strategy for the entire biomanufacturing process.
This would entail not only the monitoring and control of continuous
measurements at all inlet and outlet streams (PAT framework) but
also realistic feedback and feedforward control strategy to ensure
the final product quality. Thus far, to the author's knowledge, com-
plete end-to-end integration in manufacturing processes has still to
be reported. However, Godawat et al. (2015) were able to combine a
perfusion bioreactor with two periodic PCC units for initial capture
and successive ion-exchange steps, showing it is feasible to fully
create and integrate an end-to-end continuous bioprocessing plat-
form. More recently, Coolbaugh et al. (2021) have demonstrated
such end-to-end continuous processes are scalable by showing a

successful proof-of-concept at pilot-scale.

4.4 | Other needs

The aforementioned needs represent three big realms where further
development is needed. However, there are also some needs that are
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missing and others that despite not being totally missing still lack the
practicality and/or affordability to be reliable solutions. The increased
democratization of high-throughput screening (HTS) has led facilities
around the world to more automated labs and miniaturized assays.

The use of automated liquid-handling systems has long been es-
tablished as the standard for HTPD in downstream (mainly chroma-
tography), as methods for the determination of adsorption isotherms
and even full chromatographic runs have been described (Evans
et al,, 2017; Kiesewetter et al., 2016; Nfor et al., 2010; Wiendahl
et al.,, 2008). The use of such equipment allows for the automation of
the assays while keeping the used volumes low, yielding a faster and
more cost-effective analysis. For upstream, there have been solutions
for HTPD, however, these usually come with a very high price tag such
as the Ambr® systems (Xu et al., 2017), which can discourage scien-
tists and companies from investing. The industry is, therefore, calling
for affordable alternatives and sees in microfluidics a good opportu-
nity to fill this need. When it comes to cell line development, the
current state-of-the-art for companies without the Ambr® system is
to take the better-performing strains in batch mode and then test it in
perfusion mode. There is, therefore, a need for a deeper under-
standing of cell biology which will ultimately lead to the development
of better cell lines at affordable prices, and microfluidics steps up to
offer that (Kwon et al,, 2017).

Microfluidics has already shown to be a powerful scale-down
model of equipment capable of mimicking several unit operations
with the advantage of using less sample volume and achieving faster
assays. These devices are still paving their way into the repertoire of
process development but have already shown promising results
for different unit operations such as crystallization (L. Li &
Ismagilov, 2010), chromatography (I. F. Pinto et al., 2018), cell culture
(Mehling & Tay, 2014), aqueous two-phase systems (Silva
et al., 2014), biocatalysis (Zhu et al., 2020) and as a promising scale-
down model for HTS equipment, where parallel assays at a manifold
volume and time reduction have been previously demonstrated (Rho
et al,, 2017). However, filtration has lacked a scale-down model that
would allow for HTPD of the specific unit operations. Membrane
filtration is also not widely used in microfluidics, with both inertial
and membrane filtration being reported as alternatives (Bhagat
et al., 2008; Chen & Shen, 2017). The adaption of liquid-handling
stations to the HTPD of such unit operation is still in very early
stages. Filtration process development usually needs a large amount
of materials and time-consuming work. The use of HTS equipment
for such a system emphasizes on reducing reagent consumption in
process development while avoiding the oversizing of equipment, the

consequence of a poorer process knowledge (Tang et al., 2020).

5 | CONCLUSION

The change to continuous processing is a natural path for a maturing
industry, and biopharmaceutical industries are following it, with
technological advancements empowering this shift more and more.

The advantages of this technology are great and well demonstrated,

and it has been evidenced that it allows for process cost reductions
at different scales, even when compared to the most established
batch processing modes and different production scales (Hummel
et al., 2019).

Continuous processing allows, in general, for more efficient
processes while reducing the footprint. Increasing the volumetric
flow translates into a smaller increase in equipment and consumables
cost for continuous processing than for what is observed for batch
processes, due to more efficient use of equipment. The counterpart
of continuous bioprocessing is the increased need for fast analytics
and control, that can provide real-time responses for fluctuations in
operational conditions to guarantee product quality.

Although the technological breakthroughs have been immense
over the past 20 years, we can understand that academia and
industry are eager for better processing technologies. From the
workshop outcome it is possible to conclude that although there
are plenty of options for process development and optimization,
the room for improvement is still quite large, either to have new
technologies or to find a way to cut down the prices of existing
technologies to democratize process development. Among the tools
perceived as the most promising to fulfill current gaps in ICB are
modeling and micro/nanofluidics. This goes in accordance with the
current demands of regulatory agencies translated in PAT and QbD
initiatives, where a higher process understanding is in order and
control of the final product quality is achieved, reducing the product
variance in meeting CQA's.

Recent advances in both upstream and downstream processing
research allowed to achieve competitive unit operations running in
continuous mode, allowing these new processes to outperform the
previously established ones. As the upstream and downstream pro-
cessing have been developed separately throughout the vyears,
the challenge now relies on integrating all these continuous unit
operations into a continuous end-to-end manufacturing process
(Gronemeyer et al., 2017). The integration of software and hardware
is important to achieve a fully continuous process, as well as process
control, both feedforward and feedback, so that faster decisions are
made according to what is happening in other unit operations.
The further development of PAT and a synchronization of control
systems will be the key enablers of the shift to an end-to-end
continuous process in the biopharmaceutical industry (Fisher
et al., 2019).

Reducing the time to market usually hinders the implementation
of a continuous process, as it is easier to “play safe” and assure that
the “race is won.” Biosimilars can, however, take advantage of the
patent expiry and bet on such processing mode, aiming to achieve a
more efficient and less expensive process allowing the biosimilars

producing companies to compete with major players.
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