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Summary

Continuous biomanufacturing is considered the future phase for the optimization of
production processes in the biopharmaceutical industry. Productivity, product quality
and consistency are greatly improved while production costs and environmental
footprint are drastically reduced. The manufacturing of monoclonal antibodies
(mAbs), an important biopharmaceutical in the treatment of cancers, autoimmune
disorders, and, more recently, COVID-19, is eligible for this continuous processing due
to patent expiration and the subsequent need to lower manufacturing costs. An
extensive state-of-art into continuous biomanufacturing, resulting from data collected
from academia and industry participants in a conference workshop, is presented in

. The major gaps in high-throughput process development, with the main
needs and possible solutions to achieve end-to-end continuous biomanufacturing, are

comprehensively discussed.

An important conclusion was that, for a continuous process implementation, real-
time information on each unit operation must be obtained in an adequate timeframe
which allows process monitoring and control. Process analytical technologies (PAT)
are thus essential by allowing real-time analysis of the raw materials or the in-process
critical quality attributes (CQAs). With the information collected from the
manufacturing process, minor adjustments in the operation conditions can be
executed, ensuring that the process remains in the proper specifications. However, for

downstream processing, PAT tools have been mostly unexplored.

A major CQA during mAb production is protein aggregation, which, when present in
the biopharmaceutical’s final formulation, might lead to an adverse immune response.
To create the necessary PAT tool for aggregate detection, the measurement must be
immediate, being available in a time range of a few seconds to minutes. Miniaturized
sensors, placed after each unit operation, are a potential solution to speed up the
analytical measurement. Short reaction times and small sample size (in the pL or nL-
scale) are just two of the major benefits of working in a microfluidic environment.
Thus, creating a miniaturized analytical technique significantly decreases the
measurement time to potentially only a few seconds. Several analytical methods which
provide an aggregate measurement (Dynamic Light Scattering and Raman
spectroscopy as examples) were extensively evaluated for the possibility of being

miniaturized in Chapter 3.

Fluorescent dyes (FDs), when in the presence of mAb aggregates, strongly enhance
their fluorescence when compared to in the presence of the monomer form. Thus, FDs

were chosen to develop a real-time miniaturized PAT tool for aggregate detection. An
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Summary

immediate and straightforward result in possible size differences of mAb species is
achieved. To mix a FD with the mAb sample to be analysed, a microfluidic mixing
channel was first designed. Due to the presence of laminar flow, the mixing in the
microfluidic scale is an inherently slow process. To enhance the mixing efficiency,
passive mixing methods, where the structure or configuration of the microfluidic
channel is altered, were used. In Chapter 4, a screening into possible geometries was
performed, employing computational fluid dynamic (CFD) modelling. A zigzag
microchannel, with a total of 30 mixing units with a 45° angle each, showed the highest
mixing efficiency, higher than 90%, validated with colour dyes, and later with a

fluorescent-tagged mAb molecule.

Nevertheless, the ability of the proposed micromixer to actually detect aggregates still
needed to be assessed. In , the developed PAT tool was validated by
resorting to an UV detector, using mAb samples with diverse levels of aggregation and
four independent and well-established FDs. The required concentration of FDs to
produce a measurable signal was initially assessed resorting to a liquid handling
system, the Tecan. Additionally, several known induction factors were used to
produce mADb samples with different levels of aggregation, such as temperature or low
pH. The micromixer was able to detect aggregation across all the induced aggregation
samples by a rise of the UV signal, whereas, for the mAb purified sample with 0% of

high molecular weight species, no measurable increase was observed.

Lastly, the developed micromixer was implemented in a chromatographic system, an
AKTA™ unit. The validation was firstly performed in a simple anion exchange
chromatographic operation for aggregate removal, followed by a final validation in an
integrated continuous downstream process. A viral inactivation and two
chromatographic polishing steps were reproduced, where a pool sample after each
unit operation was directly sent to the microfluidic sensor for analysis, described in
detail in . A real-time measurement for protein aggregation was then

achieved, in just below 10 minutes.

The work here developed shows that the miniaturization of an analytical technique is
a good solution to expedite the measurement and create the needed PAT tool for
aggregation detection. Furthermore, the micromixer requires no extra equipment to
perform the analytical measurement next to an UV monitor, using relatively
affordable fabrication materials, which makes the implementation of this PAT tool in

an industrial setting achievable.



Samenvatting

Continue procesvoering wordt gezien als de volgende fase in de optimalisatie van
productieprocessen in de  biofarmaceutische industrie.  Productiviteit,
productkwaliteit en productconsistentie worden aanzienlijk verbeterd, terwijl
productiekosten en milieu-impact drastisch worden verminderd. Monoklonale
antilichamen (mAbs) zijn belangrijke biofarmaceutisch producten voor de
behandeling van kanker, auto-immuunziekten en, meer recentelijk COVID-19. De
productie van deze mAbs is geschikt voor continue procesvoering omdat patenten
binnenkort verlopen en daardoor de productiekosten ook verlaagd dienen te worden.
Een uitgebreid overzicht van de huidige toegepaste technieken in continue
bioproductie wordt gegeven in . Dit overzicht is gebaseerd op gegevens
verzameld tijdens een conferentie workshop met zowel academische als industrié€le
deelnemers. De belangrijkste tekortkomingen van high-throughput process
development (HTPD: combinatie van snel experimenteel testen en het ontwikkelen
van een productieproces) en benodigdheden in de ontwikkeling met mogelijke

oplossingen om continue bioproductie te bereiken worden uitvoerig besproken.

Een belangrijke conclusie met betrekking tot de implementatie van een continu
proces is dat er real-time informatie over elke processtap moet worden verkregen
binnen een bepaalde tijd om procesmonitoring en -controle mogelijk te maken.
Process Analytical Technology (PAT) is essentieel omdat dit real-time analyse van de
grondstoffen en de “kritieke kwaliteitskenmerken” tijdens het proces mogelijk maakt.
Met de op deze manier verzamelde informatie uit het productieproces kunnen kleine
aanpassingen in de operationele omstandigheden worden uitgevoerd, zodat het
proces binnen de juiste specificaties blijft. Echter, op dit moment zijn PAT-tools nog
niet uitgebreid onderzocht voor toepassing in het zuiveringsproces (downstream

processing) van bio-producten.

Eiwitaggregatie is een belangrijk zogenaamd “kritieke kwaliteitskenmerk” tijdens de
productie van mAbs, dat kan leiden tot een ongewenste immuunrespons als dat
aanwezig is in de uiteindelijke formulering van het biofarmaceutische product. Om
een PAT-tool voor aggregatiedetectie te creéren, zou de meting enkele seconden tot
minuten moeten duren. Een mogelijke oplossing zou zijn om geminiaturiseerde
sensoren na elke processtap te plaatsen om zo de analytische meting te versnellen.
Korte reactietijden en kleine monsters (in de pL- of nL-schaal) zijn slechts twee van

de belangrijkste voordelen van microfluidics. Dus het creéren van een
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geminiaturiseerde analytische techniek kan de meettijd aanzienlijk verminderen tot
mogelijk slechts enkele seconden. Verschillende analytische methoden voor een
aggregaatmeting (zoals Dynamic Light Scattering en Raman spectroscopie) worden
uitgebreid besproken en beoordeeld op hun miniaturisatie potentieel in Hoofdstuk

3.

Fluorescerende kleurstoffen (FD's) versterken fluorescentie van mAb-aggregaten in
vergelijking met het mAb monomeer. Daarom zijn FD's gekozen om een real-time
geminiaturiseerde PAT-tool voor aggregaatdetectie te ontwikkelen. Hiermee kunnen
verschillen in grootte tussen mAbs onmiddellijk en eenvoudig worden gedetecteerd.
Om een FD te mengen met het te analyseren mAb-monster, wordt eerst een
microfluidische mengkanaal ontworpen. Vanwege de aanwezigheid van laminaire
stroming is menging op microfluidisch niveau een inherent langzaam proces. Om de
efficiéntie van mengen te verbeteren, worden passieve mengmethoden gebruikt
waarbij de structuur of configuratie van het microfluidische kanaal wordt gewijzigd.
In Hoofdstuk 4 wordt een screening uitgevoerd naar mogelijke geometrieén van het
microfluidische kanaal met behulp van computationele vloeistofdynamica (CFD)-
modellering. Een zigzag-microkanaal, met in totaal 30 mengeenheden met elk een
hoek van 45° toont de hoogste mengefficiéntie (hoger dan 9o%) en is gevalideerd met

kleurstoffen en later met een fluorescent-gemarkeerd mAb-molecuul.

Desalniettemin dient het vermogen van de voorgestelde micromixer om aggregaten
daadwerkelijk te detecteren nog worden beoordeeld. In wordt de
ontwikkelde PAT-tool gevalideerd met behulp van een UV-detector, door mAb-
monsters met verschillende aggregatieniveaus en vier onafthankelijke en bekende FD’s
te analyseren. De vereiste concentratie van FD's om een meetbaar signaal te
produceren wordt in eerste instantie beoordeeld met behulp van een liquid handling
system (LHS), de Tecan. Bovendien worden verschillende bekende inductiefactoren
gebruikt om mAb-monsters met verschillende niveaus van aggregatie te produceren,
zoals temperatuur of een lage pH. De micromixer blijkt in staat om aggregatie te
detecteren bij alle geinduceerde aggregatiemonsters door een toename van het UV-
signaal te meten, terwijl bij het gezuiverde mAb-monster met 0% van de

hoogmoleculaire soorten geen meetbare toename wordt waargenomen.

Ten slotte wordt de ontwikkelde micromixer geimplementeerd in een
chromatografisch zuiveringssysteem, een AKTA™. De validatie wordt eerst uitgevoerd
in een eenvoudige anionenwisseling chromatografisch proces om aggregaten te

verwijderen. Daarna wordt de uiteindelijke validatie in een geintegreerd continu
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downstream-proces uitgevoerd. Een virale inactivatie en twee chromatografische
polijst stappen worden gereproduceerd, waarbij een monster na elke processtap direct
naar de microfluidische sensor wordt gestuurd om te analyseren, zoals in detail
beschreven in . Een bijna real-time meting voor eiwitaggregatie wordt

vervolgens bereikt in iets minder dan 10 minuten.

Het ontwikkelde werk toont aan dat de miniaturisatie van een analytische techniek
een goede oplossing is om metingen te versnellen en daarmee de benodigde PAT-tool
voor aggregatiedetectie te vervaardigen. Bovendien vereist de micromixer geen extra
apparatuur om de analytische meting uit te voeren naast een UV-monitor. Tezamen
met het gebruik van relatief goedkope fabricagematerialen maakt dit de

implementatie van deze PAT-tool in een industri€le omgeving uiteindelijk haalbaar.

xiii






Monoclonal antibodies (mAbs) are highly specific molecules which can recognize and

eliminate pathogenic and disease antigens, being used in the treatment of several

diseases such as cancers [1], autoimmune disorders [2] and, more recently, COVID-19

[3]. Some examples of mAbs which are found in the marked are described in ,

focusing on its commercial name and target disease. The global mAb market was

valued at around 185 billion dollars in 2021 and is forecasted to reach 380 billion dollars

by 2024 [4].

Examples of mAbs in clinical use, with its commercial name and its disease target.

Based on Grilo et al. [5].

mAb Commercial Name Disease target
Dupilumab DUPIXENT Atopic dermatitis
Trastuzumab HERCEPTIN Breast cancer, gastric or
gastroesophageal junction
adenocarcinoma
Infliximab REMICADE Crohn’s disease, ulcerative colitis,
rheumatoid arthritis,
psoriatic arthritis, plaque psoriasis
Rituximab RITUXAN Non-Hodgkin’s lymphoma, chronic
lymphocytic leukemia
Basiliximab SIMULECT Prevent transplanted kidney rejection




Chapter 1

Their basic structure ( ), in a Y-shape, is composed of two heavy and two
light chains. At each tip of the Y lies the fragment antigen-binding (Fab) portion of
the antibody which is responsible for recognition of a specific antigen. The fragment
crystallisable (Fc) region located at the base of the Y structure mediates interactions

between the antibody and the immune system [1].

Antigen Variable region
binding

Vi )

Disulfide bonds

Fc
Region

Constant region

Basic structure of a monoclonal antibody molecule.

To achieve an effective treatment, mAbs are required at high doses, being
administrated in a chronic regime. Their production obliges extremely high levels of
purity, at the highest yield, and with minimum costs associated to loss of product.
Therefore, biopharmaceutical industry is making efforts to create more effective and
productive manufacturing processes. Additionally, the rise of biosimilars, due to the
expiration of mAb patents held by the biopharmaceutical companies, has led to the
need of reducing manufacturing costs [2]. Continuous biomanufacturing has been
recognized as the next step for further optimization of production processes, in
particular, for the manufacturing of biopharmaceuticals [3]. An improvement in
productivity, product quality and consistency can be achieved while drastically

reducing production costs, facility and environmental footprint [4, 5].

A continuous process is composed of integrated (physically connected) continuous
unit operations with zero or minimal hold volumes, where a continuous unit
operation is capable of processing a continuous flow input as long as the operation

runs [1, 2]. For the production of mAbs, it was demonstrated that an integrated
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continuous biomanufacturing platform ( ) allowed a 55% reduction of costs

when compared to the conventional batch processing [6].

/f_\‘\
-
Continuous ' Continuous L Sontinuous Continuous
Perfusion Centrifugation Capture Viral Polishing Filtration
cell culture Chromatography Inactivation Chromatography

Representation of a fully end-to-end integrated continuous process for the
biomanufacturing of the biopharmaceutical mAb. Firstly, to produce the mAb, a perfusion cell
culture is performed, followed by an initial clarification to remove the cells. After, a capture step,
Protein A chromatography, is executed, tailed by a viral inactivation step and two polishing steps:
cation (CEX) and anion exchange (AEX) chromatography. Finally, before sending the
biopharmaceutical to the final formulation step, ultrafiltration/diafiltration is performed to
concentrate the product. Based on Konstantinov et al. [6].

However, to implement an end-to-end continuous process, adequate real-time
information for each unit operation has to be available in a time-frame necessary to
facilitate control [6]. Therefore, the development and implementation of process
analytical technologies (PAT) which can gather this information is crucial. PAT has
been defined as “a system for designing, analysing, and controlling 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” [10]. The goal is to establish and develop processes
that consistently guarantee a defined level of quality in the final product. This can be
achieved by real-time monitoring raw materials or in-process product attributes to
control the process, the critical quality attributes (CQAs) [11, 12]. Accompanying the
PAT approach, the biopharmaceutical industry also adopted the Quality by Design
(QbD) framework. 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” [13].
Hence, QbD is helped by the implementation of PAT by enhancing process

comprehension and ensuring a consistent product quality.

PAT needs to be integrated with control strategies to ensure that the continuous
process remains within the defined specifications. For example, when impurities arise

within the manufacturing process, adjustments in operating conditions based on the
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information collected can be performed [14]. While continuous processes stand to
benefit greatly from PAT implementation, these tools have been largely unexplored
[12]. For the upstream part, this was already achieved in the bioreactor operation, as
demonstrated by the existing commercial perfusion processes. Classical sensors were
incorporated which can provide information on process variables such as
temperature, pH, dissolved gases, and foam levels [15]. For the downstream
processing, PAT implementation is quite limited due to the short operation times of
the purification steps (i.e. chromatography steps) [12] and the lack of sensor options
(pH, conductivity, absorbance, and pressure sensors do not actually measure the
biomolecule’s CQAs). Hence, several improvements in sensor technology,
configuration, and robustness are still required for further PAT implementation and,

subsequently, continuous processing [15].

One of the major CQAs during mAb production is protein aggregation, a common but
poorly understood phenomenon [16]. Typically, protein aggregation is described by
mechanisms in which individual molecules assemble to form stable complexes of two
or more proteins [17]. Depending on the nature of bonds, aggregates can be formed
from: (1) weak nonspecific bonds (such as Van der Waals, hydrophobic and
electrostatic interactions), remaining unchanged in primary structure, or (2) covalent
bonds (disulfide bonds). Protein aggregation can be irreversible, especially at later
stages, containing high levels of proteins with a non-native conformation [18]. In the
final formulation of the mAb biopharmaceutical, the presence of high molecular
weight (HMW) species is highly undesirable since it might lead to an adverse immune
response or a decrease in product efficacy [19]. Nevertheless, several processing
parameters and environmental factors are known to influence aggregation, with some

examples found in
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Examples of processing parameters and environmental factors known to contribute to
protein aggregation.

Environment factors Process parameters

Low pH (protein A chromatography and  Interaction with metal/glass surfaces
viral inactivation) [20] [21]

High temperature [22] Freeze-thawing / Freeze-drying [19]

High protein concentration [23] Shear stress (induced from pumps)

[24]

Salt type and concentration (of the Agitation (to homogenize solutions)

buffer) [25] [19, 26]

Therefore, the formation of these HMW species is unavoidable and expected during a
continuous downstream process. Controlling their formation (and even possibly
quantifying) is then crucial to have immediate feedback and process control. The
measurement of aggregate formation must be immediate, with a time frame ranging
from seconds until minutes. Working in a microfluidic environment seems a viable
option to fulfil this requirement. Miniaturized sensors, placed after each downstream
unit operation, are a powerful solution to speed up the analytical measurement. Short
reaction times, small sample size (in the pL or nL-scale), portability, low cost,
versatility in design, and potential for parallel operation are just some advantages
provided by a miniaturized biosensor [25, 26]. Hence, by miniaturizing the analytical
technique, the measurement can be extremely expedited to the necessary time range,
to merely a few minutes. A miniaturized chip will work as an in/on-line detector,
minimizing the volumes of sample required and proving immediate results in order

to conceive a real-time PAT tool to monitor aggregate formation.

An expert consortium of nine industry partners, eight universities, one research
organisation and a regulatory institution has developed a research and training
programme to address the most urgent topics in continuous downstream processing.
The CODOBIO project has the mission of delivering a new generation of highly-skilled
and innovative Early Stage Researchers (ESRs) able to face the future transition
challenges to a continuous biomanufacturing. The main objective is to tackle the
major challenges in continuous downstream processing, being divided into three

Working Packages (WP): (1) process control and modelling; (2) miniaturization, scale-
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up and scale-down of unit operations and (3) process design and development of
integrated continuous processes. A total of 15 projects were designed and divided into
WPs and later assigned to each ESR.

Falling into WP1, process control and modelling, a project regarding the design of a
microfluidic biosensor prototype for a fast in-line measurement of HMW species was
developed. The main deliverables of this work were to examine analytics on a smaller
scale in combination with miniaturization of operation units and the implementation
of this PAT tool in a continuous downstream process. Thus, the worked developed in
this project was focused on creating and developing this miniaturized PAT tool for
aggregate detection. More information on the other projects and on the CODOBIO

consortium can be found online [29].

Thus, the development of this real-time miniaturized PAT tool for the detection of
HMW species is described across this PhD thesis ( ). Resorting to fluorescent
dyes (FDs) to produce a real-time measurement, a microfluidic mixing channel was
designed, applied and then ultimately validated in an integrated process for the

purification of mAbs.
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Chapter 1

Firstly, briefly introduces the problem at hand, highlighting the scope and

outline of this thesis.

In , an extensive literature review on the state-of-art of continuous
biomanufacturing is performed. From data collected in a workshop on the 2019
Integrated Continuous Biomanufacturing (ICB) conference, academia and industry
participants addressed the major gaps in high-throughput process development
(HTPD), with the main needs and possible solutions to achieve an end-to-end ICB also
discussed. The current HTPD state-of-the-art for several unit operations is discussed
in detail, as well as the emerging technologies which can expedite the shift to ICB.
One leading conclusion was the real necessity of creating analytical techniques which
can provide real-time information of each step to gain knowledge and control over the

overall process.

Thus, the proposed solution to create this real-time measurement for protein
aggregation is to miniaturize the analytical technique. Due to the inherent short
operation times, these miniaturized biosensors can be positioned in-line after each
purification step to gather information on the biomanufacturing process. In Chapter
3, already well-established analytical methods, such as Dynamic Light Scattering and
Raman spectroscopy, are extensively evaluated for the possibility of providing a real-
time measurement of mAb aggregation. The miniaturization of each of these
techniques is analysed, discussing the design and fabrication material of the
microfluidic chip. A comparison between all analysed methods and the current
techniques employed by the biopharmaceutical industry to detect protein aggregation
is also performed. FDs was a promising solution encountered, being the chosen

analytical technique to be miniaturized.

However, a major challenge when employing these FDs in a microfluidic chip is the
mixing of both streams. Due to the presence of laminar flow, both fluids flow in
parallel layers, with no disruption, and mixing is solely dominated by molecular
diffusion, an inherently slow process. Passive mixing methods have been used to
enhance the mixing efficiency by altering the structure or configuration of
microfluidic channels. Therefore, in Chapter 4, a screening of possible geometries
and, subsequently, its mixing efficiency was performed, resorting to a computational
fluid dynamic (CFD) model. From all assessed configurations, a zigzag microchannel,
with a total of 30 mixing units and a 45° angle, showed the highest mixing efficiency.
This mixing efficiency was then experimentally demonstrated: first resorting to colour

dyes, and then to a fluorescent tagged IgG molecule (FITC-IgG).
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With the design of the micromixer defined, the next step was to validate the proposed
PAT tool to actually detect aggregation, discussed in . First, a high-
throughput (HT) screening of four well-known FDs was performed to assess the
required concentration and emission wavelength. Then, resorting to a UV-Vis
detector and each FD, the micromixer detected aggregation across differently induced
mADb aggregation samples (such as temperature or low pH) by an increase of the UV
signal. A final validation was then performed in an anion exchange (AEX)
chromatographic operation for aggregate removal, implementing the microfluidic

sensor in an AKTA™ unit.

Lastly, the implementation and validation of the developed PAT tool in an integrated
continuous downstream process was achieved. In , the last steps of a mAb
purification scheme, viral inactivation and two chromatographic polishing steps, were
reproduced and integrated in an AKTA™ unit. A sample after each phase of the unit
operation was directly sent to the microfluidic sensor, which was able to effectively
detect aggregation under 10 minutes. Thus, a real-time measurement was achieved,

fulfilling the research goal of this dissertation.

Finally, summarizes the work developed and the key findings of this

dissertation, giving an outlook to future research.
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Continuous manufacturing is an indicator of a maturing industry, as can be seen by
the example of 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 industry to implement this processing mode. Process Development is
resource and time consuming and, although it is increasingly becoming 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. Therefore, 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 (ICB), as
discussed in the context of the 2019 ICB 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 a continuous biomanufacturing.

Published as: Sdo Pedro, M. N., Silva, T. C,, Patil, R., & Ottens, M. (2021), White paper on high-throughput

process development for integrated continuous biomanufacturing, Biotechnology Bioengineering, 18, 3275—

3286 (https://doi.org/10.1002/bit.27757)
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Chapter 2

A possible solution to establish more efficient and flexible processes in the
biopharmaceutical industry is to transition to continuous integrated manufacturing:
an improvement in productivity, product quality and consistency can be achieved
while drastically reducing the facility footprint and manufacturing costs [1-3].
Continuous bioprocessing utilizes a continuous flow of material through the various
unit operations such that, at steady state, product of consistent quality is being

produced as long as the operation runs [2].

Many manufacturing sectors, such as chemical, food and pharmaceutical have long
adopted continuous manufacturing, but its implementation in biotechnology
manufacturing, particularly of biotherapeutics, is still behind [2, 4]. However, Walther
et al [5] 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
proteins. Therefore, there is a growing interest, from both academia and industrial
researches, to develop continuous processing systems [6]. An example is the ongoing
project Continuous Downstream Processing of Biologics - CODOBIO [7], 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 bio-industry.

The Integrated Continuous Biomanufacturing (ICB) conference aims to bring together
academia and industry peers in order 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 IV), held in Cape Cod (Massachusetts, USA) in 2019, a workshop
entitled “High-Throughput Methodologies for ICB” brought together participants
with different backgrounds ( ). 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 problems and the
correspondent expected solutions and what is currently being done in research to
achieve this continuous biomanufacturing. With a total of 73 participants (from which
the vast majority belonging to industry), the workshop aimed to collect relevant 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 in order to put this
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industry closer to this objective. The attendees were asked to split and mix with their
peers from different background and affiliation. 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 backgrounds was also possible to achieve ( Q).
V77 Industry
A 1.4% E—] Academia B 1.6% %ggg
: [ Regulatory Agencies : E—psp
m/\na\ylics
42 9%
A
71.2% g
19%
C Groups |Industry Academia Regulatory usp DSP Process Analytics
Agencies Development
1 6 4 - 5 2 2 1
2 6 3 1 2 4 3 -
3 4 5 - *information not collected
4 9 - - 4 3 2 -
5 6 3 - 5 4 - -
6 6 2 - 2 3 3 -
7 10 - 5 3 2 -
8 5 - 4 4 - -

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.
Although current trends in the production of biopharmaceuticals are to gradually
move from batch processes to integrated continuous processing strategies, in order 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 [2]. Furthermore, analytical techniques must
provide real-time information of each biomanufacturing step in order to gain

knowledge and control over the overall process. Therefore, this white paper will
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discuss the major gaps in HTPD for the different unit operations, the integration
problems present in a 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.

After identifying the state of the art in HTPD, it was possible to pinpoint the gaps in
HTPD for continuous biomanufacturing. In , the unit operations/system
components perceived by the participants as having a major gap for high-throughput
process development 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, chromatography and other unit operations, such as

centrifugation and aqueous two-phase extraction.
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Major gaps indicated for high-throughput development in ICB by the participants in
the workshop.
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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 make it to be perceived by all groups as being an area where a significant gap is

present.

On the other hand, filtration has been an overlooked unit operation when it comes to
HTPD. When many researchers focused efforts in the optimization of
chromatography, most likely due to being one of the most expensive unit operations,
filtration steps have stayed behind when it comes to HT alternatives. Although a batch
filtration step can easily be implemented in a continuous process, the optimization of
such step can become costly, as scale-down models are lacking, with a 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. [8] used a downscale method for a filtration unit resorting
to using a combination of critical flow regime analysis, modelling and
experimentation to predict the performance of a pilot-scale system, therefore showing

a possible HT tool for future conditions 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 information on the overall process. Furthermore, there are still
great limitations in the available HT analytical tools used in ICB, highlighted by the
limited number of techniques which were able to be integrated in HT platforms. A
possible explanation for this limitation 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 a real-time measurement and data on a continuous
process, titled Process Analytical Technology (PAT), and will be further discussed in
this paper.

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
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development of processes for the desired successful shift to a continuous operation.
The main tools already in place are the automated 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 , the state of the art of HTPD tools for the development of different unit

operations are summarized.

The use of liquid-handling stations for the determination of best operating conditions
for cell media development and antibody purification has gained popularity over the
past years [g9]. The work developed by Schmidt et al. [10] 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 (DBC) 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 considerable gap in development, recent studies
have been published demonstrating the potential of developing a virus filter micro-
scale HTPD model. Tang et al. [11] used, in combination with an automated liquid
handling system, a 96-well filter plate to assess its suitability to be a novel micro-scale
HTPD scale-down model. With these types of tools, HT virus filtration optimization
is now an option, enabling rapid process development for the continuous
biomanufacturing. Additionally, in order 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. [12] tested multiple incubation chamber designs
to allow narrow residence time distributions; whereas Parker et al. [13] used a
comprehensive Computational Fluid Dynamics (CFD) model to create a laminar flow

tubular reactor.
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State of the art in the integrated continuous biomanufacturing field; (*) Mainly a
description of what is being done in the scope of ICB and not completely related to HT; (**) Few
groups answered this question: either they had some struggles to find an answer or didn't consider
this technology to be a bottleneck.

References from

Technology Answers literature
Ambr® 15/250/P [47, 59]
Cell Line / Media | Liquid Handling Systems (Tecan) [60]
Development Beacon® [61]
Spin Tubes [62]
Cell culture Ambr® 15/250/P (47, 59]
(Bioreactor) Small Scale Bioreactors [63]
Pendotech (64, 65]
Filtration Skids [66]
Cell culture i
(Clarification) (*) Acoustic Wave [67, 68]
ATF/TFF 65, 6]
Centrifugation [69, 70]
Tecan [71, 72]
Predictor Plates [73]
RoboColumns [10, 74]
Chromatography | Mechanistic Understanding using HT [30, 31, 75]
AKTA™ [74]
Multi Column Chromatography [76]
(MCC) 7
SPTEF (8, 771
Filtration (*) (**) UF Membranes [78]
96-Well Plate [11]
Low pH/Mixing [12, 13, 79, 80]
Solvents/Detergents [81, 82]
Viral inactivation Filters [, 83
*) (*%) T.empe.rature [12]
Purification Steps [40]
Tubular Reactor [12, 13, 80]
Two Chambers (not continuous) [40]
uv [25, 84]
pH [12, 85]
Conductivity [85]
Analytical Tools (*) Raman Spectroscopy [23, 86, 87]
(**) NIR/MIR Spectroscopy [88-01]
MALS (92, 93]
Online LC [19, 94, 95]
Mass Spectrometry [24, 96, 97]
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From the information gathered during the workshop, the major challenges pointed
out by the participants in HTPD for the implementation of continuous bioprocessing
are presented in . Furthermore, it was requested to the participants to
propose possible solutions for each of the challenges discussed. Modelling and
micro/nanofluidics were the main suggestions for the fields to further 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.

- 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.

Major Problem Suggested Solution
Scale Down of Filtration Processes Microfluidics
X Microfluidics
USP-DSP Integration .
Modelling
Low-Throughput Cell Line and Media Development Integrate robotics into existing systems
Cell Culture Development (bioreactor/cell retention Big Data Analysis / Smart HTPD (Artificial Intelligence /
device) is not mechanistic Mechanistic Modelling)
Process Development for Cell Culture Microfluidics
Scability of Mini-Columns (done in batch mode) Modelling
Integration of Chromatographic Steps Modelling
B Modelling
6
Big Data Micro/Nanofluidics
Automation and Robotics HTPD for membranes
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PAT was defined as “a system for designing, analysing, and controlling 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” [14]. T