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Zusammenfassung

Zusammenfassung

Die in dieser Dissertation durchgefliihrten Untersuchungen liefern einen Beitrag im Bereich der
biopharmazeutischen Prozessentwicklung und Produktion, im Speziellen fiir die chromatographische
Aufreinigung. Bedingt durch die weltweite SARS-CoV-2 Pandemie stand die biopharmazeutische
Industrie im Mittelpunkt des Medieninteresses. Dies filihrte zu einer 6ffentlichen Diskussion der
Entwicklung und Herstellung von biopharmazeutischen Produkten. Aufgrund des dringlich benétigten
Impfstoffes sind auch die bendtigten Prozessentwicklungszeiten dieses erdrtert worden. Die schnelle
Bereitstellung eines wirksamen Arzneimittels bzw. Impfstoffes unter Einhaltung der behordlichen
Anforderungen erfordert eine modernisierte und effizientere Entwicklung. Hierbei birgt eine einseitige
Fokussierung auf die reine Reduktion der Entwicklungszeit eines Prozesses jedoch Nachteile und
Risiken. Die Effizienzsteigerungspotentiale ergeben sich vor allem aus Wissensmanagement bei der
Ubertragung von bekannten Prozessentwicklungen wodurch Neuentwicklungen durch vorhandenes
Wissen beschleunigt werden konnen. Des Weiteren besteht das Risiko bei eine reinen Zeitfokussierung,
dass neuer/alternativer Herstellungsverfahren vernachlassigt werden und die langfristige
Wettbewerbsfahigkeit nicht gegeben ist.

Im Allgemeinen ist der pharmazeutische Aufreinigungsprozess in den vorgelagerten Upstream- (USP)
und den daran angeschlossenen Downstream Prozess (DSP) unterteilt. Der USP verfolgt den optimalen
Zellklon bzw. die optimalen Zellproduktionsbedingungen, wodurch eine stabile und hohe Produktivitat
erreicht wird. Im Gegensatz konzentriert sich das DSP auf die Produkt- und die Verunreinigungsprofile
mit dem Ziel, eine hohe Reinheit und Ausbeute des Produktes zu erhalten. Aufgrund des hohen
Standardisierungsgrades und der verfligbaren Informationen eignet sich die Herstellung von
monoklonalen Antikérpern als Beispiel fiir einen Plattformprozess. Dieser Prozess umfasst im UPS die
Vorbereitung von Kulturen und Zellen sowie die Herstellung des Wirkstoffes in einem Fermenter.
AnschlieBend erfolgt die Aufreinigung des Produktes im DSP durch die Zellabtrennung, zwei bis drei
Chromatographieschritte, Virusinaktivierung und einen eventuellen Pufferaustausch. Dem
angeschlossen folgt die Virus- und Sterilfiltration in Vorbereitung auf die Abfullung.

Das derzeitige Verfahren in der chromatographischen Prozessentwicklung ermoglicht den
MaRstabstransfer vom Labor zur Produktion durch verschiedene Ansatze. Diese Ansatze beruhen auf
experimentellen Informationen, Expertenwissen sowie mechanistischer und/oder statistischer
Modellierung. Die Prozessentwicklung gliedert sich in eine erste statische Untersuchung, eine
detailliertere dynamische Leistungsuntersuchung und Experimente. Das grundsatzliche Ziel ist eine
erfolgreiche Ergebnisiibertragung in den ProduktionsmaRstab. In friihen Entwicklungsstadien stehen
der Prozessentwicklung meist nur sehr geringe Mengen des potenziellen Wirkstoffes zur Verfligung.
Dementsprechend werden die statischen Untersuchungen entweder manuell oder durch
robotergestiitzte Pipettierschritte im KleinstmaRstab durchgefiihrt. Dem angeschlossen werden in
Performance-Untersuchungen die ersten dynamischen Effekte ermittelt, typischerweise in
automatisierten Robotersdulen im MikrolitermaRstab. Bei ausreichender Verfligbarkeit werden
detaillierte Experimente im Milliliter-MalRstab mit Fliissigchromatographie-Systemen im
LabormaRstab durchgefiihrt. Die Laborsysteme weisen bereits einen mit der Produktion
vergleichbaren Automatisierungsgrad auf. Dementsprechend bieten die detaillierten Experimente in
der Regel die Grundlage fiir den Transfer in den Pilot- oder ProduktionsmaRstab.
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In aktuellen Studien wird der Entwicklungsprozess haufig durch mechanistische Modellierung (MM)
unterstitzt. Das Ziel dieser Arbeiten ist eine theoretische Reprasentation des betrachteten Schrittes
unter Bildung eines digitalen Zwillings. MM bietet die Mdglichkeit, zusatzliche Informationen Gber
Eingangsstoffe, stationdre Phasen, Gerdte und Prozessfliihrungen zu generieren. Auf diese Weise
kénnte MM die heute bekannten Prozessentwicklungsansdtze miteinander verbinden,
zusammenfassen und eine lebende Prozessbibliothek schaffen. Eine solche Bibliothek kénnte das
Wissen aus verschiedenen Prozessen biindeln und auf neue Fragestellung Ubertragen. Durch eine
solche Transferleistung wiirden sich Zeit- und Kostenaufwand reduzieren.

Die Entwicklung einer lebendigen Prozessbhibliothek erfordert gleiche Untersuchungsansatze fiir alle
stationdren Phasen. Aufgrund der historischen Entwicklung besteht ein Ungleichgewicht zwischen
partikuldren/harzbasierter basiert Chromatographie und anderen stationdren Phasen. Diese zumeist
relativ neuen stationdaren Phasen werden nur selten fiir neue experimentelle Aufbauten,
Prozessfiihrungen und mechanistischen Modellierungsansatzen diskutiert.

In der vorliegenden Arbeit wird ein monoklonaler Antikérper-Aufreinigungsprozess zur
Aggregatabtrennung untersucht. Hierbei wird zunachst die Angleichung der
Prozessentwicklungsmethoden zwischen diffusiven harzbasierten- und konvektiven
Membranadsorbern (MA) als stationdre Phasen angestrebt. Dafir wird zunachst ein Aufbau fir ein
Hochdurchsatz-Screening entwickelt und mittels mechanistischer Modellierung die Ausarbeitung
eines digitalen Zwillings angestrebt.

In vier maligeblichen Fallstudien werden die unterschiedlichen Prozessentwicklungsansatze fiir
konvektive stationare Phasen an jene der partikuldaren Chromatographie angeglichen. Hierbei werden
folgende Bereiche untersucht: Bestimmung des Prozessparameterbereichs, Einbeziehung neuer
Prozessfiihrungen, Vergleichbarkeit unterschiedlicher stationarer Phasen und Skalierbarkeit. Fiir die
Untersuchung konvektiver stationdrer Phasen wie MA, welche typischerweise einen hohen
Stofftransport und geringen Druckverlust im Modul aufweisen, wurde ein HTS Modul im
KleinstmaRstab fiir eine skalierbare Prozessentwicklung entwickelt. Die Untersuchung fokussierte sich
auf die Entfernung von Aggregaten aus einer fermentierten monoklonalen Antikérperlésung.

Die erste Fallstudie untersucht die experimentelle Anwendung des entwickelten HTS-Aufbaus und
-Moduls. Hierbei werden der klassische Bindungs- und Elutionsmodus unter Variation des pH-Wertes
und der Salzkonzentration angewendet. Dadurch lassen sich die Prozessfenster fiir die untersuchten
lonenaustausch-MA Sartobind® S und Q ermitteln. Des Weiteren wird mit Hilfe mechanistischer
Modellbildung ein digitaler Zwilling erarbeitet. Die erhaltenen Ergebnisse bestatigen den erfolgreichen
HTS-Aufbau und den entwickelten digitalen Zwilling. Im Ergebnisvergleich mit einer
flissigchromatographiebasierten  Systemauftrennung zeigte der digitale Zwilling eine
Signallbereinstimmung von Uber 80%. Des Weiteren wird fir eine Malstabsiibertragung eines
0.42mL Moduls auf ein 800 mL Modul eine Vorhersagegenauigkeit der dynamischen
Durchbruchskonzentration von 90 % erzielt.

Im Rahmen der Angleichung von konvektiven zu harzbasierten stationaren Phasen ist in der zweiten
Fallstudie die Abbildbarkeit von neuen Prozessflihrungen untersucht worden. Unterstitzt durch
mechanistische Modellierung wurden zwei verschiedene Trennungen auf kompetitive Adsorption
untersucht. Darauf aufbauend wurde ein neuartiges HTS-Screeningmethode entwickelt. Dieses
Verfahren ermoglicht die Bestimmung von Verdrangungseffekten durch kompetitive Adsorption und
liefert SchliisselgroRen zur Identifizierung dieser. Die Untersuchungsmethode wird Uberladungs- und
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Elutionsverfahren (overload and elute mode, OBE) genannt und ebenfalls in der Aggregatabtrennung
mit Sartobind® S untersucht. Basierend auf der im HTS angewandten OBE-Methode lassen sich sowohl
klassische als auch dynamische Effekte bestimmen. Die Einfiihrung des Verdrangungsidentifikators
(displacement identifier, DI) ermdglicht eine Visualisierung von Verdriangungseffekten in einer
Prozessparameterkarte. Auf Grundlage dieser Ergebnisse werden die Verdrangungseffekte in einem
Recyclingexperiment angewendet. Dieses Recyclingexperiment weist durch die Ausnutzung der
Verdrangungseffekte eine 45 % Reduktion der IgG- und 88 % hoher Aggregatbindungskapazitat im
Vergleich mit einem einfachen FT-Prozess auf.

Die zuvor angefiihrten Arbeiten haben die Unterschiede zwischen harzbasierten und konvektiven
stationdren Phasen reduziert. Dementsprechend erfolgten in der dritten Fallstudie die Untersuchung
und der Vergleich von unterschiedlichen stationdren Phasen. Hierbei wird eine Strategie zur
Bewertung verschiedener Kombinationen von stationdren Phasen, deren Grundgeriisten und
Liganden, vorgestellt. Diese Strategie gewahrleistet fir die Erstellung einer Lebenden
Prozessentwicklungsbibliothek die Untersuchung und Auswahl von passenden stationdren Phasen. In
dieser Fallstudie werden entwickelte Strategien an neuartigen MA behandelt, welche verschiedene
chromatographische Effekte kombinieren (Mixed Mode, MiMo). Die Strategie beinhaltet theoretische
Uberlegungen sowie Untersuchungen der optimalen stationdren Phasen hinsichtlich ihrer Selektivitit
und Bindungskapazitit. Anhand der theoretischen Uberlegungen l3sst sich der experimentelle Raum,
die moglichen Kombinationen aus stationdren Phasen, deren Grundgerist und Liganden reduzieren.
Dafir wird jeder potenzielle MiMo MA Kandidat auf sein Potential zur Reduktion von Aggregaten in
einer mAb Lésung untersucht und mit der Leistung der harzbasierten stationdren Phase Capto™
Adhere verglichen. Die vorgestellte Strategie reduziert in einem frithem Untersuchungszeitpunkt die
Reduktion von drei auf zwei mogliche stationare Phasen reduzieren. Unter Berlcksichtigung des
untersuchten Einflusses der lonenkapazitat lasst sich ein finaler Kandidat ermitteln. Hierbei zeigt der
Kandidat eine um 2 bis 3 Membranvolumen héhere Bindungskapazitat als die Referenz Capto™ Adhere.
Unter Verwendung der vorgestellten Strategie und Einbindung in eine Lebende Prozessbibliothek
lassen sich zeiteffizient optimale stationdre Phasen identifizieren.

Komplettiert wird die Arbeit in der letzten Fallstudie durch eine anwenderorientierte
Malstabsiibertragung mittels mechanistischer Modellierung. Diese Arbeit beschreibt die typischen
Modellierungsschritte mit Fokus auf der MaRstabstbertragung. Hierbei wird in der fluiddynamischen
Beschreibung im Speziellen auf die Untersuchung und Optimierung von verschiedenen Modulen und
deren Malstabsiibertragung eingegangen. Abweichend von der klassischen Isothermen-
Parameterbestimmung werden historische HTS Daten verwendet, um die Isothermen-Parameter
abzuschatzen. Dieses Vorgehen ermoglich in einem Lebenden Bibliotheksansatz die Inklusion von
historischen Daten. Abgeschlossen wird die Fallstudie durch die Malstabsiibertrag eines axial
durchstromten 0,46 mL HTS-Moduls zu einem 150 mL radial durchstromten Modul im PilotmaRstab.

AbschlieBend liefert diese Arbeit ein Verfahren zur Optimierung der Prozessentwicklung. Die
verschiedenen Ansdtze der Prozessentwicklung kdnnen in einem Lebenden Bibliothekansatz
zusammengefiihrt werden. Dieser Bibliothekansatz umfasst Expertenwissen, Experimente sowie
statistische und mechanistische Modellierung. In diesem Bestreben wurden zwischen harzbasierten
und konvektiven stationdren Phasen gleiche Wettbewerbsbedingungen geschaffen. Diese
Vergleichbarkeit ermoglicht eine direkte Auswahl der stationdren Phasen fiir eine bestimmte
Trennaufgabe. Die anwenderorientierte MaRstabsilibertragung bietet einen Leitfaden, wie durch
mechanistische Modellierung die unterschiedlichen Prozessentwicklungsansdtze zusammengefiihrt
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werden koénnen. In dieser Arbeit zeigt die mechanistische Modellierung, wie der

Prozessentwicklungsprozess abgebildet, transferiert, konserviert und standardisiert werden kann.
Dadurch entsteht ein kohdrentes und (bertragbares Verfahren zur Verfligung, wodurch die
anstehenden Herausforderungen in der Prozessentwicklung Giberwunden werden kénnen.

Vi



Abstract

Abstract

This thesis addresses the biopharmaceutical process development and production, particularly
chromatographic unit operations. In the recent global SARS-CoV-2 pandemic, the biopharmaceutical
industry was in the spotlight of media interest. As a result, the development and manufacturing of
biopharmaceutical products were discussed broadly in the public sphere. Providing a potent vaccine
or any other drug within a short timeframe and within the regulatory requirements urges the
development to be streamlined from candidate screening to manufacturing. On the other hand, the
shortened timescale raises the question of long-term competitiveness if alternative manufacturing
processes are suppressed for the sake of speed. Maintaining sustainable drug production with the new
timelines requires a fundamental change in product and process development.

Generally, the manufacturing process is divided into upstream (USP) and downstream processing
(DSP). The candidate screening and USP target the optimal cell clone and cell production conditions,
respectively, to achieve stable and high product output. In contrast, DSP focuses on the product and
impurity profile aiming for high purity and yield of the product. The production of monoclonal
antibodies is suitable as an example process for a state-of-the-art platform process in pharmaceutical
processing. In this process, USP incorporates culture and seed/cell preparation and production in a
fermenter. Subsequently, the DSP comprises two to three chromatography steps, virus inactivation,
possible buffer exchange, virus, and sterile filtration to prepare the final fill and finish.

The current chromatography process development (PD) procedure facilitates the scale transfer from
laboratory to production by incorporating several tools. These tools are based on pure experimental
information, prior knowledge, mechanistic and or statistic modeling. In addition, some or all tools are
applied or partially applied in the overall PD procedure following the initial static screening,
performance screening, and detailed experiments to achieve a successful scale-up. In the early stage
of PD development, the amount of available material is limited, and the experiments are performed
either manually or by robot-assisted pipetting steps. Thereafter, initial dynamic effects are
investigated through performance screening typically applied in automated robotic columns in a
microliter scale. Finally, detailed experiments are performed by applying benchtop systems on a
milliliter scale. These detailed experiments are commonly the basis for the pilot or production scale-
up, allowing production-comparable signals. In recent publications, mechanistic modeling(MM) often
supports this development process, aiming for a digital twin of the development phase step
investigated.}® MM delivers additional information containing different feed, stationary phase, device,
and operation modes integrated. Thus, MM could connect and summarize today's available tools,
enabling a living PD library and drastically reducing the timeline and costs.

The development of a living library urges a level-playing field for all stationary phases. Resin-based
chromatography is exhaustedly investigated and described in the literature. However, other stationary
phases, e.g., membrane adsorber, monolith, and fibers, are getting more adapted in process
development. These relatively new stationary phases are rarely discussed in experimental set-ups,
process modes, and mechanistic modeling approaches.

The present work applies the state-of-the-art monoclonal antibody aggregate removal process to
achieve a level-playing field for convective stationary phases, here membrane adsorber (MA). Initially,
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a high throughput screening set-up is developed, employing mechanistic modeling to achieve a digital
twin.

Four major case studies were performed with the aim of aligning high throughput screening (HTS)
applications for MAs with those established for column chromatography: process parameter range
determination, incorporation of new processing modes, comparison of different stationary phases,
and scalability. In order to exploit the MA typically features, such as high mass transfer and low-
pressure drop per device, an HTS scale-down device (SDD) for scalable PD was developed. Its
applicability is confirmed for a monoclonal antibody aggregate removal step.

The first case study explores the experimental application of the SDD developed. It uses bind and elute
mode and pH and salt concentration variations to obtain process operation windows for ion-exchange
MAs Sartobind® S and Q. In the second case study, we successfully developed a mechanistic model
based on parameters obtained from the SDD - HTS setup. The results proved to validate the use of the
SDD developed for parameter estimation and thus model-based PD. Finally, the third case study shows
the transferability and scalability of data from the SDD - HTS setup using both a direct scale factor and
mechanistic modeling. Both approaches show good applicability with a deviation below 20% in
predicting 10% dynamic breakthrough capacity and reliable scale-up from 0.42 mL to 800 mL.

In addition to aligning MA with the resin-based experimental set-up, competitive adsorption is
investigated by evaluating new and existing processing modes. Here, a mechanistic model case study
for the investigation of competitive adsorption was conducted for two different two-component
solutions and confirmed prior evidence. With these outcomes, a novel HTS screening procedure was
developed, including determining competitive adsorption-based displacement effects and key
parameter identification. The screening procedure employing an overload bind and elute mode (OBE)
is presented in a case study dealing with IgG aggregate removal in a typical monoclonal antibody
purification step, applying a Sartobind® S membrane adsorber (MA). Based on a MA scale-down device,
the OBE mode allows the determination of classical process parameters and dynamic effects, such as
displacement effects. Competitive adsorption-based displacement effects are visualized by
introducing a displacement identifier (DI), leading to a displacement process map. Based on this map,
the approach is transferred to and confirmed by the OBE recycle experiments with 4.6 mL and 8.2 mL
benchtop scale devices resulting in 45 % reduced IgG monomer, and 88 % increased HMWS binding
capacities.

The previous investigations facilitated a level-playing field between resin and convective stationary
phases. Accordingly, the third case study investigated and compared different stationary phases.
Hereby, a strategy for evaluating different combinations of scaffolds, backbones, and ligands was
introduced. This strategy ensures investigating and selecting suitable stationary phases for creating a
living library in PD. The strategy was evaluated on novel mixed mode (MiMo) MA. In addition, the
strategy includes theoretical considerations, investigation of optimal stationary phase selectivity, and
binding capacity. Based on the theoretical considerations, the experimental space, the possible
combination of scaffolds, their backbone, and ligands can be narrowed down. For this purpose, each
potential MM membrane adsorber (MA) candidate is investigated in its high molecular weight species
(HMWS) reduction potential for a given mAb feed stream and referenced to the performance of
Capto™ Adhere. The presented strategy reduces the investigated stationary phases from three to two
at an early study stage. In addition, a final candidate can be determined by accounting for the
investigated influence of the ionic capacity. The strategy presented is supported by HTS investigation
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and confirmed by benchtop experiments. Finally, the identified candidate presents a binding capacity
of 2-3 membrane volume (MV) higher than the reference Capto™ Adhere. When the here applied
strategy is integrated into a living library format, optimal stationary phases can be identified time
efficiently.

In the final case study, the work is complemented by an application-oriented mechanistic modeling
scale transfer approach. In general, the applied modeling steps are presented from lab to production
scale focusing on the scale transfer. The fluid dynamic investigation explicitly addresses the
investigation and optimization of different chromatographic devices and their scale transfer. Deviation
from the state-of-the-art isotherm parameter determination, historical HTS data is used to estimate
apparent isotherm parameters. This approach allows the inclusion of historical data in a living library.
The case study is completed by the scale transfer from a 0.46 mL small-scale device with axial fluid
flow to a 150 mL pilot scale device with radial fluid flow.

To conclude, this work provides a methodology for an optimizing PD workflow. The different tools in
PD are combined in a living library approach. This library approach includes prior knowledge,
experimentation, statistical and mechanistic modeling. Initially, a level-playing field was established
between resin- and convective stationary phases. Following this, the selection of stationary phases for
a dedicated separation task was facilitated. Finally, the presented application-oriented scale transfer
guides how MM can link the different PD approaches. In this work, MM presents its ability to map,
transfer, preserve, and standardize PD workflow. Furthermore, a coherent and transferable
methodology results, which can be applied to overcome the upcoming challenges in PD.
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Introduction

1 Introduction

Throughout the recent global SARS-CoV-2 pandemic, the biopharmaceutical industry has been the
focus of both media and public awareness.” The public has widely discussed the development and
manufacturing of biopharmaceutical products. Providing an effective vaccine or other drugs within a
short timeframe and compliance with regulatory requirements urges streamlining development from
candidate screening through manufacturing.®! Pharmaceutical product development (PD) involves
screening drug candidates, developing cells that produce the drug, and transferring the single cells to
a master cell bank. Furthermore, optimization of production conditions for large-scale fermentation
and development of drug purification consists of a series of unit operations to achieve the required
regulatory purity.'>*> The manufacturing process is divided into upstream (USP) and downstream
processing (DSP), see Figure 1.1.1%%617 Moreover, candidate screening and USP aim to identify the
optimal cell clone and cell production conditions to achieve stable and high product output. In contrast,
DSP focuses on the final product and impurity profile to achieve a high yield and purity. The production
of monoclonal antibodies, presented in Figure 1.1, is ideally suited as an example process for
pharmaceutical PD due to the state-of-the-art platform process. In monoclonal antibody production,
USP incorporates culture, seed/cell preparation, and drug production in a fermenter, whereas DSP
includes several chromatography steps. In between, unit operations such as virus inactivation, possible
buffer exchange, and subsequent virus and sterile filtration are executed to prepare the final fill and
ﬁniSh.13'14'18'19

Upstream
Production
of the (B T i
desired drug
Culture media Seed cultivation Scale-up Production
preparation
Downstream = ot " T -
Isolation & ; [ L
filling of the 9l
desired drug
Final Cryo- Sterile Concentration  Virus Polishing Viral Chromato-  Clarification and
filling  preservation filtration removal clearance graphy centrifugation
filtration

Figure 1.1: Exemplary mAb processing scheme, introducing process from cell cultivation in upstream to final fill and finish. The
downstream process is divided in the clarification (cell removal), 1-3 chromatographic separation steps, in between virus inactivation,
virus filtration, buffer exchange and sterile filtration.

Chromatography, with its various interaction/separation modes, typically offers high selectivity and
purity, which can be associated with high costs and low productivity compared to other unit
operations.?>?2 The chromatographic separation is a physical method exploiting the different
distribution of components in either the mobile or stationary phases. Chromatography is applied in
various industries and can be divided based on different characteristics. In the following,
chromatography clustering is performed by the applied pressure. The liquid chromatography (LC) is
operated in the range of 0—10 bar, and high-pressure liquid chromatography (HPLC) or high-
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performance liquid chromatography applies typically pressure up to 400 bar. In comparison, the ultra-
high performance liquid chromatography (UHPLC) is operated with pressure up to 1500 bar.%% In a
pharmaceutical environment, the HPLC and UHPLC is commonly applied for analysis, whereas liquid
chromatography (LC) are used for manufacturing, although HPLC can be used in the production of
small molecules or in the chemical industry.?”? In addition, chromatography can be classified
according to the applied mobile phases such as gas chromatography (GC) and liquid chromatography
(LC), gas, respectively liquid as mobile phase. However, in the pharmaceutical industry, GC is only
relevant for analytical purposes. The stationary phase is typically a solid material. However, in some
research areas, liquids are also used as a stationary phase.303!

The chromatographic unit commonly used in pharmaceutical processes is LC, having a liquid mobile
phase and a solid stationary phase.'®1%20 The stationary phase is held in a device, such as a column or
a capsule, and the liquid mobile phase flows through the device. Specifically, the mobile phase
contains the molecules to be separated and is the so-called feed. The separation itself is performed by
different interactions of the molecules between the mobile phase and the stationary phase. When the
concentration of molecules in the liquid and stationary phase is constant, an equilibrium state is
obtained. The interaction of the molecules with the stationary phase is induced by modification of the
stationary phase, such as chemical coupling of certain molecules, the so-called ligands. Following the
statute of the lowest energetical level, a molecule tends either to remain in the mobile or to adsorb
on the stationary phase. Thereby, the feed is separated from the impurities/molecules, which are
attracted to the stationary phase to different extents. The process mode nomenclature and phases
differ whether the target molecule remains in the liquid or is bound to the solid phase. Following the
process mode, the surrounding conditions, e.g., salt, H, OH concentration, can elevate or suppress
the molecules preference of binding to the stationary phase. In general, the surrounding conditions
are adjusted by changes in temperature, additional chemical components, or pressure, whereas the
latter is usually not applied in pharmaceutical processes.

The complexity of drug products, the various process entities, and the high regulatory requirements
issue high development and production costs within the range of 900 - 3000 million US dollars per
drug.3%3® These costs are incurred for drug discovery in the process of screening 10 000 molecules,
toxicity testing, phase | to Il clinical trials, registration, and PD to final production. This process takes
ten to fifteen years. Consequently, PD evaluates the chromatographic processing types, stationary
phases, and operation mode by separation success and commercial objectives.

Given these factors in chromatography PD, the demanded timeline and cost are typically overcome by
applying platform approaches and robot-assisted high throughput screening. Platform approaches use
a fixed set of unit operations and stationary phases, minimizing PD effort while simultaneously
ensuring acceptable selectivity, capacity, and robustness. Platform approaches require thorough
testing and qualification concepts for the involved operating units in advance. The advantage of such
an approach lies in the expertise obtained by testing and qualifying a set of typical process parameters
associated with materials that promise specific performance criteria.'”2* Consequently, applying a
platform technology enables time-saving knowledge- or experience-based PD of robust and
productive processes. However, the application of platform technology often comes at the cost of a
self-limitation to a few unit operations and well-characterized media.?”3* This approach is only feasible
for a set of molecules expressing high similarity, such as similar mAb molecules. However, platform
development can be addressed by establishing PD tools of high throughput screening (HTS) robotic
platforms for parallel, automated and standardized workflows to accelerate PD efforts. In addition,
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applying scale-down devices (SDD) in these workflows reduces the usage of materials and costs.3>%°

HTS is applied among others for drug identification*®*?, biological libraries***, cell cultivation®>4°,
aqueous two-phase systems**8, and chromatography performance estimation,3%49-54181

In HTS-based chromatography PD, the mode of parameter determination can be divided into the
following: Batch isotherm determination®®°°, process range evaluation®*3, scale dependency3®>°3°657
and scale-down model development®8, Typical formats for batch isotherm determination and
process range evaluation are microtiter plates. Dynamic effects can be assessed in microtiter plates
using micro pipetting devices and/or vacuum. The transfer from lab to production scale is called scale-
up or scale transfer. Scale-up can only be successful if all significant parameters are known and well
understood. Following this, allowing process predictions within HTS requires process-comparable
operations and dynamic effects to be mimicked. Consequently, knowledge of scale-dependent
variables is essential, and critical process parameters must be kept under control. Therefore, scale
dependency of critical parameters and scale-down model development are highly connected.*®!

The solely experimental-based PD enables first process spaces determination and assessment of
dynamic effects. However, fluid dynamic discrepancies, as well as wall and mass transfer effects, are
known challenges for scale-up by existing HTS scale-down devices (SDDs) and lab-scale
columns 351565960 Religble scale-up typically requires additional experiments on an LC system using
lab-scale columns (1-10 mL) with process-scalable bed height. Solely experimental PD has been
extended with mechanistic modeling(MM), a mathematical representation of the SDD, which enables
a more profound understanding and facilitates a scale transfer from lab to production.’® Mechanistic
modeling consists of one or more mathematical descriptions of physic/chemical effects called models.
The application of a model to a system or device considers all significant/relevant parameters. In
addition, a digital twin is generated for models representing all process-relevant actions, such as
pumping or waiting time, while a broad experimental range is also precisely represented. ! Following
this, a certain level of model detail is necessary when a digital twin mirrors a process and/or device
such as HTS SDD. Eventually, a digital twin can be generated, revealing dynamic effects, and increasing
the process understanding by allowing the transition from a unit operation to full-train PD. Thus, the
predictive power - if given - of a scale-down model can overcome the limitations of a strictly
experimental approach.

Admittedly, the methods mentioned above are state-of-the-art in resin-based chromatography.
However, new and comprehensive methods are needed to comply with the shortened timescales and
to facilitate long-term competitiveness. In this thesis, a new PD strategy is introduced that emphasizes
a living library approach. Incorporating the living library approach, a new HTS SDD set-up is developed,
characterized, and complemented by a model-assisted digital twin incorporating competitive
adsorption processes. Finally, the HTS SDD is extended to investigate convective stationary phases
facilitating a level-playing field with diffusive stationary phases. In the following, biopharmaceutical
production is introduced in more detail, including the different chromatographic applications.
Thereafter, process development, mechanistic modeling, and model/system characterization
methods are described.
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1.1 Chromatography in pharmaceutical production

The established monoclonal antibody process, as described in the introduction, typically consists of
two to three chromatography unit operations after the fermentation and cell
separation/clarification.’>'#18 Thereafter, viruses are removed by filtration, the product is adjusted to
the final concentration, and the final purity is achieved by sterile filtration. The process is completed
by the fill and finish step of the final product in its dosage form. Measurements in quality standards
ensure that the process delivers a constant drug product in accordance with the regulatory
requirements. The regulatory guidelines have evolved with pharmaceutical manufacturing and
processes, unfortunately, driven by adverse drug product reactions in the past. Accordingly, these
guidelines envelop with new substances but also cover general aspects of drug product manufacturing
to prevent incidents for existing and new substances. The urge for reliable quality is evident when
considering that the receiving person is ill and the immune system is weakened. This weakened
immune system is probably unable to respond to other threads, e.g., viruses or side effects. Hence, all
steps during pharmaceutical manufacturing must ensure reproducibility and outstanding quality of the
drug product. This quality is ensured by the regulatory requirements and guidelines, e.g., the food and
drug administration (FDA) and the EMEA for the US or the EU market, respectively. During the process,
impurities like host cell proteins, DNA, endotoxins, and impurities by the unit operation itself, as well
as virus and cell fragments, need to be removed. Following this, practical examples apply two
dedicated orthogonal steps for viral reduction (ICH Q5A) and a safety margin of 4-6 log10 reduction of
one virus molecule per dosage.'®®2 Specifically for a mAb process, aggregates of the single mAb pose
a risk of adulterating the activity and can induce side effects.*% The pharmaceutical industry
addresses the regulatory requirements of such mAb processes by applying various unit operations.

The various chromatographic applications are described in the following section, detailing the typically
stationary phases, interactions induced by the involved ligands, and process modes.

1.1.1 Stationary Phase

In chromatography for pharmaceutical processes, four different scaffolds presenting different
properties are frequently applied: a) bead, b) monolith, c) fiber, and d) membrane adsorber (Figure
1.2).216

Particulate/resin-based scaffolds usually have backbone structures consisting of particle diameters in
the range of 50 — 500 um and pore diameters of 20 - 160 nm.2%?2The resin scaffold typically possesses
a high porosity obtaining a high internal surface area. A meso and macro pore structure can also
characterize monoliths such as bead-based scaffolds. The monolith macro pores are called flow
channels with a typical channel size of 1-6 pm %6 while the meso pores are 2-50 nm.??42> Monoliths
and beads tend to entail susceptibility to mechanical instability due to high internal porosity.? In
addition, resins and monoliths are typically housed by a column applying mainly axial flow.2

Depending on the formulation and packing procedure, fiber-based backbone structures consist of flow
channels in the range of 0.5 — 20 um. Membrane adsorber (MA) backbone structures with pore sizes
of 2-4 um are known for their high applicable flow range with relatively low-pressure drop.3! The fiber-
based and MA backbones are typically housed in capsules employing radial flow through the stationary
phase.?!®
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Figure 1.2: Exemplary chromatographic subgroups. Schematic representation of conventional subdivisions in chromatography using

process mode, mode of interaction, and type of stationary phase scaffolds. The stationary phase is divided into the stationary phase

scaffold as well as different ligand interactions and modifications. Stationary phases used in downstream processes are typically

membranes, beads, fibers and monolith. Right-handed, the different process modes bind and elute as well as flow through represent

additional processing modes.?¢
Subsequently, the general stationary backbone and the chromatographic interactions are described. The
different stationary phases are chemically modified to facilitate chromatography interaction, except for
size exclusion materials. For chromatography, the pharmaceutical industry commonly applies size
exclusion, ionic, hydrophobic, affinity, and a combination of the aforementioned - so-called mixed mode

(MiMo) - interactions. 16:19:6566

In the classical mAb process, size exclusion is usually limited to the use in analytical application.®*¢” In the
interest of completeness, size exclusion separations shall be explained, wherein the separation is based
on the size differences between two or more molecules. The porous backbone of the stationary phase for
size exclusion is manufactured to have a similar pore size distribution between all particles. Following this,
a molecule with a diameter below the pore diameter can penetrate the entire porous structure, while
larger molecules can enter this volume only partially or not at all. Accordingly, the larger molecules have
a shorter distance to the column outlet, while the smaller molecules have a longer distance based on the
additional accessible volume.

The ionic interactions are based on the attractive force between two differently charged molecules.®%
Anion exchange chromatography consists of positively charged ligands while the dedicated molecule net
charge is negative, and for cation exchange chromatography, it is vice versa. The application of anion- or
cation exchange chromatography is typically decided by the pH value of the feed stream, considering the
isoelectric point of the molecule that should be bound.®® Below the isoelectric point, the molecule is
positively charged. Above the isoelectric point, the molecule is negatively charged, allowing the properties
of the molecule and process conditions to determine whether a cation exchanger or anion exchanger must
be applied, respectively.

Hydrophobic chromatography interactions are present at or close to the pH value of the molecule
isoelectric point, as well as a high salt concentration leading to the arrangement of ionic charges inside the
protein structure.'®’° This said, van der Waals forces and hydrogen bonds are thought to be the reason for
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this hydrophobic interaction, although these interactions are not yet fully understood.®® The affinity
interaction is based on the biological induced fit concept, in which the enzyme and the substrate interact,
changing the conformation and forming a protein-ligand complex. These ligands for affinity
chromatography are the most selective but also most expensive ligands compared to classical ion
exchange or hydrophobic ligands, see Figure 1.3. Following this, mixed mode (MiMo) ligands consisting of
at least two different interaction modes were developed to overcome the single mode limitations and to
reduce ligand costs.’*’*73 However, up to now, affinity chromatography has not been replaced by MiMo
in the mAb process but supplemented.
Typically Affinity

costs Interaction

[€/L]

Mixed Mode
Interaction

Hydrophobic
Interaction

lon exchang
Interaction

Typically
Selectivity
[

Figure 1.3: Exemplary cost and selectivity for different interaction modes / ligands.”*%3 The selectivity and costs increase from
hydrophobic-, ion exchange-, mixed mode- and affinity interaction.

1.1.2 Process modes

In general, chromatographic process modes are bind and elute (BE), flow-through (FT), and subgroups
thereof. These subgroups are characterized by different load, wash, and elution strategies. The
classification of BE and FT depends mainly on the product behavior during the chromatographic
process.'®8 In BE mode, the product attaches to the stationary phase. At the same time, the impurities
preferably either do not interact with the stationary phase or are separated from the product during
elution, e.g., an ion exchange chromatography applying a salt or pH gradient. In mAb processing, bind
and elute steps are typically the first chromatographic purification, named capture step, and the
second chromatographic step, the so-called purification step. The product concentration in BE is
typically higher when compared to the concentration in the feed. On the other hand, operating in FT
mode is generally associated with binding the impurities and allowing the product to pass through the
stationary phase with as little interaction as possible.’®2° As a result of the impurity binding, the
product concentration of the FT mode is limited to that of the feed. The FT mode is usually applied as
the last chromatographic step in a mAb process; the latter is the so-called polishing step.

Subgroups of BE and FT mode apply more dynamic effects such as competitive binding. The weak
partitioning, frontal-, overload- and displacement chromatography are exemplary listed for dynamic
process modes.1*148486.209 For jnstance, overload and elute chromatography applies higher mass
loading beyond the dynamic breakthrough concentration.® In FT mode, the overloading of the
stationary phase implies that the higher attracted impurities displace the lower attracted product
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1.1 Chromatography in pharmaceutical production

when competitive adsorption is present. Consequently, applying displacement effects in FT mode by
overloading the stationary phase increases its utilization.?*®

In addition to the classification of BE and FT chromatography mode, batch and continuous processing
categorization are possible. The batch process is defined by a distinct volume or time in which the
process is completed. Thereafter, the next process is started, clearly distinguishing one run from
another.'? Continuous processes are constantly loaded with feed. At the same time, the product leaves
the system continuously, with no clear division between one product sample to another possible, see
Figure 1.4 simulated moving bed (SMB).

The only fully continuous chromatographic process is the SMB, which is derived from the concept of a
theoretically true moving bed (TMB).%® In addition to the SMB the continuous carrousel
chromatography (CAC) was developed to enable a continuous feed application.?” However, various
semi-continuous chromatography processes have been developed regardless of the exact definition
for continuous processing. These processes apply multiple columns and switch the connection among
these or the connected applied solution, partially comparable to the SMB. State of the art multi-
column chromatography (MCC) is sequential multi column chromatography (SMCC)® or periodic
counter-current chromatography (PCC)®°, multi column counter-current solvent gradient purification
chromatography (MCSGP)*®® and integrated counter-current chromatography (iCCC)°%. These process
modes are aimed either for recovery and purity or column utilization increase. Accordingly, the MCSGP
and iCCC processing modes obviate the cut point predicament in either product loss or quality, see
Figure 1.4. Consequently, when product and impurity overlap during elution, the aforementioned
processing modes shift this change over fraction to a second identical or complementary interaction
column. Following this, product recovery increases while purity is at least equal to the comparing batch
processes. However, the utilization of the used columns will generally be comparable or lower
compared to a batch process with the same columns. The SMCC/PCCC process shown in Figure 1.4
SMCC/PCCC is applied to maximize the column utilization. Comparable to the SMB process, the
columns are willingly overloaded, and the subsequent column receives the feed breakthrough. The
subsequent column will receive the feed solution directly in the next phase. Eventually, the SMB
process mode presents a maximized purity and utilization but comes with the disadvantage of a binary
separation. The SMCC/PCCC process mode increases the column utilization and can separate mixtures
with more than two molecules. However, the SMCC/PCCC process has the drawback of increasing the
number of columns or time required due to the three process phases a column needs to perform
before the next loading step.

In general, (semi) continuous processes are beneficial for utilization, recovery, and purity, but they
involve a more complex PD and system design. Furthermore, the initial costs for PD and system are
higher when compared to a pure batch process, which is partially why continuous processing is rarely
applied.*?
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Figure 1.4: Exemplary batch and continuous processing. The figure compromises different process times over the column length or
cycles. The feed mixture is indicated by a color mixture of red, green, and blue. In addition, weak binding components are indicated by
the red color and strong binding components by dark blue. The MCSGP, iCCC are presented in the top. These two process schemes use
parts of the fractionated product pool to either recirculate or reload a different column which theoretically facilitates a purity and
recovery of 100%. Thereafter, the SMCC processing scheme with its higher stationary phase utilization is presented. Finally, the figure

is completed by three SMB cycles.
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1.2 Downstream process development

Several methods have increased the downstream PD efficiency and quality. These methods have been
standardized into tools that accompanied the development from small-scale laboratory experiments
at a microliter to milliliter scale, wet lab investigations within hundreds of milliliters of solutions, and
liter-scale pilot testing up to production scale.3>39495053 Thege tools are based on pure experiments,
prior knowledge, mechanistic and/or statistic modeling. Prior knowledge includes the transfer of the
feed, stationary phase, or similar processes information incorporation to the new separation task
based on historical data or information. Statistical modeling, e.g., design of experiments (DoE), and
mechanistic modeling tools enable preservation and generation of prior/new knowledge and scale
transferability through mathematical equation representation of the system under study.>93%

1.2.1 Workflow

The PD procedure faces the challenges of time to market, limited feed material availability, cost
restrictions, and regulatory quality requirements. Initially, the upstream candidate screening will
screen roughly ten thousand molecules for one medicinal drug product.® In the midway of candidate
screening, the PD evaluates process range and critical process parameters in small-scale initial static
experiments, see Figure 1.5. These initial experiments are conducted with early-stage molecules,
which present a high likelihood of effectiveness, thereby reducing the development time. However,
given the early stage, the available material is limited, and the experiments are performed either
manually or with robot-assisted pipetting steps.®>3° These experiments aim to create a process map
presenting the correlation between process and target parameters, such as the separation effect of
time, pH, or conductivity, onto the chromatographic performance. Thereafter, initial dynamic effects
are investigated through performance screening typically applied in automated robotic columns.3>-%
On a milliliter scale, detailed experiments are performed applying benchtop systems. These detailed
experiments are commonly the basis for the pilot or production scale-up. In recent publications, this
development process is often supported by mechanistic modeling aiming for a digital twin of the
development phase step investigated.>®®1181 |n PD, the described process can be reduced or expanded
to the dedicated need and is not meant to represent a fixed static workflow.

According to the PD procedure described, the applied toolbox facilitates the screening methods
strength while reducing the risk of their disadvantages in the next step by preserving the obtained
knowledge. While the individual advantages and disadvantages of manual and HTS applications are a
matter of preference - time, quality, amount of data, and data processing - the small-scale experiments
are able to reduce the amount of feed needed to the range of microliters.3>4>5181 However, static
experiments are not capable of representing the dynamic process. Therefore, the performance
screening shall give a first glance of dynamic effects with as little as possible feed. Following this, in
HTS employing robotic columns or devices, a flow is applied, interrupted by pipetting steps, that
provides a first glance of dynamic effects.>>® The detailed experiments are the last PD step in the
laboratory. In benchtop systems, the dedicated process is mimicked with processing-like conditions
such as fluid conditions (e.g., flow) and hardware (e.g., sensors). Benchtop experiments are typically
feed and time intensive but deliver comparable large-scale information (e.g., conductivity, pH, and UV
signal).
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So far, the toolbox represents laboratory experiments that provide limited preservable prior
knowledge. Admittedly, a mathematical abstraction of these experiments enables a more profound
knowledge.* Following this, the simulation is an abstraction of the experiment and limited to the
investigated and applied mechanism. Therefore, the simulation result relies on the experimental
quality and quantity. Moreover, the advantages and disadvantages of the toolbox need to be known
and considered in the simulation.

Applying mechanistic modeling emphasizes that time-consuming and material-intensive procedures
such as initial static screening and detailed experiments might be reduced in the future. Furthermore,
prior knowledge in chromatographic interaction enables access to an initial process range, while
simulation can predict the sensor signals in detailed experiments and gain insightful information.
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Figure 1.5: State of the art PD workflow and the available toolbox. Considering economic aspects of time, material availability, costs
and quality, the PD workflow is divided into up to four steps. These four steps are an initial static screening for process range
determination, a performance screening investigating dynamic effects, detailed experiments with measurements and automation
level comparable to the production scale and the finale scale up. From top to bottom the state of the art empirical and mechanistic
approach is compared. The Figure is completed by the available process development tools including the respective challenges. The
initial screening is fast but the parameter significance/quality for scale up low. Applying an HTS in the performance screening reduces
time, but accuracy may be compromised by SDD design. In addition, the high amount of data requires sufficient methodology. The
detailed experiments apply benchtop systems which deliver in short time production comparable signals and automation degree but
required a high amount of feed when compared to initial or performance screening tools. Simulation presents a variety of benefits,
such as reduced experimental effort and transferability, but is also challenged by the model selection and definition at which point a
model is good enough for its purpose.
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1.2 Downstream process development

1.2.2 High throughput screening

Automated high throughput screening procedures were developed to overcome manual limitations
such as time constraints as well as cost and quality variation due to different operators. In general, an
automated HTS application consists of a programmed method of different pipetting steps, which are
automatically performed when started. The method can be started when the automated platform is
equipped, resulting in an almost working time independent processing. In the preparation, the
operator verifies the condition of the platform, loads the recipe, equips the platform, and starts the
experiment, which typically involves running multiple pipettes in parallel. Consequently, HTS reduces
the experimental execution, and the operator can conduct other tasks. This parallel working reduces
both experimental and working time, reduced by parallelization and automation, decreasing
operational expenses.?3%181 Discussing the experimental results leads to either exclusion or further
investigation of the unit operations or process modes studied. This said, the experimental quality of
the results is crucial for the success of the process design.>®>® Following this, experiments must be
highly reproducible and comparable among each other, which can be achieved by automated robotic
execution. However, the automated platform and the devices applied must be regularly maintained,
evaluated, and audited.

40-42 43,44

The application for HTS is, for instance, identification of drugs
cultivation*>4

, biological libraries***, cell
, aqueous two-phase systems*”*® and chromatography performance estimation.3%4%-54
In HTS-based chromatography PD the mode of parameter determination can be divided into the
following: Batch isotherm determination®*°, process range evaluation3>3, scale dependency3>>356:>7
and scale-down model development®*°8, Typical formats for process range evaluation and batch
isotherm determination are microtiter plates. If needed, fluid flow in microtiter plates is achieved by
using micro pipetting devices and/or a vacuum. Process-comparable operations and dynamic effects
need to be mimicked to allow process predictions. That said, knowledge of scale-dependent variables
is essential, and critical process parameters must be kept under control. Therefore, scale dependency
of critical parameters and scale-down model development are highly linked.>%8!

The advantages and disadvantages of different PD scales can be categorized into material consumption,
scale-induced deviation, standardization, and time. To summarize, usage of materials increases with
the scale while potential deviations, e.g., in fractionation or analysis, will have less effect on the
results.’®! On the other hand, small scales entail high standardization and availability as well as lower
time and material consumption. Standardization refers to the methods and systems used when
compared to manual handling.’® Within a GMP-approved process, experimental and process
standardization increase the likelihood that the regulatory requirements are satisfied.

1.2.2.1 High throughput screening — Scale-down device

First and foremost, the automated HTS platform must be appropriate for the application and screening
technique in question. The mechanical parts must be maintained, the pumps regularly checked for
leakage, and the correct aspiration/dispensing speed and volume must be monitored. In addition,
flushing/cleaning/rinsing procedures and void volumes must be considered to obtain accurate results.
When operating with dispensing essays or needles, the sealing, positioning, and straightness need to
be checked frequently.
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1.2 Downstream process development

Developing a high throughput screening scale-down device requires the reflection of desired
information. For instance, process range screening can be performed in the context of determining
static binding capacities with static batch experiments applying a well plate format, see Figure 1.6 (1).
This said, the stationary phase is placed in a well plate format. The HTS platform performs the
experiment within buffer pipetting in the steps of equilibration, loading, wash, elution, regeneration,
and storage.**>> After the pipetting steps, the well plate is usually shaken to prevent concentration
gradients at the interface of the liquid and solid phases. The static binding capacity is reached when
the concentration of the stationary phase and liquid phase is in an equilibrium state. Thus the
concentration is then independent of time. Aiming for dynamic information and certain process-
related information (scalability), the scale-down device must mimic the main effects in larger devices.
Dynamic SDDs consists of a fluid inlet, providing a buffer that flows through the stationary phase and
mimics the process steps. In robotic setups, the different process steps are typically performed in
several pipetting steps, as shown in Figure 1.6 (2). The several pipetting steps correspond more closely
to the real process condition when compared to static batch experiments but still exhibit a certain
discontinuity between the individual steps.
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Figure 1.6: Exemplary static batch isotherm determination (1) and dynamic SSD process evaluation (2). Comparison of classical batch
and dynamic isotherm determination/assessment. In 1) a general procedure of isotherm determination is presented. The
equilibration, adsorption in 1) A, optional wash in B) and elution step. In contrast, the HTS BE method is presented in 2). The isotherm
assessment is comparable in the loading phase, obtaining a full isotherm at different liquid feed concentrations. However, the
stepwise step elution delivers only the saturation equilibrium concentration at the given salt concentration.!®!
The critical HTS SDD development parameters vary with the dedicated level of detail of information
detailedness. Since the static SDD represents time-independent results, crucial parameters are
residence time, liquid/solid ratio, and the accuracy of the pipetted volume/stationary phase. In
addition, the number of measurement points, shaking speed, removal/exchange of the liquid, time,
and dispersion of the stationary phase in the liquid must be considered.>® This said, further
consideration must be taken for different stationary phases such as resin suspension or membrane
stamps. For instance, the correct suspension handling for resins is represented by a known solid-to-
liquid ratio and particle diameter. At the same time, an interface between liquid, stationary phase, and
well plate can impede the result for membrane stamps. In addition, dynamic SDDs additionally need
sufficient mechanical development such as sealing, positioning, void volume consideration, and
fraction handling. Furthermore, the dynamic SDD needs the best comparability to the dedicated large-
scale device in terms of fluid distribution, residence time, and void volume, along with the ratio of
contact interface between device wall and stationary phase.
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1.2 Downstream process development

In any case, as the dedicated detail of information increases, so does the complexity of the SDD
development. In addition, the SDD is an approximately large-scale device and process representation.
Therefore, conducting HTS experiments typically compromises manufacturing and set-up related
differences in flow and geometries between SDD and large-scale devices, such as disrupted flow and
different ratio of contact interfaces.>® This said, the deviation between SDDs and large-scale device
must be considered in the transfer, either by knowledge and a reasonable safety margin or the
application of mechanistic modeling resulting in a digital twin of the HTS SDD platform.

1.2.2.2  High throughput screening SDD operational procedure

The HTS SDD development includes constructional, methodological, and operational procedures. The
platform and SDD are physically built/checked in the development phase to fulfill the specific screening
purpose. In addition to the construction of additional devices for the existing HTS platform or
integration of new devices into the platform, it is also necessary to incorporate dedicated screening
techniques. The HTS platform layout is developed, and method programming, testing, and definition
of wellness/calibration procedures are investigated. In addition, the method input and output
parameters such as aspiration/dispensing speed, air gap above the sample, and waiting time before
movement are determined.>®>” Thereafter, external analytical evaluation/preparation, e.g., protein
concentration determination UV reader or SEC, is integrated and the HTS platform verified.

The experimental or operational screening procedure development includes the performance of
wellness procedures, initial preparation, conducting mechanical and methodological correctness
checks, preparation of the HTS SDD set up, and the start of the procedure. In addition, the successful
procedure provides samples and a used HTS set-up, which both need to be further processed. This
said, the samples are subsequently treated and analyzed. In addition, the HTS data is exported and
analyzed, while a post-check and cleaning of the HTS platform and SDD ensures the quality of the
present and future experimental results. The typically large amount of data generated, and the small
volume applied in HTS may lead to misinterpretation and discrepancies if no dedicated error
investigation is performed.>” The initial preparation of the platform includes assembling or
disassembling of devices, preparation of consumables, buffers or buffer salts, storage solution,
checking of robotic arm position, adjustment and loading of recipes, preparation of external analytics,
and simulation of the recipe. In the case that subsequent analytical analysis is mandatory, e.g., 1gG
monomer and dimer determination by SEC, the robotic platform might also be used to pipette the
needed solution into HPLC vials. Extended external analysis time facilitates data export of the HTS
platform, such as the UV measurements, log file or recipe, preparation of new experiments, or
evaluation of prior ones. Furthermore, the HTS platform and SDD should be investigated for abnormal
behavior, like leakage or bent needles. The HTS platform and SDD shall be cleaned and transferred in
storage conditions during downtimes.

1.2.2.3  High throughput screening Scale-up

The dynamic SDD data can be, to a certain extent, directly used to assess the dynamic breakthrough
concentration of a larger-scale device.'® The deviation would be low based on the assumption that
the SDD and processing mode are a direct representation of the large-scale device. However, typical
geometrically restrains in manufacturing and HTS procedure impede an exact scale transfer. For
example, geometric length differences lead to differences in fluid dynamics, wall effects, and
incomparable stationary bed properties, e.g., porosity, height, and packing quality. In addition, the
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1.2 Downstream process development

unsteady HTS flow influences fluid dynamics, residence time, and concentration profile in the
SDD.351:56:57,59.96 Eo|lowing this, the mass transfer may differ between the SDD and the large-scale
device.

Nevertheless, for stationary phases and molecules with neglectable mass transfer restriction and a
thoroughly SDD fluid distribution, the deviation between SDD and the large-scale device might be
acceptable. Following this, the scale factor I might be used for the scale transfer. The scale factor I is
calculated by the quotient of the volume at 10% dynamic breakthrough concentration (DBC) VDBC10,
and the stationary phase volume VMA, lab device multiplied by the feed concentration of component
i in Eq. (1.1). The scale factor can then be used to calculate the volume at the 10% DBC according to
Eq. (1.2).28

VDBCIO
r= % " Creed (1.2)
MA,lab device
Voscior = Vmar - (1.2)
Creed

In contrast to the ad-hoc procedure described above, the experimental scale transfer might be
conducted by mechanistic modeling, considering the divergences between HTS SDD and larger-scale
devices. The unknown differences can be overcome by reversed engineering.>® Herein, a well-known
process and larger-scale device are investigated, these findings are used to predict the SDD results,
and the differences minimized by further parameter evaluation and/or adjustment of the SDD model.
This said, the deviation can be observed by mathematical description of both SDD and larger-scale
devices, revealing the differences between both and enabling a more precise transfer.18!

27



1.2 Downstream process development

1.2.3 Mechanistic modeling

Comparable to the SDD as a more miniature representation of the large-scale device, the model
mathematically represents the considered physic-chemical actions in the investigated operation. The
investigated operation can be aggregated to the entire manufacturing process, segregated into a single
unit operation or part of the unit operation as presented in Figure 1.7 A).%” In chromatographic
processes, the liquid phase, stationary phase, and the device itself are typically investigated.?" The
investigation includes the liquid and stationary phase, e.g., fluid dynamic and mass transfer. However,
the used system to which the chromatographic device is attached for scale-up should also be
considered.®® This said, a representation and investigation for scale transfer, including deviations in
operational parameters (e.g., discontinuous flow) or geometrical factors (e.g., device to stationary
phase ratio), must be considered to reduce interpretation errors.

Following the general introduction in mechanistic modeling, the fundamental principles of modeling
will be presented. This said, fluid dynamic description and mass transfer, as presented in Figure 1.7 D)
and E) will be discussed.

A h 4t b t bt b s b s bt —

§°

Mass transfer

Figure 1.7: Exemplary chromatographic system segregated to the fundamentals in MA pores. A) describes the whole unit operation
without supply, waste, and product tanks. The chromatographic device is shown in detail in B) for a membrane and C) for a column.
The fluid dynamic and mass transfer processes for membranes are presented in D) and E), respectively.

1.2.3.1 Fundamentals of mechanistic modeling in chromatography

Mechanistic modeling is typically performed by fundamental equations. These different equations
describe mathematically the entities interactions between liquid and a general stationary phase
and/or device resulting in the representation of the investigated system. The approach can be
consulted in detail in the work of Guiochon et al.®® and Schmidt-Traub®.

The chromatographic unit operation consists of a system and the chromatographic device, see Figure
1.7 B and C. This said, the system and the chromatographic device are flushed with a liquid. At the
same time, the purification (adsorption) is only present in the chromatographic device, more precisely
at the stationary phase integrated into the device. Following this, the fundamental fluid dynamics and
mass transfer equations can only be described for the chromatographic device. Figure 1.7 D) and E)
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present the fluid dynamics and mass transfer schematically. The fluid dynamic change in component
mass at the viewed discrete point myis the sum of mass received by the discrete point before my, or
emitted to my1. Following this, the mass at my results from convective effects meony., €.8. pumping and
dispersive mgisp. effects such as back mixing induced, e.g. by deflections or wall effects.

In addition to fluid dynamics, mass transfer to the stationary phase muanster and final adsorption are
also essential for modeling chromatographic separation. Figure 1.7 E) presents a simplified mass
transfer scheme that can be formulated as the following: convective transport to the diffusive layer(1-
2) followed by the diffusion towards the stationary phase surface (2-3) and subsequently, if present,
pore diffusion, and final adsorption onto the stationary phase surface or pore (4). The mass binding to
the stationary phase is represented by isotherms in which the concentration differences between
liquid and stationary phase represent molecule and stationary phase properties. This said, the above-
guoted interactions are part of the desorption in the elution step as well in the opposite direction.

Equilibrium Dispersive model

Initiating the description of model equations with the equilibrium dispersive model is more
comprehensive than the thereafter-described equations, facilitating the introduction of the modeling
parameters and assumptions. The equilibrium dispersive model in Eq. (1.3) describes the time-
dependent concentration change by convective, dispersive, and mass transfer concentration changes.
First named convective concentration changes characterize the molecule concentration change
through the column length / length coordinate, e.g., when pumping a liquid through a pipe. This said,
the velocity u is divided by the porosity €, which is 1 for the device and smaller than 1 for the stationary
phase. The dispersive term is represented by the diffusive-based apparent axial dispersion coefficient
Dap considering the change in concentration due to different resistance as wall effects, diffusion effects,
or the separation of fluid elements by physical deflection in the device or in the stationary phase, thus
broadening the concentration profile. The mass transfer term reflects the change in concentration
over time by adsorption of the molecules onto the stationary phase represented by the binding
capacity g. The binding capacity is corrected by the porosity € considering a lower stationary phase
volume when reduced by the nonadsorptive pore volume. In Eq. (1.5), the porosity is determined by
the interstitial porosity €pevice, representing, for instance different sized resin particles and the pore
porosity of the individual particle €p. In the equilibrium dispersive mode, the mass transfer is directly
coupled to the stationary phase concentration and is represented by different isotherms and kinetic
assumption, e.g. steric mass action mode (SMA) in Eq. (1.4.) The adsorption might be limited by
summarized kinetic effects, formulated with kg, such as diffusion limitations or molecule relocation
to facilitate binding. However, the molecules which are bound by the stationary phase result from the
overall accessible ligands represented in the SMA by the ionic capacity A.X This said, these accessible
ligands can interact with a certain number of molecules based on the size and charge of these
molecules. The characteristic charge of a molecule v and the steric factor o determine the stationary
phase ligand occupancy. Following the concentration equalization principle, the pore concentration c;
influences the binding capacity / bound concentration.

dc;  u A N 0%c; 1-—¢ dgq;
ot g 0Ox P 9x2 e adt (1.3)
convective dispersive mass transfer
P n+1 v
qi ;
kxin,i T kgqi - (/1 — Z(Vi +0;) CIi) "Cpi— C;/fl " qi (1.4)
i=2
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€ = Epevice T Ep a- EDevice) (1.5)

The Danckwerts boundary conditions complete the model by adding inlet conditions in Eq. (1.6) and
outlet conditions in Eq. (1.7).1°! Furthermore, the inlet concentration is described by velocity-induced
dispersion with the quotient of velocity u, axial dispersion coefficient (Da.x), the concentration
difference between inlet concentration (cin) and concentration at the first length coordinate of the
column (c(0,t)).2%2 The outlet concentration, e.g., at the stationary phase or device/investigated system
end, is equal to that of the length coordinate before.

dc; u
a(x =0,t) = o (c(x,t) —cin) (1.6)
ax
O =L =0 (17)
ox x=Lt)= '

The assumptions of the equilibrium dispersive model can be grouped into stationary phase bed
properties and mass transfer. The stationary phase bed properties include the assumptions of a
uniform packed bed, e.g., no inconsistencies like wall effects or dead pockets exist. In addition, the
overall concentration change of the fluid phase is summarized by the apparent axial dispersion
coefficient. Furthermore, this model assumes linear adsorption, e.g., the application of a Freundlich
isotherm.®®

Eventually, this model simplifies the physical properties of the stationary phase, like fluid dynamics
and adsorption properties. These simplifications will lead to deviation in the quality of
representation/model and investigated system when significant parameters are merged. Specifically,
the uniform and idealized bed are combined with the summarized apparent axial dispersion coefficient
for the device and/or the stationary phase. Consequently, the geometry changes observed in a scale
transfer will most likely result in a deviation and limit the model's purpose. Furthermore, the direct
connection of mass transfer and isotherm narrows the application mainly to surface adsorptive
stationary phases. In addition, the assumptions in mass transfer are only partially suitable for most
complex molecules used in the biopharmaceutical industry, consisting of several amino acids and
multiple binding sites. However, this model might be reasonable for different purposes such as initial
system investigation, stationary phases with surface adsorption, or negligible mass transfer restriction
such as MA. The fluid dynamics could be transferable with a linear scalable device and an exact
packaging procedure.

Transport dispersive model

Following the limitations in the equilibrium dispersive model, the transport dispersive mode in Eq. (1.8)
splits the apparent axial dispersion coefficient into the axial dispersion coefficient D, and an effective
mass transfer coefficient kesr. In addition, the device porosity €qey is introduced to separate the device
and stationary phase. Furthermore, the intrinsic velocity is uin: calculated by the quotient of linear
velocity and device porosity. Finally, the mass transfer is modified considering the concentration
exchange of fluid phase c and diffusive pore concentration ¢, within the particle radius rp.
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ac; ac; 0%c; 1—€40p 3
¥=—uint'a+D '__7';'keff'(c_cp) (1.8)

In conclusion, the transport dispersive model adds one additional parameter by specifying the
apparent axial dispersion coefficient into two independent parameters facilitating a more detailed
representation of fluid dynamics and mass transfer.

The effective mass transfer coefficient is difficult to determine directly and is typically assessed by
heuristic equations. Exemplary, state-of-the-art heuristic equations for ket are the Wilson-
Geankoplis'®*1% correlation in Eq. (1.9) as well as the Kataoka Correlation'® for Re<100 in Eq. (1.10).
These heuristic equations correlate fluid dynamics and diffusive molecule effects assessing ket by
applying the Reynolds- and the Schmidt number in Eq. (1.11) and Eq. (1.12). In addition, the transport
dispersive model is applied throughout all stationary phases and devices, and several modifications
have been published.

Sh = 0.25

kefr * €dev 109 pe033.5¢033 for 1.5-103<Re<5.5-10"
y-ReO'Gg-SCO'” for 5.5:101<Re<1.05-103
ev

Edev (1.9)
D,

1
1—6\3 1 1
Sh=1.85" ( ) -Re3-5c3 (1.10)
n
Sc= (1.11)
p- Dm
. u . d
Re = P (1.12)
n

Lumped rate model

In contrast to the equilibrium transport dispersive model, the lumped rate model considers that the
concentration in the pore volumes does not adsorb directly to the stationary phase. However, the
lumped rate model in Eq. (1.13) further specifies the adsorption in diffusive pores considering the
particle pore porosity €p in addition to Eq. (1.3).

dc 3 k 1—¢, 0g;
_P=_.ﬂ(c_cp)_ p 04 (1.13)
ot 1, & & Ot

In summary, the lumped rate model further specifies particle-specific adsorption. This said, the mass
transfer is lumped into diffusion from the liquid phase to the pores, including the inside adsorption.
Consequently, direct surface adsorption is not considered. This model is favored for resin-based and
comparable stationary phases.
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General rate model

Following the specification from the transport dispersive model and the lumped rate model towards
particulate resin-based stationary phases description, the general rate model specifies the pore mass
transfer effects. The effective mass transport coefficient is substituted by a film transfer coefficient
ksim incorporating a possibility to consider hindered pore diffusion Dpore in Eq. (1.14). These mass
transfer effects account for the concentration change within the particle radius. In addition to these
new geometrical aspects, new boundary conditions are introduced. The pore concentration change at
the particle center is set to zero. Furthermore, the adsorption term is divided into diffusion within the
symmetric particle, diffusion towards the particle center, and the final adsorption in Eq. (1.15).

Ocp _ 1 kpum

c—¢C (1.14)
or  Dpore & ( p)
dc 9%c 2 oc\ 1—¢, 0q;
14 14 i
v _p N A Lodi 1.15
ot pore <6r2 + r 6r> & Ot (13

Finally, the general rate model precisely considers the molecular mass transfer into the stationary
particulate phases. The model enables the geometrical induced mass transfer description by adding
the film transfer coefficient kiim and pore diffusion effects Dpore. However, the model is explicitly
designed for stationary particulate phases where the particle symmetry and concentration profile
towards the particle center r is idealized. Considering the model depth, two additional model
parameters are introduced, potentially three if the pore radius is also considered.

The different models described above are state-of-the-art and adjusted for different applications. This
said, a broad variety of literature of models applied for the same stationary phase is available. Table
1.1 presents an overview of the model depth, the considered effects, and the model parameters to be
evaluated.
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Table 1.1: Exemplary model parameter overview

Model Number of Effects Parameters
parameters

Equilibrium

Dispersive model 3 Convective, dispersive, U, €, Dap

cumulative stationary phase
mass transfer

Transport

dispersive model 4 Convective, dispersive, effective U, €, Dax, Keff
stationary phase mass transfer

Lumped rate

model 5 Convective, dispersive, U, €, Dax, Kerf, Ip
additional effective pore mass
transfer

General rate

model 6 Convective, dispersive, u, & Dax, Kiim,
additional film pore mass Ksitm, Dpore, T
transfer

While the presented models have different advantages and disadvantages, an initial assessment of the
appropriate model is achievable by considering the system in question through theoretical evaluation,
manufacturer information, and literature. Therefore, exemplary guidance is presented below,
presenting the theoretical evaluation and manufacturer information.

Figure 1.8 exemplary describes column / resin and membrane-based differences in stationary phase
and device. The resin chromatography is presented on the left side with the column device and
particulate stationary phase. Membrane based stationary phase and device are right-handed in Figure
1.8.

The resin device consists of a fluid distribution part at the top and bottom. Following the homogenous
liquid distribution at the top, the liquid flows axially through the device and is collected at the bottom
outlet. The particulate stationary phase is a packed bed presenting a global porosity that includes the
porosity of the stationary phase and an inter-particulate porosity and may include the device void
volume. This said, the quality of the packed bed between different columns and sizes as well as wall
effects can impede a sufficient mechanistic modeling scale transfer.>®>’

The membrane capsule devices present a baffle plate after the inlet that distributes the fluid radially
to the outer flow channel. Following the radial distribution of the liquid to the outer flow channel, the
liquid is directed radial passing through the stationary phase. Finally, the liquid is pooled in the inner
core of the device and exits the device at the outlet. The membrane porosity is fixed by the quality
and properties, while the overall device description might be challenging for a model-based scale
transfer.

For resin and membrane chromatography exist, typical performance statements can be retrieved from
the literature and manufacturer information. These performance statements are high binding capacity,
slow mass transfer, and limited suitability for separating large molecules (hydrodynamic diameter dn>
20 nm) for resins!®11% and low binding capacity, fast mass transfer, and elevated suitability for the
separation of large molecules for MA®111112 The characteristics of resin chromatography are due to
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the average particle size of ~ 80 um and the high internal porosity of 90 % resulting in diffusive pores
of ~ 45 um. Following the diffusive pore lengths, a molecule needs a particular time to wander into
the pore systems facilitating a high binding capacity by adsorption inside the particle. This said, the
residence time needs to be sufficient for an adequate binding capacity resulting in a bigger column
diameter for a larger scale and an overall small volumetric flow of ~ 1 column volume per minute
(CV/min) compared to membrane chromatography. The resin pore size is typical ~ 100 nm resulting in
size exclusion effects for a larger molecule such as viruses or bacteria. The membrane devices consist
of several layers of a membrane sheet with a typical bed height of ~ 0.025 cm. Membranes consist of
convective or turbulent pores with a pore size of ~ 3000 nm facilitating a better binding capacity for
larger molecules when compared to resins. For membranes with an additional hydrogel, the diffusive
and adsorptive layer is ~0.8 um resulting in short diffusive layers. Thus, membrane devices are typically
processed at high volumetric flows of ~ 10 membrane volumes per minute (MV/min), resulting in short
residence times. In conclusion, different chromatographic stationary phase parameter encourages
different model approaches in fluid dynamics and mass transfer and will be further discussed in the
chapter below.

Resin chromatography

Membrane chromatography

radial device

axial device

Volume device

Dispersion D y Geometric parameter l
Homogenity

Stationary phase bed

Parosity €
Dispersion D, Porosity €
Pare size ~100 nm Pare size ~3000 nm
Diffusive layer ~ 45 pum Diffusive layer ~0.8 pum
Residence time >4 minutes Residence time <0.2 minutes

Restriction
L Ca

[ \[ e

maN

Figure 1.8: Exemplary Resin and MA differences in stationary phases and device properties. The centered top devices present different
scales for Resin (axial flow) and MA (radial flow). In addition, a detailed description of the device, the properties of the stationary
phase, and resulting effects are presented left for Resin and right for MA.2¢
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1.2.3.2 Model building

Investigating a system for model building is comparable to studying a new topic. Initially, the
information is general and presents an overview. Following this, it might be compared with a black
box model, e.g., mass in and out. Thereafter, the insight gains depth and more specific and related
information are learned, e.g., the equilibrium dispersive model. In the further course of study,
expertise is gained, and the detailed/specific interactions are investigated, leading to a specific view,
e.g., resin-based mass transfer in the general rate model. The model depth might be comparable to
the studying depth for different professions, e.g., a mechanical engineer does not need to be an expert
in chromatography but needs the principal information about the process when designing a
chromatography system. This said, the model development of a stationary phase with fast/neglectable
mass transfer may not require particulate resin-based diffusive limitations as those presented in the
general rate model. Following this, the model depth should be selected in accordance with the
investigated system.

In the course of model building, several iterations of model selection and parameters determination,
evaluation, and assessment are needed to be performed.%!13114 The parameter assessment includes
the parameter determination within an error minimization procedure for parameters that are not
directly accessible with experiments.!'>!® This said, increasing the model depth leads to additional
parameters. Following this, a higher model depth with potential additional not needed/present
parameter (NNP) will accumulate the model errors in these NNP if they are derived by error
minimization. This said, these error minimizations will lead to an apparent accuracy between the
model and experiments, which does not represent the correctness of the model. The overweight
models will almost certainly fail when transferred to another scale; the hidden inaccuracy within the
NNP is physically irrelevant and thus increases the inaccuracy in scale transfer.

Finally, aiming for a scalable representation of the investigated system includes continuously
evaluating the selected model's adequacy.

Fluid dynamics description

When considering the development of an HTS membrane platform with a scale-down device, this
device needs to provide representative and repetitive results. Aiming for a scalable model includes
developing a device that minimizes the differences between small-scale and production scale while
facilitating the advantages that result. This said, Figure 1.9 presents three different membrane devices.
The laboratory module was modified for the HTS platform approach, and the modular membrane
press was newly developed for the scale transfer from axial to radial fluid flow in commercial devices
such as the Sartobind® Nano devices.
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Methodology for Scale Transfer

Lab module Developed module Membrane press Nano

Stamp & 3
Fh1y
| ]
Sealing circle
Puck

Bottom plate

Membrane
....................................... Fleece

Distribution net

Figure 1.9: Different membrane devices for PD. The axial flow devices HTS SDD is shown on the left and the lab module is shown
centered. In addition, the radial flow device Nano is presented right-handed. The SDD compromises a fluid distributor, followed by a
distribution net, fleece and three layers of membranes. In contrast to the fixed layers of membranes in the SDD, the lab module can
utilize up to 90 membrane layers. The distribution net, fleece and membrane layers are inserted into the lab module holder plate,
which is surrounded by a plastic cylinder “Puck” and sealed with a sealing ring. Centering pins prevent movement of the membrane
layer until the stamp is added. The stamp then presses onto the membrane layers, the centering pins are removed, and the sealing
material is inserted from the outside through the sealing ring between the puck and the membrane layers.
Developing devices for a scale or geometrical transfer includes the investigation of fluid dynamics.
Following this, the fluid dynamics are typically investigated by different qualitative dyeing or more
guantitative tracer experiments. The dyeing experiments present the macroscopic view of the fluid
distribution within a module. Here a dye is applied, which can visually present the qualitative
homogeneity of the fluid distribution within the device. In case of process condition-related swelling
of the stationary phase, e.g., due to different salt concentrations, these experiments are commonly
conducted at a minimum and maximum swollen stationary phase.*” Homogenous coloring represents
a qualitative result for a device that can successfully distribute the fluid. Tracer experiments are
performed with a non-adsorptive but detectable component. The tracer is injected either as a pulse
or step function and results in a peak or sum functional signal. In Eq. (1.16), the total porosity is
calculated by the ratio of detected tracer volume Vrracer and membrane device volume Vua. The tracer

volume represents the mean residence volume/time of a molecule in the device and is determined by
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the signal centroid of the area. In addition, different accessible pore volumes and porosities can be
determined by applying different tracer sizes and increasing the model accuracy.

_ Vrracer

ETotal = (1.16)

VM A

In addition to the porosity determination, the tracer signal presents possible inaccuracy in the fluid
dynamic. The inaccuracy in fluid dynamics is presented in a deviation of the Gaussian distribution of
the peak. Tracer experiments are performed using the same device design when developing or
optimizing a device but are repeatedly built to ensure reproducibility.

Developing devices for scalable results is typically performed with the same fluidic flow orientation.
However, available membrane devices present a radial flow from the outer membrane towards the
inner membrane layers. This design is barely technically feasible for an HTS dedicated scale-down
device with less than 1 mL. The developed scale-down device will deviate from the large module, at
least in the fluidal flow. Incorporating this fluidal flow, dividing the fluid dynamic contribution of device
and membrane would simplify the model-assisted scale transfer. Using known dimensionless numbers
such as the Bodenstein or Peclet number in Eq. (1.17) and Eq. (1.18), is a possible route transferring
the fluid dynamic effects in scale. The actually for heat transfer applied Peclet number is here used for
mass transfer effects, based on the similarity to mass transfer.

Bo =Lk (1.17)

0= 1.17
Dax

pe =Lt (1.18)

e = — .
D

The separation of the device and stationary phase combines several challenges: How many models are
needed for the separations? Which models should be considered? How to separate the impact
between device fluid distribution at the inlet and the dependent on the fluid dynamic distribution of
stationary phase and outlet? These questions have been answered differently within the
chromatography modeling community. Generally applied models in fluid dynamic investigations are
typically achieved with a derivative description of constantly stirred tank reactors or dispersed plug
flow reactor. For instance, the equilibrium dispersive model® without a mass transfer term, the Roper
and Lightfoot model*®, and the Zonal rate model**® might be examples in the fluid dynamic description
progress.

Following the different approaches, exemplary investigations are presented. Zobel-Roos et al.
investigated a dedicated membrane module by splitting it into five different models.'?® Here, the
different device sections obtained their axial dispersion coefficient, which was determined by error
minimization. In addition, the separation of membrane and device was recently investigated with
computational fluid dynamic simulation.® However, while suitable for dedicated investigations, the
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feasibility for scale-up parameter determination is missing in both examples. This said, the discussed
applied models consist of a significant number of parameters that are not directly accessible.

All things considered, for a successful model-based scale-up, the fluid dynamic of the device and
stationary phase needs to be characterized. In addition to the typical characterization, further
investigation of the device's suitability for scaling is needed. A scale transfer between different device
flow patterns and stationary phase properties, such as swelling, must be considered. The number of
models and model parameters must be minimized for the specified target investigation.

Adsorption

Following the fluid dynamic description and the need for a scalable device and model development,
the chromatographic interaction, e.g., mass transfer, is considered in the model building. The mass
transfer from the fluid phase towards the stationary phase is typically considered diffusion hindered.
This said, the effect of diffusion on the required residence time depends on the length that a molecule
wanders until it binds towards a free ligand. Following this, the mass transfer restriction relevance
depends on the stationary phase properties.

The mass transfer coefficient ke, first introduced in chapter 1.2.3.1, is commonly assessed with the
dimensionless Sheerwood Sh number applying the Peclet Pe number in the range of 0.0016 < Re < 55.
In addition to the presented correlation, further application within different fluid dynamic arrays is
described by Dwivedi et al. and Williamson et al..}2122

In addition to general mass transfer restrictions, the pore diffusion induced mass transfer limitation,
represented by the pore diffusion coefficient Dy, might be considered for porous spherical stationary
phases. The pore diffusion can be derived with correlations introduced by Carta and Jungbauer in
Eqg. (1.19).12® Following this proposed correlation, the pore diffusion coefficient is calculated by the
product of pore porosity €5, molecular diffusion coefficient Dn,;, and diffusive hindrance coefficient
U, divided by the tortuosity factor t.,. The diffusive hindrance coefficient is presented in different
ranges depending on the ratio of pore and molecule radius, considering size exclusion/hindrance. The
tortuosity factor represents the uneven diffusion in real particles with stochastically pore size
distribution. Following this, the tortuosity factor is a factor that is determined by geometrical rules of
thumbs or parameter assessment between modeling and experimental results.

Dpi=—"——"""Yp, (1.19)

The experimental determination, apart from model parameter assessment of mass transfer effect, has
been constantly focused on in recent research 103105121122 Thys dyed proteins and/or stationary
phases were examined in a confocal laser scanning microscope to evaluate the feasibility of
determining size exclusion and mass transfer restrictions.'?#126 However, this new application presents
challenges in the experimental set-up, such as correct protein/dye concentration and general
preparation.

The pore diffusion implied mass transfer restriction might not be dominant for stationary phases
diverging from particulate resin-based stationary phases. Due to their convective pore structure, MAs
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are not considered mass transfer-limited stationary phases.’%®'?” Following this, the mass transfer
restriction is often simplified in MA models reducing the model complexity.

Following the molecule route towards the stationary phase, the adsorption process description
remains open. The state-of-the-art descriptions of adsorption processes onto a stationary phase in
chromatography are isotherms such as the steric mass action model (SMA) and the Langmuir Isotherm.
In addition to those two isotherms, derivative and/or specific Isotherms, e.g., modified Langmuir
Isotherms, are applied in chromatographic models.

The SMA is capable of representing molecular properties in Eqg. (1.20), while the Langmuir Isotherm in
Eqg. (1.21) is limited to more general parameters. In contrast, the Langmuir Isotherm can also be
applied to hydrophobic adsorption in Eq. (1.22). However, the Langmuir Isotherm does not deliver a
direct linkage of the applied parameter to stationary phase properties.'?®12° Consequently,
investigating and comparing the adsorption process on different stationary phases is facilitated by the
SMA isotherm compared to the Langmuir isotherm.

In Eq. (1.23), the equilibrium concentration ceq,i results from the stationary phase, process parameters
and molecule properties. This stationary phase and molecule properties are steric hindrance o,
characteristic charge v, binding capacity g, equilibrium constant keq, and ionic capacity A representing
the number of available ligands. The SMA is applicable for ion exchange interaction which is why the
salt concentration c; represents process conditions. The Langmuir isotherm in Eq. (1.21) describes the
competitive binding capacity with the ratio of maximum binding capacity gmax,, equilibrium constant,
as well as the equilibrium concentration reduced by the sum of competitive effects/molecules. This
said, the sum of competitive effects is represented by the sum of equilibrium constant and
concentration of these molecules. For multi-layer adsorption, the Langmuir isotherm is typically
extended to a linear function considering the equilibrium and salt concentration as well as a multi-
layer coefficient ci. Following the PD route for different stationary phases and molecules, the SMA is
applied and investigated throughout this work.

v
qi €1
Cop i = ——+ (1.20)
eat keq <A - Z?:zl(vi + Ui) Ch')

Amax,i * keq,i *Ceq,i

qij = (1.21)

= m :
1+ Zj:l keq,j Ceq,j

Amax,i * keq,i " Cegq,i

qij = + Ceqi €1 G (1.22)

= a .
1+ X0 1 keq,j* Ceqj

The ionic capacity summarizes the bound counter ions g; and the sum of bound components in
Eg. (1.23). The accessible salt ions q; are represented by the overall bound salt ion capacity q;
considering the adsorbed component properties including the characteristic charge and steric
hindrance parameter in Eq. (1.23) to Eq. (1.25).
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n+1

A=gqy + Z(Vi +01)q; (1.23)
i=2

n+1

A=q+ Z Vi q; (1.24)
i=2
n+1

Q=70 — z 05 q; (1.25)
i=2

The charge and equilibrium constant for a single component solution can be determined by curve
evaluation of log k applying Eq.(1.26) and Eq.(1.27). This said, isotherms are experimentally
determined and in the following, the capacity factor k is calculated. The SMA parameters can then be
derived by plotting the logarithm capacity factor against the logarithm of the mobile phase salt
concentration.® In multi-component evaluation, this linear approach can be applied for initial
isotherm parameter assessment while refining the isotherm with error minimization.®!

1— .
k' = £. (&> (1.26)
& C;
1-¢
logk' =log (T . keql,i -A"i) —v; - log(cy) (1.27)

Following the statement of negligible mass transfer restriction for convective material, the adsorption
process for MAs urges accurate description. The model simplification for MA shifts the sensitivity
towards fluid dynamics and adsorption processes. In addition, MAs typically consist of high ionic
charges while presenting a lower surface area when compared to resins. This said, competitive
adsorption processes such as the displacement effect might be a pronounced effect on MAs.

Several researchers have comprehensively described the principle description of displacement effects
as e.g. the Steven Cramer group® 13132, among others as the Georges Guichon group®**!* and the
Massimo Morbidelli group®%, In displacement chromatography, components of a mixture, which
are bound to the stationary phase, are selectively eluted by applying a specific displacer. Then, the
specific displacer is characterized and selected by calculating the separation factor a in Eq. (1.28). The
displacer dynamic affinities A are calculated in Eq. (1.29).

== (1.28)
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K;

(1.29)
CIDisplacer

/11':

CDisplacer

The previous work of Cramer et al. can also be applied to identify competitive binding-based
displacement effects. This said, the rearrangement of the SMA in Eq. (1.30) displays three groups (T1,
T2, and T3) representing the different interactions. The ligand availability for the component m is
represented in term T1; term T2 can be described as the reduction of available ligands by the bound
component m, and T3 includes competitive adsorption depending on the surface charge, the sum of
steric hindrance o, and characteristic charge v of each component.

1

= I Cs Iyt ) g
m= 1.30)
(Vin + m) — (Vi + ) (
1 (Ceq,m ' Keq,m)vm (Vi + o) T3
T2

Applying Eg. (1.30) for a two-component system simplifies the identification of competitive
adsorption-based displacement effects in Eq. (1.31) to the differences in steric effect and characteristic
charge of the two components.

1

g = a4 Qe —(v2+62)-q
1 (i +_/61) L (vi+0y) Z (1.31)
T1 (Coq1 " Keg1)"t - (v +01) D a—
T2

The relevant terms for competitive adsorption processes T2 and T3 can be evaluated within the typical
component parameter range, as exemplary presented in Table 1.2. In addition, the binding capacity
and equilibrium concentration of component 1 need to be set, here 6.7 e-6 and 3.3 e-7 with 0.05 M
salt. In addition, the binding capacity range might be set from 1.0 e-5 M to 2.0 e-5 M doubling the
component 2 binding capacity. Following this, the effect on the component 1 isotherm can be
investigated at different T2 and T3 combinations (low, medium, and high values) in Figure 1.10.

Table 1.2: Parameter range applied for the T2 and T3 analysis.

Parameter Vi o1 K> 73 02

Value [-] 4,6,8 250, 500 1,5, 10, 100, 10000 4,6,8 250, 500, 10000

The binding capacity of component 1 increases with the T2 term in Figure 1.10. In addition, the
component 1 binding capacity does not decrease with increasing component 2 bound. Following this,
T2 is not necessarily suitable for competitive adsorption process identification.

Observing T3 in Figure 1.10 reveals a decrease in the binding capacity for component 1 through the
increase in the concentration of component 2 as T3. However, the examination of term T3 also
presents indifferences in the maximum binding capacity values of component 1. Here, an explicit
correlation statement of component 1 binding capacity and T3 is not possible, indicating the mutual
impact of T1 and T2.
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Following the T2 and T3 interactions, any change in these affects the binding capacity of component 1.
However, the competing effects are exclusively present with high values for T3, enabling a clear
interaction strength description.
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Figure 1.10: Parameter screening for the rearranged SMA equation terms T2 and T3 at different component 2 concentrations. With
increased T2, the binding capacity of component 1 increases whereas the binding capacity of component 2 at increasing concentration
remains constant. With increased T3, the binding capacity of component 1 is dominated by other parameters rather than T3.
However, the binding capacity of component 1 decreases with increasing component 2 binding capacity and T3. For increasing T2, the
salt-induced component 1 binding capacity reduction increases. Following this, the displacement observations might be concealed by

T2. However, T3 can be identified as displacement identifier and thus as interaction strength.

The descriptions above present no significant salt dependence of displacement effect, which is not
confirmed by the already published displacement chromatography investigations. This said, different
salt concentrations, for this introduction 0.05 M —0.16 M, should be considered when investigating
competitive adsorption processes, see Figure 1.11. Following the description of T2 in Eq. (1.31), the
non-linear correlation between equilibrium concentration, binding capacity, and salt concentration
enables a possible shift in the competitive adsorption processes. This effect is represented in Figure
1.11. Furthermore, increasing salt concentration decreases the isotherm slope change. Following this,
the salt concentration can facilitate or impede displacement effects.
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1.2 Downstream process development

In summary, the competitive adsorption investigation by mechanistic modeling allows a deeper
understanding of the interactions. Consequently, process effects and new operation modes can be
considered in PD based on isotherm data. Furthermore, the investigation can lead to the competitive
adsorption identification upfront, thus avoiding scale-transfer challenges. These opportunities will be
discussed in detail in chapter 4.
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Figure 1.11: Investigation of salt-induced nonlinear change in the isothermal slope. Upper graph isotherms at different salt
concentrations and the applied range for slope determination. The salt-dependent isotherm slope, resulting from the upper graph, is
shown in the lower graph. Following the nonlinear isotherm slope, the different affected components equilibrium concentrations and
binding capacities state the salt dependency of displacement effects.

Procedure and industrial significance

The model building procedure can be manifold. In general, the first step is evaluating the dedicated
system with regard to the aim. Markedly, the fluid dynamic optimization of a device or the scale
transfer will need a different level of detail while the system observed is the same. Figure 1.12 A)
presents a schematic representation of the system evaluation. Following the aimed result, as
previously described, different models and model depths need to be investigated. This said,
assessment of the relevant parameters would reduce the effort and enable the focus on in-depth
needed parameters, exemplary presented for the mass transfer in Figure 1.12 B). The prior knowledge
of either fluid dynamic or mass transfer effects, represented by device and stationary phase
information, is needed. The current publications in modeling focus shifts from specialized models to
reviewing existing and new model approaches.?11313% However, the industrial application is hindered
by broad model approaches occasionally including extensively parameter determination, while the
significance of the dedicated system is unknown. Contrary to presenting a new model building
approach, the development of a model library incorporating existing and new approaches is missing.
Developing a new model applying mechanistic modeling is time-consuming and will only gain weight
in the industry when existing models and parameters can be applied to new challenges.
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Figure 1.12: Schematic system evaluation for reduction in modeling effort within prior knowledge library. Following the overview in A),
the experimental and modeling depth can be assessed with the in B) identified significant effects. Depending on the modeling depth
defined in A), different foci may initially be relevant for scale transfer or mechanistic studies. Furthermore, investigating the relevance
of fluid dynamic and mass transfer presents the need for detail of the respective effects. The model building procedure could be
further accelerated with available prior knowledge/models. In addition, B) presents stationary phase properties and estimation of

dominant effects.

Following the prior knowledge library approach for mass transfer restriction in Figure 1.12 B), the
stationary phase properties can be used to assess significant effects. This approach is already
established for empirical chromatographic PD reducing the experimental variables of stationary phase
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characteristics, ligands, and process parameters.*>14° However, in empirical PD, this approach is only
feasible for a set of molecules expressing high similarity, such as the classical mAb purification
processes. The typical classification scheme for chromatographic steps employs a) chromatographic
processing mode, b) stationary phase scaffolds, c) backbone structures, and d) chromatographic
interaction mode. This said, the library approach can be applied to modeling receiving assessments of
diffusive length, porosities, ligand densities, and channel sizes. The benefits are, among others, model
building and identification of the best suitable stationary phase. This said, a standardized approach
and screening procedure are needed to characterize stationary phases towards a streamlined PD
incorporating existing and new process procedures.

Developing a standardized approach utilizing the benefits of high throughput screening could consist
of manufacturer stationary phase and devices information supplemented by experiments and
modeling information for PD.

The manufacturing information for a possible process mode is a function of scaffold, backbone,
interaction mode, and feed stream composition. To sort the various properties of the scaffolds, they
are grouped into: a) bead, b) monolith, c) fiber, and d) MA (Figure 1.2). Bead-based scaffolds usually
have a backbone structure consisting of particle diameter in the range of 50 — 500 um and pore
diameter of 20 - 160 nm.2%%97 These scaffolds are usually based on silica, polysaccharides, acrylates,
or methacrylate and can exhibit additional surface modifications.’*® Numerous researchers have
shown a close relationship between molecular size, optimal pore diameter, and achievable binding
capacity.1%8109142 Hynter et al and Svec, among others, point towards an ideal particle pore to protein
diameter ratio of about 10-12.119143147 Thjs rule of thumb correlates to the molecule specific accessible
surface area and thus available binding sites, nearly independent of the overall ligand density. A meso
and macro pore structure can characterize monoliths as bead-based scaffolds. The monolith macro
pores are called flow channels with a typical channel size in the range of 1-6 um #815°, while the meso
pores are in the range of 2-50 nm.1961481%9 The scaffold of monoliths consists of different materials like
silica, polyacrylamide, cellulose, styrene, and polyglycidylmethacrylate.!*®>! Monoliths and beads
tend to express mechanical instability due to the high internal porosity.'® Depending on the
formulation and packing procedure, fiber-based backbone structures consist of flow channels in the
range of 0.5 — 20 um and a surface area of 2-20 m?/g. The scaffold can be compared to monoliths and
membrane material, e.g., polyethylene terephthalate, and cellulose.®*%5* MA backbone structures
with pore sizes of 2-4 um are known for their high applicable flow range with relatively low-pressure
drop.’! These MA backbones are usually made of organic material such as cellulose and its derivatives,
polyethersulfone, polypropylene, and polyvinylidenfluoride, exhibiting a surface area of
0.6 — 3 m?/g.1%31% |In summary, the stationary phase properties provided by the manufacturer can be
applied to assess the diffusive length, adsorption location, and stability. Furthermore, the physical
protein properties were investigated heuristically by several researchers. These physical properties
are related to the schematic investigation in Figure 1.12 B) , facilitating the integration of stationary
phase information in the PD workflow.?

Thereafter, the stationary phase manufacturer typically provides information such as the ionic
capacity and ligand attached to the stationary phase. However, the ligand density is typically provided
as the amount of ligand per stationary phase volume, which neglects the distance from ligand to ligand.
Following this, the protein accessible specific surface area should be considered. The specific surface,
if not available, can be assessed within the BET (Brunauer, Emmett, and Teller) or microscopic
measurement, while the molecular accessibility is typically investigated with tracer experiments

45



1.2 Downstream process development

applying different sizes of reference molecules, e.g., dextran or pullulan.?-11712015 Thjg said, besides
the accessible specific surface area for a given molecule — mostly determined by the chosen backbone
structure - the ionic capacity or density can be a variable influencing the binding capacity, selectivity,
and the mass transfer rate.14144146,157 Thys, various backbone structure modifications are available to
influence the ionic capacity distribution and/or distance between ligands of a stationary phase, such
as a) surface modification, b) grafted polymers, and c) gel in a shell.}*! The various modifications can
influence the binding capacity and/or mass transfer by changing the ionic forces or ionic charge
distribution.?!®

After all, the manufacturer information already provides valuable information in assessing relevant
processes and model parameters. Even so, mechanistic modeling publications in PD have increased in
the last few years, but unsorted procedures hinder the broad application and use. However, a possible
solution might be the development of a living process and model library which would, in the future,
also need to incorporate molecular information, correlation in separation -molecular similar
charge/size distribution - and ionic stationary phase density distribution and correlation for each
dedicated process type. Consequently, this model parameter determination could be integrated into
the PD experiments with the streamlined approach presented in Figure 1.12.

1.2.3.3 Modeling characterization

Characterization of systems

The model building is typically performed on a lab scale by applying HPLC and LC benchtop systems.
These systems consist of different buffer containers, several meters of tubing, at least two pumps, a
kind of injection loop, mixing chambers, different detectors, and fractionation devices, see Figure 1.7.

In addition to the desired model selection and mode depth, the system geometry should be considered
for a suitable model. For example, the model parameter velocity and axial dispersion consider the
geometry in length, diameter, and volume. For a detailed fluid dynamic description, mixing points such
as mixing chambers or redirection of liquid, axial or radial, might be a reason to increase the model
depth. Following the theoretical/physical investigation of the system, the model parameters such as
mixing tank size and mixing factor for CSTR or axial dispersion for PFR model approaches are
evaluated.1'®119158159 The fluid dynamic evaluation is typically performed by tracer experiments in
inject and/or step gradient experiments, see Figure 1.13 A).
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Figure 1.13: Exemplary acetone tracer experiments for different injection volumes, velocities, and systems. In A) different velocities
and injection volumes are compared. The differences between various flow rates and systems at 2 mL injection volume are presented
in B.
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In addition to model-assisted parameter assessment, the overall axial dispersion coefficient of the
device can be derived by calculating the Bodenstein number / Peclet number based on the
experimental results.”®%8192 This said, the overall device axial dispersion coefficient merges all system
and/or device effects. Following this, the system and the device are typically segregated into one or
more system and device models. In addition, the different buffer flow paths used in experiments are
also considered in modeling when a gradient or step function of feed is performed by one of the buffer
pumps. The tracer experiments discussed earlier are also applied to determine the residence time or
volume of the molecules transitioning the system, as presented in Figure 1.14. This said, more detailed
fluid dynamic procedures and descriptions might be found in the work of Octave Levenspiel.??

Following the procedure in Figure 1.14, the raw data selection in A) is transferred to a homogenous
signal by integration or differentiation of the injection/peak or step/sum function, respectively. The
sum function’s first derivative will determine the average residence time/volume at the peak
maximum. Following this, the calculated and experimentally derived peaks are areas normalized,
preserving the peak shapes and allowing comparability. In Figure 1.14 B), the centroid of the area is
used to normalize the abscissa values to the average residence time/volume. The different system
signals in Figure 1.14 B) of Akta® Prime, Akta® Prime 2 and Akta® Explorer are now directly comparable
The peak width is marginal, increasing from the system Akta Explorer < Akta Prime2 < Akta Primel.
However, the comparison of different signal types requires sufficient methodology. Following this, the
injection mode, adequate injection volume, and concentration must be investigated to obtain valid
results. The step injection mode, however, reveals further information, such as switching to a different
pump line, as presented in Figure 1.14 C). Following the observation in C), the normalized sum function
data present significant differences between the systems of Akta® Explorer and Akta® Prime when
comparing the increasing and decreasing signals. The Akta® prime presents a narrow peak form in the
increasing sum function while a wider peak form in the decreasing sum function analysis when
compared with the Akta Explorer. In addition, the Akta Explorer presents a comparable peak width in
increasing and decreasing sum function analysis. In summary, the detailed system analysis revealed
the requirement to build a model for each system. In addition, modeling each system would not only
increase the simulation reliability of the simulation but also allow the integration of each system into
a model library.
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Figure 1.14: Exemplary area weighed fluid dynamic investigation of different tracer signals and systems. The data handling is described
in A, beginning with the raw data selection in the increasing tracer sum function and transferring it to the peak function within the first
derivative revealing the average residence time/volume at the peak maximum. Following this, the derived peak is integrated, the area
normalized, and the first derivative obtained. In B, different system tracer injection peaks for the Akta Prime, Akta Prime 2, and the in
A) obtained sum function signals are presented, normalized to the obtained area weighed volume. This said, the system fluid dynamic
is comparable, presenting systems with the same capillary diameter and comparable length while small differences are presented in
the peak width. The peak width increases from the system Akta Explorer < Akta Prime2 < Akta Prime1. The injection mode requires a
sufficient investigation of injection volume and concentration to obtain valid results. In addition, the step injection typically reveals
further information, such as switching to a different line, as presented in C. Following the observation in C, the sum increasing and
decreasing signal of Akta Explorer and Akta Prime shows significant differences between the systems. The Akta prime presents a
narrow peak form in the increasing sum function, while a width peak form in the decreasing sum function analysis when compared
with the Akta Explorer. In addition, the Akta Explorer presents a comparable peak width in increasing and decreasing sum function
analysis.

Characterization devices

Devices typically consist of the device inlet, a type of fluid distribution for homogeneous concentration
profile, the stationary phase, as well as fluid collector and outlet. The separate device description
without the stationary phase might be possible but can also present wrong assumptions/parameters.
Therefore, fluid distributors are developed for a dedicated application. The missing resistance, e.g.,
stationary phase induced back pressure, can present an inaccurate fluid dynamic representation when
the device is investigated without the stationary phase. Following this, fluid dynamic device
investigations, including the stationary phase, are typically performed.1%6118120 However, the system's
geometrical parameters, and previous investigation also apply to the device. In addition to the
geometrical parameter and tracer experiments, the porosity and stationary phase-induced changes
might be considered. The chemically modified stationary phases can consist of spacers, additional
binding volume, or hydrogels that change with the surrounding conditions, as presented exemplary in
Figure 1.15. This said, the porosity and/or void volume depends on the process conditions and can
promote fluid dynamic changes in addition to adsorption.
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Figure 1.15: Exemplary device fluid dynamic deviation at different process conditions. In A), the raw data of a Sartobind Q Nano device
is presented at equilibration and elution conditions. The different process conditions are leading to changes in peak width and
retention time/volume, as presented in B.

Characterization stationary phases

In addition to the manufacturer stationary phase information presented in chapter 1.2.3.2, the
experimental model parameter determination can be divided into additional physical/molecular and
adsorption parameters.

The physical/molecular parameter determination describes the evaluation of porosity and molecular
accessible pore structure. Therefore, the stationary phase porosity is determined by applying BET
measurements. The BET measurement generally describes the desorption behavior of liquid nitrogen
in the stationary pores, which is then selectively evaporated by defined pressure ramps.10161
Furthermore, the in chapter 1.2.3.2 discussed that tracer experiments typically apply tracers of
different sizes, e.g., pullulan and dextran.?12° Doing so results in a molecular size-related accessible
pore volume. The accessible porosity is then calculated for the stationary phase or device according
to Eqg. (1.32) and (1.33). Deducting the difference of the tracer retention volume Vieitracer and the
external retention volume of the device and/or system - Vgevice, Vsystem - divided by the stationary phase
volume Vwua provides the tracer-related porosity.

_ Vret,tracer,i - VDevice - VSystem (1.32)

Via

_ Vret,tracer,i - VSystem (1.33)

VDevice

gstationary Phase,i

Epevice,i

As previously described, the SMA model parameters are ligand density, represented by the ionic
capacity, the isotherm parameter, and the kinetic parameter.'® his said, the ionic capacity is typically
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assessed by titration. Following the titration of an ionic charged stationary phase, the stationary phase
is preconditioned with the counter ion of the stationary phase (acid or base). Thereafter, the stationary
phase is washed with purified water and subsequently flushed with a step signal of the oppositely
charged acid or base, washed, and repeated. The conductivity signal is evaluated within the difference
of the stationary phase-related titrated mass in the two titration steps according to Eq (1.34).18! The
ionic capacity is calculated by deducting each titration's acid/base titration mass corrected by the
porosity € corrected stationary phase volume Vya,

_ fCTitration 2" Writration 2 fCTitration 1" Writration1

A Vma-(1—¢) Va1 —¢)

(1.34)

Next to the ionic capacity determination, the isotherm adsorption parameters are assessed. The
experimental evaluation is typically performed with batch experiments.®”162163 This said, a known
portion of the stationary phase is placed into several containers, equilibrated, loaded with different
feed masses, and shaken/mixed until an equilibrium state is achieved. Thereafter, the liquid
concentration is measured and either corrected by the theoretical pore volume in Eq. (1.36) or the
stationary phase transferred to a second vessel with equilibrium buffer washing out the unbound
molecules in Eq. (1.37). Subsequent to the wash step, the elution is performed, and the mass balance
is closed. The two presented procedures have other inaccuracies. Applying the theoretical stationary
phase volume requires an exact knowledge of the stationary phase properties and can result in
deviations due to the usually small sample volumes. The second approach, applying a wash and elution
step, affects the equilibrium concentration by diluting the surrounding conditions. Following this, the
equilibration buffer will reduce the overall liquid phase concentration and induces an elution. In this
approach, the mass found in the wash step would then be added to the equilibrium mass.
Consequently, the partially eluted mass would be wrongly added to the equilibrium concentration.
The binding capacity gqma, is then calculated by the difference of feed applied Meeeq;i and the residual
liquid feed Mequiibration relative to the porosity corrected stationary phase volume Vma(1-€total) in
Eq. (1.35). This procedure is then repeated at different process conditions, such as pH value and/or
conductivity. 8

_ mFeed,i - mEquilibration,i

Amai = (1.35)

Via - (1 = €rotar)
MEgquibration,i = Vliquid,load * Cliquid,load + Vo 1- <‘:Tolfal) " Cliquid (1.36)
MEquibration2,i = Vliquid,load * Cliquid + Vliquid,wash * Cliquid (1.37)

The isotherm parameters are determined with the batch experiment results using error minimization.
This said, the in Eq. (1.4) introduced parameters - steric hindrance t, characteristic charge v and
equilibrium constant - are derived.

The isotherm determination is sensitive to several experimental parameters, which need to be
evaluated in advance: The time until an equilibrium state is achieved must be evaluated, possible liquid
evaporation considered or prevented, the stationary phase properties and masses must be known.®®
In addition, the binding capacity of the stationary phase must be sufficient to enable a reliable
detection, the number of batch experiments must be sufficient to represent the isotherm, and high
experimental care must be considered in the experimental set-up. Furthermore, competitive binding
changes the shape of the isotherm as a function of component concentration. Following this, different
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approaches were investigated to mitigate the isotherm parameter determination, e.g., additional
breakthrough experiments and/or model-assisted isotherm parameter determination.

Dynamic HTS screening should be a supplementary possibility for convective stationary phases to
assess additional isotherm parameters.> This said, a process comparable in HTS set-ups could be
applied to estimate additional isotherm measurement points provided that the various injections
applied to satisfy certain constraints. Such constraints result from the time necessary to achieve an
equilibrium state. Following this, either the injection rate is small enough to reach an equilibrium state
or the time step between the pipetting steps is large enough. Each fraction would represent an
isotherm measurement, while an inter-column concentration gradient might illuminate competitive
binding, comparable to Figure 4.4. The Yamamoto method applies different salt gradients at a barely
loaded stationary phase and provides the linear isotherm information such as characteristic charge v
and equilibrium constant Keq.1®* Thereafter, the kinetic constant and steric hindrance parameter can
be assessed with model-assisted error minimization of the same or additional experiments, including
breakthrough experiments.
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2 Thesis Outline

2.1 Research Proposal

During the last years, increasing interest in the pharmaceutical industry was shown towards industry
4.0, including mechanistic modeling. In addition, the COVID pandemic presented the pharmaceutical
industry as one of the core business areas in providing health and although economic growth. The
recent development has presented the need to speed up PD times. While upstream PD and processing
have transformed in screening and processing efficiency, batch downstream processing has become
the bottleneck.1®%611316> The unit operation most often relied upon in DSP for separation efficiency
and reliability is chromatography. Despite the frequent use of chromatography, PD is challenging
owing to the many different types of chromatography, processing modes, and process parameters.
These challenges have been overcome by applying different PD tools, e.g., experimental, prior
knowledge, mechanistic, and/or statistic modeling.

However, the different tools developed mainly for one stationary phase impede a level-playing field
for all stationary phases, which is why these tools are only partially intertwined. Following this, a fast
and effective scale transfer is impeded by the lack of harmonization in development tools and
standardized procedures. The scale-down devices (SDD) typically applied in HTS are miniaturized
robotic columns of 0.2-1 mL bed volume.?>3%% While column chromatography is a standardized and
widespread application; this is only conditionally true for convective chromatography such as
membrane chromatography. MAs have long been recognized as offering significant advantages over
resin-based chromatographic processes when used for contaminant removal in a flow-through (FT)
mode.*®1¢” However, due to high mass transfer rates observed in MAs and, thus, significantly elevated
productivity, their use can also be advantageous in capture steps. However, what is considered the
established toolbox in chromatography - i.e., robotic columns, model-based PD - has yet to be
developed and established for MA-based PD. In addition to the lack of a small-scale experimental setup,
SSD is, in principle, able to provide a first appreciation of dynamic effects.>**”>° However, fluid
dynamics abbreviations, as well as wall and mass transfer effects, are known challenges between
existing SDDs and lab-scale columns.3>°1°659% This said, direct transfer from small-scale laboratory
experiments to production scale is hardly possible. Mechanistic modeling (MM) is considered a
possible bridging technique between small-scale laboratory experiments and a successful scale
transfer. In combination with mechanistic modeling (MM), a digital twin (SDD — MM) can be generated,
which based on deeper understanding, allows the transition from a unit operation to full-train PD.
Thus, the predictive power - if given - of a scale-down model can overcome the mentioned limitations
of a purely experimental approach. However, mechanistic modeling and the facilitation of a small-
scale digital twin/model-assisted support are currently published only for resin-based
approaches, 35395658168

In addition to the harmonization in screening techniques and description between different stationary
phases, different adsorption phenomena can facilitate or hinder different processing modes. Following
this, a fast and cost-effective PD conditions the consideration of the present adsorption processes to
utilize the best processing mode. Simplified, competitive adsorption is present when the mixture's
higher attracted component is less proportional. This said, the binding capacity depends on the
concentration/ratio of the individual component. Following this, the competitive binding will not only
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affect the best suitable process mode but also change process outcomes when not considered.
Different operation modes utilizing completive adsorption have been utilized in the past. In the case
that the feed mixture itself exhibits competitive binding components and the product is displaced from
the stationary phase by the impurities, a typical frontal chromatography (FC) mode is used.®13¢
However, the determination of competitive adsorption/displacement effects and the dedicated
laboratory small-scale determination are rarely recognized. This said, the early investigation,
description, and transfer of the present adsorption phenomena is a piece of important information
when a PD in general or a PD including a living library approach is performed.

Developing a state-of-the-art process, e.g., mAb purification, typically involves the standardization by
process library implementation/usage enabling certain cost efficiency and time-saving.l’-34169,170
Platform processes use a fixed set of unit-operation and stationary phases, minimizing PD effort while
at the same time ensuring acceptable selectivity, capacity, and robustness. This approach, however, is
only feasible for a set of molecules expressing high similarity, such as the classical mAb purification
processes. Accelerating time to market demand with different entities, generic products, and new
processing modes requires a more dynamic strategy. The typical (static) platform PD only focuses on
a few process parameters, limiting itself in transferability, and its success relies on fragile individual
knowledge. Future strategies need to rely on standardized strategies for choosing various unit
operations, allowing a more dynamic PD leading to diverse but highly robust and productive processes.
Therefore, a PD strategy is needed that emphasizes a living library approach comprising the
development of an HTS SDD set-up considering various stationary phases and is complemented by a
model-assisted digital twin incorporating competitive adsorption processes.
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2.2 Manuscript overview and author statement

The in this work performed research is represented by three manuscripts subsequent listed. These
manuscripts are ordered by the chapter and page number, followed by a brief summary. In addition,
a not yet published fourth manuscript is presented.

This work aims to enable a living library approach for different stationary phases, processing types,
and tools. This living library approach is initialized by facilitating a level-playing field for convective
material and utilizing mechanistic modeling for the early development phase at small-scale laboratory
experiments.

Chapter 3. HTS setup of a Scale-down Device for Membrane Chromatography - Aggregate Removal
Of MoNOCIONAl ANEIDOAIES.......ccciiiiiiiiictccr ittt cssre e e snssssss sesasssessnesasssnasssssasssnssasssasssasnnses 54
Dominik Stein, Volkmar Thom, Jiirgen Hubbuch

Biotechnology Progress (2020) Volume 36, Issue 6, e3055

Chapter 3 presents the developed HTS SDD setup for convective material, here MA. Three case studies
for a monoclonal antibody aggregate removal were performed with the aim of aligning HTS
applications for MAs with those established for column chromatography: process parameter range
determination, mechanistic modeling, and scalability. The first case study explores the experimental
application of the SDD developed. Following this, bind and elute mode is applied, exploring different
variations of pH and salt concentration to obtain process operation windows for ion-exchange MAs
Sartobind® S and Q. In the second case study, the developed mechanistic model is compared to
experimental data with the parameters obtained from the SDD - HTS setup. Finally, the third case study
investigates the transferability and scalability of data from the SDD - HTS setup using both a direct
scale factor and mechanistic modeling.

In addition to the harmonization in screening techniques and description between different stationary
phases, present or different adsorption phenomena enable or impede different processing modes.

Chapter 4. PD exploiting competitive adsorption-based displacement effects in monoclonal antibody
aggregate removal - a new high throughput screening procedure for membrane
ChromMatoBraphy....... et e s s seses s sresnssas snesnnssssssee sassassnesnssssessnssassrsasnassanssnasnssans 78
Dominik Stein, Volkmar Thom, Jiirgen Hubbuch
Biotechnology and applied biochemistry (2021)

The study mentioned above investigates competitive adsorption processes and new processing modes.
Therefore, the adsorption processes are investigated and supported by mechanistic modeling, aiming
for a key parameter to identify competitive adsorption. In addition, the new HTS screening procedure
overload bind and elute (OBE) is employed to verify competitive adsorption experimentally. The OBE
mode is investigated in its ability to deliver classical process parameters, e.g., process maps and
dynamic effects, such as displacement effects. In addition, the derived information is used to employ
a new processing mode in which the feed passes through the column and is then recirculated to the
feed tank.

The previous work enables a level-playing field in small-scale evaluation and processing, which can be
used to implement a living library and identify suitable stationary phases for a given separation task.
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Chapter 5. Streamlined PD procedure incorporating the selection of various stationary phase types
established in a mAb aggregate reduction study with different mixed mode ligands.................... 97
Dominik Stein, Volkmar Thom, Jiirgen Hubbuch

Biotechnology Progress (2021) Volume 38, Issue 2, e3230

The in chapter 5 work presented extends the previously harmonized stationary phases screening
techniques with the selection of stationary phases and process modes in PD. Furthermore, the
introduction of a living library proposes harmonizing different information types. Therefore, a rigorous
strategy will be pursued to reduce the various experimental design space resulting from possible
combinations in scaffolds, backbones, and ligands. The strategy is based on theoretical considerations,
identification of stationary phase selectivity, and capacity for identifying a suitable stationary phase
system, here MA. For these systems, five mixed mode ligands and various MA candidates are
investigated in their high molecular weight species (HMWS) reduction potential for a given mAb feed
stream and referenced to the performance of Capto™ Adhere. The procedure guides the integration
from initial theoretically/manufacturer-guided information, initial ionic capacity to the verification in
HTS while enabling the integration in a living library.

Chapter 6. Full train product development from lab 2 production procedure — incorporating a living
library with mechanistic modeling - from HTS Scale to pilot scale of Membrane Chromatography in
aggregate Removal of Monoclonal
A g o oo L= N 117
Dominik Stein, Volkmar Thom, Jiirgen Hubbuch

In preparation

Finally, the study mentioned above-investigated PD tools' linkage to a universal approach. A procedure
is introduced guide PD to transit from partially connected development tools to a fully integrable
process development living library approach. Therefore, the investigated process tools are linked by
three sub-case studies in which mechanistic modeling enables the link, preservation, and further
investigation of process information. The approach is divided into fluid dynamic investigations,
integration of historical data including isotherm information, and kinetic transfer, including scale-up
verification. Following the fluid dynamic investigation, new devices are developed to separate
stationary phase and device effects. In addition, historical information from different stationary phases
can be integrated into the living library. The second part of this work focuses on integrating historical
data by assessing apparent isotherm parameters from existing data, in this case, HTS data. Finally, the
kinetic effects are evaluated, and a scale-up experiment verifies the approach. Generally, the approach
uses thoroughly engineering and commonly known dimensionless numbers for the scale transfer
linked by mechanistic modeling. The approach guides PD to develop a living library approach, linking
the previous studies with a workflow to the final scale-up. Consequently, the transitioning from
partially connected PD to a fully integrated PD strategy by applying mechanistic modeling linked living
library is presented.
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3 HTS setup of a Scale-down Device for Membrane Chromatography
- Aggregate Removal of Monoclonal Antibodies

Dominik Stein'2, Volkmar Thom?, Jiirgen Hubbuch?

! Karlsruhe Institute of Technology (KIT), Institute of Process Engineering in Life
Sciences, Section IV: Biomolecular Separation Engineering, Karlsruhe, Germany
2 Sartorius Stedim Biotech GmbH, August-Spindler-Str. 11, D-37079 Goettingen
Abstract

In biopharmaceutical PD, resin based high throughput screening (HTS) is well known for overcoming
experimental limitations by permitting automated parallel processing at miniaturized scale, which
results in fast data generation and reduced feed consumption. For membrane adsorber (MA), HTS
solutions have so far only been available to a partial extent.

Three case studies were performed with the aim of aligning HTS applications for MAs with those
established for column chromatography: process parameter range determination, mechanistic
modeling, and scalability. In order to exploit the MA typically features, such as high mass transfer and
easy scalability, for scalable high throughput PD, a scale-down device (SDD) for MA was developed. Its
applicability is confirmed for a monoclonal antibody aggregate removal step.

The first case study explores the experimental application of the SDD developed. It uses bind and elute
mode and variations of pH and salt concentration to obtain process operation windows for ion-
exchange MAs Sartobind® S and Q. In the second case study, we successfully developed a mechanistic
model based on parameters obtained from the SDD - HTS setup. The results proved to validate the use
of the SDD developed for parameter estimation and thus model-based PD. The third case study shows
the transferability and scalability of data from the SDD - HTS setup using both a direct scale factor and
mechanistic modeling. Both approaches show good applicability with a deviation below 20% in the
prediction of 10% dynamic breakthrough capacity and reliable scale-up from 0.42 mL to 800 mL.

3.1 Introduction

PD for chromatographic separation in the bio-pharmaceutical industry is challenged by high cost,
limited availability of the target entity and shortened timelines. The abundance of available
chromatographic media and the broad range of possible process parameters result in high
experimental effort for their determination. 3549140

These challenges can be addressed by the established PD tools of high throughput screening (HTS)
robotic platforms for parallel, automated and standardized workflows to accelerate PD efforts and to
use scale-down-devices (SDD) in these workflows to reduce usage of materials and cost.3>%

41,42,171

The fields of application for HTS are, for instance, identification of drugs , biological libraries*#4,

cell cultivation®“®, aqueous two-phase systems*'2 and chromatography performance
estimation.3%%%-53173 |n HTS-based chromatography PD the mode of parameter determination can be

divided into the following: Batch isotherm determination*>*°, process range evaluation®3, scale
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dependency®**%3°657 and scale-down model development®*®8, Typical formats for process range

evaluation and batch isotherm determination are microtiter plates. If needed, fluid flow in microtiter
plates is normally achieved by using micro pipetting devices and/or vacuum. Process-comparable
operations and dynamic effects need to be mimicked in order to allow process predictions. That said,
knowledge of scale-dependent variables is essential and especially critical process parameters need to
be kept under control. Therefore, scale dependency of critical parameters and scale-down model
development are highly connected.

The advantages and disadvantages of different PD scales are shown in Figure 3.1. To summarize, usage
of materials increases with the scale, while potential deviations, e.g., in fractionation or analysis, will
have less effect on the result. On the other hand, small-scales entail high standardization and
availability, as well as less time and usage of material. The standardization shown in Figure 3.1 refers
to the methods and systems used. Within a GMP approved process the standardization is high to meet
the regulatory requirements. However, the process is designed specially to meet the desired criteria
and thus is not easily to transfer. For example, the used system to perform a chromatographic step is
usually customized engineered for the needs of the process and differs between the processes
between pumps, piping and thus dead volumes, detectors, automation platforms and data transfer
rates are used, which is less true for laboratory equipment which is usually built in a standardized way.

E‘Eij @g =

Down scale Lab scale Production scale

models Viomiee $25mL Ve 225mL

VDcwcc < 1 m L

Low High
1. Material consumption
2. Effort and time
3. Predictability

High Low

4. Standardization
5. Availability

Figure 3.1: Comparison of different standard scales. Comparison regarding material usage, effort, time, predictive power, degree of
standardization, and availability

SDD in column chromatography for resin and process window determination are commonly
miniaturized robotic columns of 0.2-1 mL bed volume3>3°°%; in addition, these SDDs can offer a first
appreciation of dynamic effects.>*”>° However, fluid dynamics abbreviation as well as wall and mass
transfer effects are known challenges between existing SDDs and lab-scale columns.3>°1.56:59% Religble
scale-up typically requires additional experiments to be performed on a liquid chromatography system

using lab-scale columns (1-10 mL) with process-scalable bed height.
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In combination with mechanistic modeling(MM), a digital twin (SDD — MM) can be generated, which
based on deeper understanding, allows transition from a unit operation to full-train PD. Thus, the
predictive power - if given - of a scale-down model can overcome the mentioned limitations of a purely
experimental approach.

While column chromatography is a standardized and widespread application, this is only partially true
of membrane chromatography. MAs have long been recognized as offering significant advantages over
resin-based chromatographic processes when used for contaminant removal in an flow-through (FT)
mode.%®1%7 However, due to high mass transfer rates observed in MAs and, thus, significantly elevated
productivity, their use can also be advantageous in capture steps. Processing in a fast-cycling mode at
reduced membrane bed volume lends itself towards single-batch-use of the ready-to-use MAs,
reducing cost of goods by full utilization of the MA lifetime, mitigating bioburden risks, and making
cleaning and cleaning validation efforts obsolete. However, what is considered the established toolbox
in chromatography - i.e., robotic columns, model-based PD, etc. - has yet to be developed and
established for MA-based PD.

In this paper, we are introducing a robotic HTS platform based on a newly developed SDD MA PD to
overcome the gap in HTS applications between resin chromatography and MA. To illustrate the
applicability of this SDD, a process is investigated for aggregate removal of a recombinant monoclonal
antibody (mAb) immunoglobulin G (IgG) feed stream by MA-based anion-exchange (AEX) and cation-
exchange chromatography (CEX) processes. The objective is to align column- and membrane-
chromatographic based HTS by considering the process parameter range, scale dependence and MM
studies. Therefore, three case studies are carried out: SDD - HTS process map determination, the use
of MM to create a digital twin (SDD - MM) of the process in question and scalability considerations of
data obtained by the SDD — HTS setup. During these studies, we thus applied the bind and elute (BE)
mode for process map determination in which the MA is equilibrated, loaded, washed, and eluted in
a step-wise manner. The fraction concentration obtained in step-wise loading is used to characterize
the breakthrough curve at the initial solution conditions, comparable to common liquid
chromatography (LC)-BE experiments. The fully loaded MA is washed and subsequently eluted in
fractions using increasing salt concentrations in step-wise elution. Assuming that the decreased
binding capacity at higher salt concentration also holds true in an FT mode of operation, a process map
with respect to the pH und salt concentration can be determined. Targeted levels of purity and yield
define the available process window. The SDD - HTS setup generates process data that is directly
comparable to a liquid chromatography system and thus should allow for direct scale-up based on HTS
data. Parameter obtained from the SDD — HTS setup were used to compare model descriptions based
on these parameters with obtained process data. Conformity of the SDD —HTS and SDD — MM s
assessed by scale-up experiments with different scale factors.

3.2 Material and Methods

The applications for material used in this study are subdivided into the following: SDD characterization,
HTS and benchtop chromatographic experiments, analytics, and data handling, automation, and MM.
A full list of abbreviations, symbols and indices used throughout this paper is presented at the end
(Table 3.7, Table 3.8 and Table 3.9).
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3.2.1 SDD characterization

SDD characterization includes fluid dynamic investigations with qualitative dyeing- and acetone tracer
experiments as well as determination of the overall binding capacity with lyophilized BSA for
Sartobind® Q and lysozyme for Sartobind® S. The dye used was coomassie blue from Thermo Fisher
Scientific and acetone is purchased from VWR Chemicals. The binding capacity experiments were used
to evaluate the mass balance between bound and eluted mass. BSA supplied by Kraeber, and lysozyme
purchased from Sigma Aldrich were utilized. The Sartobind® MAs employed in our studies are
manufactured by Sartorius Stedim Biotech GmbH. The inline fluid dynamic experiments with acetone
were measured by a prototype UV flow cell with a 60 pL void volume and a 1 mm path length. This cell
was connected to UV/VIS diode array detector supplied by J&M Analytik AG. The wavelength used
were 220 nm and 280 nm.

3.2.2 HTS and benchtop chromatographic experiments

HTS was carried out with a Lissy” 2002 GXXL/8P HTS robot manufactured by Zinsser Analytic, and the
FT experiments were performed using Akta Prime™ and Akta™ Explorer supplied by GE Healthcare.
The two MA devices used were prototype setups, with three flat-sheet-stacked MAs of a diameter of
2.8 cm in a plastic housing or with 20 flat-sheet-stacked MAs in a silicon housing stabilized by a plastic
jacket. Cellstar” 12-wellplates supplied by Greiner Bio-one International GmbH were used for
fractionation of process streams in the

SDD — HTS setup. Buffer was prepared by dissolving buffer salts in purified water produced by the
arium’ lab water purification system manufactured by Sartorius Stedim GmbH.

The CHO-fermented monoclonal antibody was an internal Sartorius Stedim Biotech GmbH feed
solution. Further purification was done by using a MabSelect™ Sure™ lab column (5 cm diameter, 192
mL volume) provided by GE Healthcare and by an Akta Prime™ system. The eluate contained about 18
g/L mAb and a mAb aggregate level of about 0.5-1%. Enrichment of the aggregate content of the
clarified mAb solution to 2-6% was done by a pH shift process. Aggregation by a temporary pH shift is
a commonly used method for aggregation.®**"4175 After diluting the 0.1 M pH 3 glycine-buffered mAb
solution three times with KPi buffer, the pH was adjusted to 3 with 0.5 M HCI. The aggregation time
was set to 3 h with stirring at 150 rpm. Afterwards, the pH was readjusted to pH 7 with 0.5 M NaOH,
which resulted in an aggregate content between 6-12 %. Afterwards, the aggregated mAb solution
was diafiltrated against the desired buffer using the Sartoflow’ Smart system (Sartorius Stedim Biotech
GmbH) using a 200 cm? Sartocon® Slice 200 Hydrosart”30 kDa cassette. Diafiltration was carried out
until the buffer conductivity and/or pH of the diafiltered solution reached a constant value. These
solutions exhibited a mAb concentrations of up to 10 g/L. The final feed solutions were prepared by
diluting of the 10 g/L aggregated mAb solution with the corresponding buffer. Each buffer at each pH
was prepared using 0 mol/L and 1 mol/L NaCl. The pH and conductivity (CD) were adjusted by mixing
the solution with the corresponding buffer, followed by an incubation period of one hour at room
temperature. For the screening procedures, different protein feed solutions were used: (1) 1-5 g/L
bovine serum albumin dissolved in KPi buffer at pH 7 with an NaCl concentration of 0-0.3 mol/L, (2) 1-
3 g/L lysozyme dissolved in 10 mmol KPi buffer at pH 7 with an NaCl concentration of 0-0.3 mol/L and
(3) 1-6 g/I diafiltered mAb solution with a 0-0.3 mol/L NaCl concentration. The buffer preparation and
therefor used consumables are presented in the supplement.
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3.2.3 Analytical methods

The overall protein concentration was measured by a UV spectrometer at a wavelength of 280 nm
using the VivaSpec® UV reader provided by Sartorius Stedim Biotech GmbH. IgG and its HMW
concentration were measured using a Yarra™ 3 um SEC 3000 column of 300 x 7.8 mm supplied by
Phenomenex using the Thermo Scientific™ Dionex™ UltiMate™ 3000 HPLC System from at a flow rate
of 1 mL/min.

3.2.4 Data handling, automation, and mechanistic modeling

Automated HTS was performed using Zinsser Analytic WinLissy (version 7). UNICORN® supplied by
GE Healthcare was used for FT experiment recipe writing and chromatographic analysis. The
concentration of IgG and of its HMW aggregates were quantified by the Dinoex Chromleon™ 6.80.
Evaluation of the experimental results and analysis of the chromatographic curve were performed
using Origin® 2018b software supplied by OriginLab Corporation. MM was done by ChromX™ provided
by GoSilico GmbH.

3.2.5 Scale-down device — experimental setup

Each SDD contained a membrane bed consisting of three flat-sheet membrane discs with a 27 mm
diameter and a thickness of 230 um to 260 um, resulting in bed volumes of 0.40 mL to 0.46 mL
respectively, as illustrated in Figure 3.2 A. Two different membrane types were used: Sartobind® S
membrane (CEX) and Sartobind” Q membrane (AEX) with a mean pore diameter of 3 um to 5 pm and
aligand density of 2 peg/cm?to 5 peq/cm?. Each SDD exhibited a septum port, through which a robotic
needle could penetrate to inject solution with a positive pressure into the device. To test and confirm
the targeted average pipetted volume accuracy of less than = 3% for an injection velocity of 500 uL/s,
a volume calibration routine for reducing the deviation between the set and measured dispensed
volumes was established using 200, 400, 800, 1500, 2500 and 4000 uL water in triplicate for each
needle prior to each experiment as presented in the supplement. If the targeted accuracy could not
be reached, the volume correction factors of the robotic system were adjusted in the HTS robotic
software. The HTS setup was comprised of eight SDDs attached to a holder plate for parallel operation;
see Figure 3.2 B. Below the SDD holder plate, four movable 12-well plates collected the fractions of
the eight devices, where each well held a maximum of 5 mL of solution for completing SDD - HTS.
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Figure 3.2: Schematic view of SDD, SDD—-HTS and SDD—MM.(a) Scale-down device (SDD) setup: side view with optional UV flow cell,(b)
SDD-HTS setup: a needle injects the liquid through the septum port into the membrane device, which is attached to a holder plate.
The liquid passes a fluid distributor first, then through a support mesh and the three membrane layers. The holder plate
accommodates eight membrane devices. Four movable well plates are used for fractionation, while each well plate collects the

fraction from two membrane devices, (c) Combination of an SDD and MM results in an SDD-MM.HTS, high throughput screening; MM,
mechanistic modeling; SDD, scale-down device
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To ensure appropriate comparison between lab scale and production scale, the SDD needed to exhibit
certain fluid dynamic and mass transfer properties. The fluid dynamic behavior of the SDD - HTS was
characterized by performing dyeing experiments and breakthrough tracer experiments as well as by
directly comparing a model protein breakthrough curve obtained with the SDD - HTS setup with that
obtained using a benchtop system for Sartobind” S and Q MAs. Kinetic experiments regarding the
residence time were conducted with 1gG monomer and its HMW binding capacity at different
velocities. The dyeing experiments were employed for qualitative fluid dynamic analyses and
performed by injecting either 1 mL or 4 mL 0.1-1g/L of coomassie blue dye in 10 mM KPi HCI buffer at
a velocity of 500 uL/s into each SDD at a level that would only partially dye the available membrane
volume. Afterwards, the respective SDD was dismantled and the distribution of dye on the consecutive
membrane layers was optically analyzed. The color pattern on the membrane layers indicated the fluid
flow and thus the quality of the fluid distribution within the device and throughout the membrane
layers of the membrane bed. The residence time influence was investigated by injection of a 3 g/L IgG
feed solution with 8% HMW in 10mM KPi at pH 5 in an injection volume of 1 mL to 4 mL at a velocity
of 100 and 500 pL/s. The 3% to 5% acetone in 10mM KPi buffer tracer and the 2 g/L lysozyme in 10
mM KPi buffer protein breakthrough curve experiments were carried out with the respective
SDD - HTS setup shown in Figure 3.2 A at a velocity of 500 pL/s an injection volume of 0.5 mL to 2 mL.
For direct continuous on-line measurement of the resulting concentration profiles, a prototype UV
flow cell was connected by a luer lock fitting and a 0.75 mm inner diameter capillary to the
downstream port of the scale-down model. The raw data of the HTS UV flow cell signal was corrected
by the pipetting time and smoothed by a mean average and a window size of 60 points using origin®
2018b software. The resulting data was differentiated, simulated by the modified Gaussian function,
and finally compared with the respective LC experiments. The lab scale LC experiments were
conducted with the SDD using the same solutions on an Akta™ Explorer benchtop system at 5 MV/min
and allowed a direct comparison between the two setups employed.
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3.2.6 Case study 1: High throughput screening - Bind and elute mode

The BE mode provides process parameter information, such as the dynamic breakthrough
concentration profile, binding capacities and resulting process map. Applying the BE mode allows rapid
determination of dynamic qi/10% and static binding capacity qm for a range of salt concentrations and
pH values. Assuming that the calculated IgG monomer and dimer binding capacity of every salt step
also applies to the FT mode, this results in a corresponding FT process map. The MA is loaded to
saturation, followed by wash steps and several elution steps with conductivity increasing in steps, as
shown in Figure 3.3.
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Figure 3.3: Example of the BE SDD-HTS approach and experimental results for Sartobind® S. Color-coding of the steps: green for
loading steps L, gray for wash steps W, blue for elution steps E, and red for regeneration step R. The top fraction concentration profile
shows IgG monomer and the bottom fraction concentration profile IgG dimer.BE, bind and elute; HTS, high throughput screening; SDD,
scale-down device.
The single SDD of the SDD - HTS setup is equilibrated with the respective buffer system containing no
additional salt to cover different pH values and then loaded in steps with protein containing feed
solution as shown in Figure 3.3 (green-colored area). During the loading phase used for breakthrough
curve determination, aliquots of 1 mL, 1.5 mL and 2 mL were pumped through the device for each
liquid-dispensing step until 80 % of the expected maximum binding capacity is reached. For the
remaining 20%, the aliquot volume applied was then increased to 2 mL, 3 mL, or 4 mL. After a wash

63



3.2 Material and Methods

with at least 8 mL, the MA was sequentially eluted using elution buffers with a conductivity increasing
in steps from 2 mS/cm to 45 mS/cm and with a maximum dispensed volume of 14 mLin 2 mLor 4 mL
steps, as shown in Figure 3.3 (blue-colored area). Subsequently, the MA is regenerated with at least
80 mS/cm and re-equilibrated with equilibration buffer and washed using storage buffer, with a
volume of 14 mL in 4 mL steps for each phase. Every pipetting step represents an individual fraction
that is collected in a separate well of the movable well plate. Afterwards, 500 uL of each fraction is
drawn automatically from each well by the robotic HTS system and analyzed for mAb concentration
via SEC. The parameters of binding capacity and selectivity for each salt step are determined by
totaling the data obtained for all subsequent elution fractions. Assuming that the determined IgG
dimer selectivity, calculated from binding capacity, also holds true for the MA FT mode, the screening
procedure will automatically generate a respective FT process map.

In order to validate the results obtained, LC experiments were carried out with an Akta™ Explorer with
MA prototype lab-scale devices with a bed volume of 4.5 mL and a diameter of 2.8 cm at pH 8.8, 9.5
and 10 and at a CD of 8.8 mS/cm, 12 mS/cm, and 14 mS/cm, respectively. The volumetric flow rate
was 13.5 mL/min, and 5 mL and 10 mL fractions were collected and analyzed using SEC.

3.2.6.1 Mass balance

In order to assess the experimental results, the resulting mass balance for each run was calculated
according to Eq. (3.1). Here, index i is the observed component in the pipetting step. The deviation D
is determined by the ratio of loaded feed mass to the accumulated mass determined in eluate, wash,
and elution step in Eq. (3.2).

n
0= Mpoading,i — Z my,i (3.1)
k=1
_ mLoading,i
Di = Zn— (3.2)
k=1 mk,l

3.2.6.2 Binding capacity and selectivity

The HTS results yield the static binding capacities for process maps. The maximum binding capacity at
the initial CD at a given pH is calculated by Eq. (3.3) and Eq. (3.4). In Eq. (3.3), the difference between
the loaded and the accumulated mass in the flow-through fraction mass of each component equals
the static binding capacity. Likewise, the sum of the mass elution fraction is used to determine the
static binding capacity. Both procedures should lead to the same results and indicate a closed mass
balance. The HTS — SDD approach also includes several elution salt steps, which are generally used for
process maps. Static binding capacity at a given pH and as a function of CD is determined by the sum
of component eluate masses including the elution fraction.

l n

1
AMaxLoad,i = % "\ Creea " Vreea — z Cik-® Vi (3.3)
Ma k=11=1

l n
1
AMaxEtuije = 7" Cik " Vi (3.4)
MA =i
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Selectivity is calculated by the ratio of the bound dimer mass and bound monomer mass in elution
step i in Eq. (3.5). Besides selectivity, product recovery is a parameter of interest for PD, which is
calculated by Eq. (3.6).

.. mDimer,i
Selectivity; = ————— (3.5)
mMonomer,i
m;
Recovery; = (3.6)
Muya,i

3.2.7 Case study 2: Scale-down device and mechanistic modeling

For early or integrated PD, a simulative interpretation of data reduces the experimental effort and
enables the integration of process step interactions. In addition, the main disadvantages of the SDD
involving an unsteady and intermittent flow pattern, several injections and mixed concentration due
to fractionations are corrected. During this study, we thus applied a simplified MA model to describe
the screening results and enable SDD - MM investigations as illustrated in Figure 3.2 C).

3.2.7.1 System characterization

The performance of the SDD - HTS is described by two equilibrium models; the second model
represents the respective membranes and the first model all other parts of the SDD - HTS setup. The
void volume of the membrane layers with 0.42 mL is known, and the total column porosity €rotal in
Eqg. (3.7) is determined in a breakthrough tracer experiment performed with 3% to 5% acetone in
10 mM KPi buffer using a benchtop system The retention volume is corrected by the previously
determined void volume, calculated by the first derivative of the acetone breakthrough curve. The
axial dispersion of models one and two are estimated as well as the void volume of model one. The
void volume and axial dispersion of the SDD is described by an error-minimized axial dispersion
coefficient based on the benchtop experiment. Therefore, the SDD - HTS setup with a UV flow cell is
used to apply 3% acetone in 10 mM KPi tracer in ten 1 mL steps.

_ VTracer
ETotal =

(3.7)
Via

3.2.7.2 | Batchisotherm

Batch isotherms for lysozyme and BSA are determined for Sartobind” S and Sartobind” Q. The MA
stamp with a 2 cm diameter is equilibrated in buffer solution, wiped with tissue, and transferred with
the respective feed solution to a 12-well plate. The Sartobind°Q 4 mL feed solutions with
concentrations of 3, 1.5, 0.75, 0.5, 0.4, 0.3, 0.2 and 0.1 g/L BSA were prepared in KPi buffer with a pH
of 7.0 at 0.01, 0.06 and 0.16 M NaCl concentrations. The Sartobind® S isotherm was determined by
using lysozyme in the same feed concentration, amount, and salt concentration, but with a pH value
7.2 and the buffer system KPi. The solution was equilibrated over at least 10 h, preferably overnight,
in an enclosed 12-well plate. Afterwards, the MA is isolated, wiped again and transferred in a new well
plate with 4 mL of wash solution. Elution was performed with 4 mL of 1 M NaCl. The binding capacity
of each component qma, is calculated using Eq. (3.8). Where the binding capacity equals the mass
differences between feed meeeq,i and equilibration Mequiibration,i is divided by the chromatographically
active volume which is determined by membrane volume Vua times one minus the membrane porosity
gin.
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q _ Mrpeed,i — mEquilibration,i (3.8)
MA,i — .
VMa (1 - ETotal)

3.2.7.3 | lonic capacity

The ionic capacity is determined using a lab-scale device with a 0.42 mL (Vua) bed volume. The MA is
preconditioned for 10 MV with 1 M NaOH. Subsequently, equilibration is carried out with water for
injection and titrated with 10 mM HCI. Afterwards, the MA is washed with water for injection and the
titration procedure is repeated. In Eq. (3.9), the difference between the resulting CD areas is used to
calculate the amount of titration substance used.

fCTitration,liquid,Z ' aVTitfration,liquid,z _ fCTitration,liquid,l ' aVTL'lfration,liquiat,1
Va1 —¢) Vma- (1 —¢)

A= (3.9)

3.2.7.4 SMA parameter determination

Eg. (3.10) to Eq. (3.12) show the ionic capacity in dependence on the steric factor o, characteristic
charge v and binding capacity of counter ions g as well as the binding capacity g of the components
gi. For a rapid equilibrium or in equilibrium state, the SMA isotherm can be expressed as shown in
Eq. (3.13).

=q + f(w +01) q; (3.10)
=q+ rivl qi (3.11)
q=4q1— fﬂi "qi (3.12)
i=2 )
Ceqi = qTiq </1 Znﬂzh o Ch) (3.13)

The charge and equilibrium constant are determined by the curve evaluation of log k using Eq. (3.14)
and Eq. (3.15). Using a linear regression of logarithmic capacity factor over the logarithmic salt
concentration results in the charge v and equilibrium keq constant by slope and intercept. Multi-
components were adjusted by error minimization, using the one component result as the initial value.

1— .
K = €. (ﬂ) (3.14)
& Ci
1-¢
logk' = log (T k€q1,i -Avi) —v; - log(cy) (3.15)

3.2.7.5 Equilibrium-dispersive model

MAs are known for their high mass transfer rate. Assuming negligible mass transport effects, the
equilibrium-dispersive model is used in Eq. (3.16) and Eq. (3.17). The kinetic constant kin describes the
adsorption and desorption processes.
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3.2.8 Case study 3: scale-up

The SDD experiments result in a range of applicable process parameters. The ability to transfer this
information to a larger scale has been investigated by two approaches: a) SDD direct parameter
transfer by applying a scale factor, b) mechanistic modeling(SDD — MM).

3.2.8.1 Direct scale factor

The scale dependency of the HTS data is investigated in scale-up experiments using Sartobind® Q and
S using the breakthrough curves obtained. The study is carried out using the 0.42 mL SDD and based
on the comparability of the 10% dynamic breakthrough capacity (DBC). HTS data is interpolated to
predict the DBC independently of the fraction volume. Afterwards, the scale factor I'is calculated using
Eqg. (3.18). The scale-up volume Vpacior is calculated using Eg.(3.19), considering the feed
concentration and MA volume.

Vbacio
I = v " CFreed (3.18)
MA,lab device
Vbecior = Vmar - (3.19)
Creed

Lysozyme, BSA and IgG solutions were used to investigate scale dependency from 0.42 mL SDD to lab
and production scale with 4.7 mL, 8.3 mL, and 800 mL. In this study, a protein solution with 2.3 g/L
BSA containing 4.2% HMW, was used to scale the SDD results from lab to production scale with a
maximum scale factor of over 1900. For IgG and lysozyme, the SDD results were scaled up to a lab
device using a scale factor of 10. The experimental conditions for scale-up investigations with lysozyme
were 2.8 g/L and for IgG the following: a monomer of 2.7 g/L, aggregates of 0.15 g/L at a pH 6.5; a
monomer of 6.8 g/L, aggregates of 0.67 g/L at a pH 8.8 and a monomer of 5 g/L, aggregates of 0.66 g/L
at a pH 9. Flow rates were 10.5 and 22 mL/min.

3.2.8.2 Mechanistic modeling (SDD — MM)

The transferability and scalability of the SDD by a mechanistic model was tested using at Sartobind” S
and Q. The solutions used were the same as for the direct scale factor. The investigations were
performed in single-component and multi-component simulations. Therefore, bind and elute
experiments were carried out with lysozyme on Sartobind” S and BSA and its HMW on Sartobind® Q.
The lab scale MA device prototype used consisted of a 4.7 mL bed volume. The MA device prototype
was designed to have an axial flow path through 30 membrane layers. Therefore, the membranes were
stacked between a comparable SDD - HTS fluid distributor and sealed with silicone. The volumetric
flow used for lysozyme was 14 mL/min and for BSA 22 mL/min.
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3.3 Result and Discussion
3.3.1 SDD — experimental setup

Data validity of an SDD is a critical part of any screening procedure during PD. For parameter
estimation and scalability, the SDD needs to display all key effects of a large-scale device. This
prerequisite also enables parameters to be determined for simulative model development. In the
course of SDD development we thus investigated: a) robotic parameters, b) SDD fluid distributor,
c) comparability experiments with a UV flow cell direct after the SDD and d) chromatography
performance.

3.3.1.1 SDD fluid distributor

Qualitative fluid dynamic dyeing experiments were used to optimize the SDD. In this study we injected
1 mL 10 mM KPi pH 7 containing 0.1 — 1 g/L Coomassie brilliant blue with 0 - 0.2 M sodium chloride
with 500 pL/s in the SDD. Following this, the SDD is disassembled, and the membrane layers
qualitatively visualized with a camera. The SDD fluid dynamic development is shown in Figure 4.
Intermittent dyeing at the beginning of SDD development was improved with adding a support net
and support fleece before and after the membrane layers in Optimization 1 (Figure 3.4). In the second
optimization phase, the inconsistent dye dead areas could be avoided with an improved fluid
distributor design. Based on the mass balance of a single elution step of Lysozyme with Sartobind® S,
the improvement of the SDD is confirmed (data not shown).

Start Optimization1  Optimization 2

Figure 3.4: Exemplary SDD fluid distributor optimization progress. Experiments conducted by injections of dyed buffer solution at 0.2
M sodium chloride. SDD, scale-down device.

3.3.1.2 Comparability experiments with a UV flow cell direct after the SDD

Additional fluid dynamic investigations were carried out by implementing an inline UV flow cell direct
at the outlet of the SDD - HTS setup. Inline measurement enables the differences between SDD - HTS
and LC fluid dynamics to be determined. The SDD - HTS setup with UV flow cell is used for 5 % acetone
tracer and 2 g/L BSA breakthrough curves. Subsequent, the SDD without flow cell is then connected to
a LC system equipped with a UV sensor at 280 nm wavelength detection and the experiments repeated,
for acetone tracer experiments a 500 pL injection volume was used. The HTS UV flow cell signal raw
data is corrected by the dispensing and needle wash time and smoothed by mean average and a
window size of 60 points with the software origin® 2018b. Comparing SDD - HTS with UV flow cell and
LC experiments in Figure 3.5 A and B, based on the shown HTS — SDD data in Figure 3.5 C, shows the
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deviations in half peak height, right peak width and left peak width of 3.9%, 5.9% and 17.7%,
respectively. This indicates that disrupted fractionated chromatographic operation performed by
robotic needles yields in comparable results to those of a continuous LC system, when keeping the
fraction size during the HTS mode reasonably small to prevent mixing effects (data not shown).
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Figure 3.5: Comparison between SDD-HTS and benchtop system. SDD—-HTS with UV flow cell and Sartobind® Q membrane, (a):
Differentiated smoothed acetone step function, (b): Comparison of HTS—differentiated step function and acetone tracer of the same
device with the benchtop system, (c): Sixty points smoothed acetone step function, (d): Comparison of HTS fractions, HTS with UV flow
cell and benchtop concentration converted signal of BSA breakthrough curve, (e): 18G monomer breakthrough curves at different
injection speeds for Sartobind®. BSA, bovine serum albumin; HTS, high throughput screening; SDD, scale-down device.

3.3.1.3 Chromatographic performance

A direct comparison of the BSA breakthrough concentration between SDD - HTS and benchtop SDD
setup illustrates the comparability in Figure 3.5 D. Residence time investigations were carried out by
loading experiments at 100 pL/s and 500 pl/s, resulting in 0.8-seconds and 4-seconds residence time;
at the dispensing speeds tested, no effect on binding capacity was determined for IgG and IgG HMW
aggregates measured at 18.27, 18.92 mg/mL and 2.35, 2.79 mg/mL. The breakthrough concentration
profile comparison shows only slight differences, which are depicted in Figure 3.5E. Thus, at
production scale, mass transfer restrictions do not limit adsorption, which is a boundary condition,
considering the transferability of data from the SDD - HTS setup.
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3.3.2 Case study 1: High throughput screening - bind and elute mode

The SDD - HTS BE mode comprises information of load capacity or product breakthrough and implicitly
a process map. Applying the BE mode provides values for dynamic q1/10% and static binding capacity
gMax at a broad range of salt concentrations and pH values. HTS BE results are shown in Figure 3.6.
For Sartobind® Q, the overall protein binding capacity increases as the pH rises. Figure 3.6 (A, B)
displays only slight differences in IgG monomer and aggregate binding capacity. The CEX Sartobind® S
results in Figure 3.6 (C, D) exhibit a high binding capacity at a wide pH range and salt concentration
below 10 mS/cm. As the pH decreases, the overall binding capacity increases. Differences at a pH of 5
can be charge effects caused by the protein surface or the proximity to the pKa region of the ligand.
Comparable to Sartobind Q, the binding capacity for dimers increases towards the isoelectric point of
the monomer. The mass balance can be closed with a deviation of less than 10% for the IgG monomer
and less than 35% for the IgG dimer.
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Figure 3.6: Response surface for IgG monomer and dimer binding capacity, selectivity, and recovery by Sartobind® Q (A, B, E, F) and
Sartobind® S (C, D, G, H). Sartobind® S feed concentration and aggregate mass content for the different pH values was: pH 5.0, 2.7 g/L
with 4.3%; pH 5.7, 2.7 g/L with 4.3%; pH 6.0, 2.8 g/L with 4.9%; pH 6.5, 2.7 g/L with 4.0%; and pH 7.0, 2.6 g/L with 5.8%. Sartobind® Q
feed concentration and aggregate mass content for the different pH values was: pH 7, 5.0 g/L with 1.4%; pH 7.5, 4.9 g/L with 1.6%; pH
8, 4.5 g/L with 1.7%; pH 8.5, 4.9 .7 g/L with 1.8%; pH 9, 5 g/L with 1.8%; pH 9.5, 5.0 g/L with 1.7%; and pH 10.0, 4.8 g/L with 1.5%. The
color change from red to blue indicates decreasing values.

70



3.3 Result and Discussion

Selectivity of 1gG aggregates for Sartobind” Q and S are shown in Figure 3.6 (E, G). The area of the
highest binding selectivity for Sartobind” Q is in the pH range of 8.5 to 9.0 and a conductivity of
6 mS/cm to 18 mS/cm. The highest selectivity at pH 8.5 relies on the isolectrical point of the IgG at 8.6-
8.8. While the binding capacity for CEX chromatography material is low, the differences between the
lgG monomer and IgG aggregates may be prominent. Sartobind® S reaches the highest selectivity at
pH 5 to 6 in the range of 5 mS/cm to 15 mS/cm. Sartobind Q in Figure 3.6 (E) compared to Sartobind S
in Figure 3.6 (G) enables higher maximum selectivity. The recovery of Sartobind” Q is more than 80%
as shown in Figure 3.6 (F). This corresponds to a higher selectivity caused by the fact that more IgG
monomer can flow through the MA without IgG dimer breaking through. Due to higher binding
capacity of IgG monomer by Sartobind” S, the recovery in Figure 3.6 (H) without an additional elution
step is below 80%. Overall, Sartobind® Q shows better selectivity and recovery than Sartobind” S for
IgG dimer removal. However, for process management, the CEX could be favorable due to the ability
to operate below the isoelectric point of the protein. Furthermore, the operation window shows a
selectivity line at Figure 3.6 (G) over all pH values. The results obtained for selectivity and recovery of
Sartobind® S in the overlapping region are comparable to the results of Vogg et al. for a 100 kDa
monovalent antibody %€,

LC experiments with MA devices of a 4.5 mL bed volume were carried out to determine the difference
for HTS prediction. Recovery and selectivity of IgG monomer in Table 3.1 are in good agreement with
the HTS results. The experimental deviation in recovery for HTS and LC is below 2%. For selectivity, the
deviation in the HTS and LC results is below 20%. Hence, the results demonstrate the suitability of the
HTS — SDD for determining process windows not only for FT applicability but also for scale transfer.

Table 3.1: Sartobind® Q HTS and LC comparison of recovery and selectivity at no aggregate breakthrough

pH Conductivity Recovery [%)] Selectivity [-]

[-] [mS/cm] HTS LC HTS LC
8.8 12.0 97.8 95.0 0.94 0.99
9.5 9.8 81.3 81.3 0.45 0.31
10.0 9.5 72.8 72.4 0.47 0.33

3.3.3 Case study 2: Scale-down device and mechanistic modeling

The SDD - HTS setup is affected by unsteady and intermittent flow pattern which reduces the
comparability to benchtop or production runs.'’® The different fraction sizes, which are applied for
optimal usage, and the usually higher velocities in the SDD - HTS setup could cause high deviations by
kinetically limited components. Therefore, the simulation of lysozyme and BSA and its aggregates,
their higher molecular weight (HMW) component, is used to investigate the capability of determining
simulation parameter and the transferability of the SDD - HTS setup. The simulation takes unsteady
flow into account by implementing the needle washing times as downtime with no flowrate. In an
expanded simulation approach, the SDD - HTS setup results could be used to integrate different
chromatographic operation modes. The equilibrium model parameters used are shown in Table 3.2.
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Table 3.2: Model parameters for SDD - HTS setup and FT simulation

SDD - HTS FT Ivsozvme SDD - HTS FT
lysozyme ysozy BSA BSA
Sartobind® S Sartobind® Q
Model 1
Length [mm)] 22 22 22 22
Volume [mm?] 0.76 0.51 0.76 0.51
ETotal ['] 1 1 1 1
Dax [mm?/s] 1.65 96.4 1.65 96.4
Model 2
Length [mm)] 0.84 7.5 0.84 7.5
Volume [mm?] 0.42 4.66 0.42 4.66
€Total [-] 0.75 0.75 0.75 0.75
Dax [mm?*/s] 0.06 0.028 0.06 0.028
A [M] 0.71 0.71 0.5 0.5

The parameters for models 1 and 2 are kept equal for both SDD - HTS and for the lab prototype
simulations. These parameters were determined by batch isotherm experiments (Table 3.3). The
kinetic parameter K is obtained by an error minimization fit using the ChromX® L2Error in the SDD - HTS
setup simulation, the value can be found in Table 3.3.

Table 3.3: Model component parameters for SDD - HTS setup and FT simulation

lysozyme BSA BSA HMW
K [5] 0.1 1 1
Keq [-] 4.4 5.8 9.9
Y [M] 1.6 1.37 2.3
o [M] 42 132 486
CFeed,SDD - HTS [g/L] 2.6 2.4 0.1
CFeed,FT [g/L] 2.6 1.8 0.2

In Figure 3.7 the isotherm experimental data and SMA fit are presented for Sartobind® S with Lysozyme
and Sartobind® Q with BSA and aggregates. The SMA fit represents the experimental data, while for
BSA aggregates the saturation state was not measured. In respect to the case study the obtained SMA
fit is considered adequate.
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The SDD - HTS setup simulation for Sartobind® S using lysozyme is shown in Figure 3.8 A. For this
experiment, the equilibration phase is followed by a loading phase, a subsequent wash phase and a
one-step elution phase. The lysozyme breakthrough simulation is in good agreement with the
experimental concentration profile. Due to time-based simulation, the concentration profile decreases
when the flow stops. The disruptive flow describes the robotic needle wash after each injection. During
breakthrough, the concentration profile mentioned is present until saturation is reached. The wash
fraction at 40 mLis also in good agreement with the simulation. For the elution fraction, the simulation
does not fully cover the two fractions. The simulation peak is sharper than the one obtained in the
SDD - HTS setup experiment. This indicates an experimental deviation, e.g. mass overtake during
fractionation, or a model deviation induced by a salt-dependent change in the hydrogel®77-17% that
collapses, or even a simulative abbreviation in fluid dynamics or thermodynamics. However, the
SDD - MM simulation parameters in Table 3.4 show a deviation below 6% mass and are accordingly
used for the benchtop prototype lab experiment in Figure 3.8 B. The prototype lab device bed volume
is 10 times higher than in the SDD - HTS setup. Qualitatively, all simulations are comparable to the
SDD - HTS setup, showing deviations in the elution peak.

Table 3.4: Comparison between SDD - HTS and SDD - MM

Value for fraction Value for fraction Value for fraction
Parameter Unit until until until
19 mL 40 mL 56 mL
HTSI}/}IIZiszyme [me] 30.1 815 103.8
Mass
Simulation [mg] 28.4 80 102
lysozyme
Deviation [%] 6 2 2
H%\ga};; A [mg] 31.4 44.8 47.7
Mass
Simulation BSA [mg] 35.4 49 49.1
Deviation [%] 11 9 3
HTE%S&W [mg] 0.47 1.02 227
Mass
Simulation HMW [mg] 0.3 0.7 2.2
Deviation [%] 36 31 3
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Figure 3.8: Comparison of SDD-HTS setup simulation and experiments as well as the corresponding FT experiments with a 10 times
higher membrane volume. (a): Comparison of SDD—HTS setup experiments and simulation with lysozyme; (b): Comparison of FT
experiments and simulation with lysozyme; (c): Comparison of SDD-HTS setup experiments and simulation with BSA and HMW; (d):
Comparison of FT experiments and simulation with BSA and HMW. BSA, bovine serum albumin; FT, flow-through; HMW, higher
molecular weight; HTS, high throughput screening; SDD, scale-down device.
For Sartobind” Q, the SDD - HTS setup for BSA and BSA aggregates (HMW) is investigated in Figure
3.8 C. In the experiment, the equilibration phase is followed by a loading phase and subsequent wash
phase. Elution is performed as a three-step elution procedure with 0.1 M, 0.2 M and 0.3 M sodium
chloride solutions followed by a 1 M sodium chloride regeneration phase. The simulated breakthrough
concentration profile for BSA and HMW appears earlier than is seen in the experimental run. For the
breakthrough concentration profile, the BSA-simulated concentration exceeds the experimental
concentration, while the HMW concentration remains below the experimental concentration. A
deviation in the measured feed composition could explain the mismatch. The simulation of the wash
fraction is in good agreement with the experimental data. Overall, the elution concentration profile of
BSA matches the first elution profile. In the second and third elution phases, the simulation is lower
or no BSA concentration is observed. The simulation of the HMW concentration profile is in good
agreement with the experimental results in all elution fractions but shows a deviation up to 37% in the
mass (see Table 3.4). The deviations could indicate different HMW species. The elution profile in lab-
scale experiments shows a double to triple peak at gradients above 10 column volumes. In each
fraction of the different elution peaks, SEC shows BSA, which indicates charge variants (data not
shown). Due to the lack of charge-variant information, this effect cannot be depicted in the simulation.
Figure 3.8 D shows simulation and experimental data of the benchtop lab device. In general, simulation
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and experimental data are in good agreement. However, the graphic does not show the experimental
double peak, which is not depicted by the simulation results.

The simulated elution peak is always smaller than that observed in the experiment. A collapse of the
MA hydrogel could be the cause for this observation. However, the simulation does always correctly
indicate the breakthrough concentration, both in the SDD - HTS setup and in the benchtop lab
experiment. The simulative study enables transfer from HTS to lab-scale and should also be applicable
for pilot or production scale - resulting in early integrated PD. This case study is intended to close the
gap between resin and MA chromatography PD. Within this study, state-of-the-art resin HTS setup and
MM are implemented for MA. The MM will be investigated more precisely in further investigation
which are not part of this study.

3.3.4 Case study 3: Scale-up

The different process design and transfer methods used in this co-study are a direct scale factor and
the use of SDD - MM. Afterwards, a straightforward approach for a direct scale factor based on the
separation of IgG monomer and HMW by Sartobind® S and Q will be discussed. Applying the direct
scale factor to the SDD - HTS leads to a deviation of between 4% and 19% in Table 3.5. The
experimental results are in an acceptable range for direct SDD — HTS scale-up and would be capable
for the process by applying a 20% safety margin. The previous conclusions apply to a scale factor of 10;
for production-scale experiments with BSA and Sartobind” Q a deviation of 12% was obtained (see
Table 3.6).

Table 3.5: SDD - HTS IgG scale factor transferability

p . Sartobind® Sartobind® Sartobind®
arameter Unit
S Q Q
Component [-] IgG IeG IgG HMW IgG IgG HMW
pH [-] 6.5 8.8 8.8 9.0 9.0
DBC experiment [mL] 28 5.0 5.0 4.9 5.3
Device [-] Lab Lab Lab Lab Lab
Scaled estimated [mL] 26.9 42 4.1 4.1 4.7
Deviation [%] 4 16 18 16 11

Considering the higher deviations for aggregates with the direct scale factor, a mechanistic model
should be able to provide a more accurate prediction. The SDD — MM-based approach is further used
to verify the feasibility of utilizing HTS data for modeling(Table 3.6). For all combinations considered,
the SDD — MM-based approach shows a smaller deviation than that obtained using the direct scale
factor at a scaling factor of 10. Breakthrough of lysozyme with Sartobind® S is predicted 3% earlier than
achieved in the experiment.

Table 3.6: Comparison of SDD - HTS and SDD - MM scalability

Parameter Unit Sartobind® S Sartobind® Q
Component lysozyme BSA
pH [-] 6 7 7
DBC experiment [mL] 122.9 79.9 11.8
Device [-] Lab Lab Production

Type of prediction [-] Scaled SDD - MM Scaled  SDD - MM Scaled
Estimated volume [mL] 115.2 126.1 91.0 76.1 10.4

Deviation [%] 6 -3 -14 5 12
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3.4 Conclusion

Three case studies were carried out with the aim of aligning HTS applications for MA with those of
column chromatography. Therefore, a SDD - HTS setup was created, validated, and used for mAb
aggregate removal. The dynamic SDD - HTS setup based on positive pressure was characterized in
terms of robotic parameters. In the first case study, the BE mode was used to estimate a process
parameter range, assuming that the decreased binding capacity at higher salt concentration also
applies in an FT mode of operation. The BE mode results in a process map showing different pH values
and salt concentrations. LC experiments confirmed the assumption that the binding capacity obtained
in the elution steps of the SDD - HTS setup is transferable to FT processing. In a next step, the SDD - HTS
data obtained was used for MM. This application led to a deeper understanding, enabling the
experimental effort to be reduced. The analysis of SDD - HTS by MM and thus the determination of
the fluid dynamics allows the HTS results to be transferred to benchtop experiments. The third case
study demonstrated the transferability of the SDD - HTS experiments using a direct scale factor and an
SDD — MM based approach. Both approaches show good applicability with a deviation below 20%. The
dynamic SDD - HTS setup with comparable process behavior allows reliable scale-up from 0.42 mL to
800 mL. In contrast to the increased deviation of the direct scale factor for secondary components,
the SDD - MM improved the precision of the experimental scale predictions for the observed data. A
direct comparison between the two methods, direct scale factor and MM, would require a discussion
of effort, accuracy and information content which is not in the scope of this study. However, the good
agreement between simulation and experimental results, especially in the analysis of the
breakthrough curve, enables integrated PD. The simulative approach permits observation of process
deviation through process variation and increases the information content for process designing. In
conclusion, the gap between HTS resin chromatography and MA was narrowed. Following the first
step towards HTS harmonization, further investigations should follow with regard to the mechanistic
model and transferability, thus improving the results. For aggregate removal, the SEC analysis time is
the limiting factor and should be reduced by a UHPLC or DLS plate reader. Deviations in parameter
determination could be reduced by smaller fraction volumes and/or usage of the directly implemented
HTS UV detector flow cell.
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Table 3.7: Abbreviations

Abbreviations Meaning Unit

AEX Anion exchange chromatography [-]

BE Bind and elute [-]

BSA Bovine serum albumin [-]

CD Conductivity [-]

CEX Cation exchange chromatography [-]

cv Column volume [-]

DBC dynamic breakthrough capacity [-]

FD Fluid distributor [-]

FT Flow-through [-]

HMW Higher molecular weight molecules [-]

HTS High throughput screening [-]

IEX lon exchange chromatography [-]

IgG Immunoglobulin G [-]

LC Liquid chromatography [-]

MA Membrane adsorber [-]

mAb Monoclonal antibody [-]

MM Mechanistic modeling [-]

MV Membrane volume [-]

SDD Scale-down device [-]

SDDs Scale-down devices [-]

SEC Size exclusion chromatography [-]

SMA Steric mass action model [-]

Table 3.8: Symbol

Abbreviations Meaning Unit

A Area [cm?]

Al Cons.tant describing the concentration (mg/mL]
profile

A Cons.tant describing the concentration (mg/mL]
profile

c’i Concentration of component i [mg/mL]

Creed Feed concentration [M]

Ci Concentration of component i [M]

CNorm Feed-normalized concentration [-]

D Deviation [%]

Dax Axial dispersion coefficient [mm?/s]

DI Displacement identifier [-]

k! Capacity factor [-]

Keq Equilibrium constant [-]

Kkin Kinetic constant [s((M")]

Kp Partitioning coefficient [-]

M Molar mass [g/mol]

mik Mass of component i und fraction k [mg]

MV Membrane volume [MV]
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Control variable

Binding capacity [(M]
Salt-binding capacity, stationary phase
h salt concentration (MI
Static binding capacity calculated by the
Om,Elu,ik eluted concentration for each elution [(M]
fraction
Static binding capacity calculated by the
Om,Load,i difference between loaded and [(M]
unbound mass
Recovery Recovery of MA [-]
Selectivity Selectivity/Utilization of MA [-]
u Velocity [mm/s]
\Y Volume [mL]
X Rate [mm]
r Scale factor [-]
Etotal Total MA porosity [-]
A lonic capacity [M]
v Characteristically charge [-]
o] Steric factor [-]
g Binding capacity non hindered (M]
molecules
Table 3.9: Indices
Abbreviations Meaning Unit
i Component [-]
Value at 10% dynamic breakthrough
DBClo . [']
concentration
Dimer IgG HMW [-]
Eq Value at equilibrium state [-]
Int Interstitial [-]
j Fraction [-]
k Fraction / dispensing step [-]
Kin Kinetic [-]
Liquid Identifier for the titration substance [-]
MA Membrane adsorber [-]
Mas Membrane adsorbers
Monomer IgG monomer [-]
P Pore [-]
Titration Value obtained due to titration [-]
Total Overall value [-]
r Scale factor, value corresponding to (]

scale level
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Abstract

High throughput screening (HTS) approaches are commonly used to accelerate downstream PD. While
most HTS approaches use batch isothermal data (Kp screen) or bind and elute mode as screening
procedure, different or new process designs are rarely investigated. In this paper a mechanistic model
case study for the separation of two different two-component solutions was conducted and confirmed
prior evidence. With these outcomes, a novel HTS screening procedure was developed including the
determination of competitive adsorption-based displacement effects and key parameter identification.
The screening procedure employing an overload bind and elute mode (OBE) is presented in a case
study dealing with 1gG aggregate removal in a typical monoclonal antibody purification step, applying
a Sartobind® S membrane adsorber (MA). Based on a MA scale-down device, the OBE mode allows the
determination of classical process parameters and dynamic effects, such as displacement effects.
Competitive adsorption-based displacement effects are visualized by introducing a displacement
identifier (DI) leading to a displacement process map. Based on this map, the approach is transferred
to and confirmed by the OBE recycle experiments with 4.6 mL and 8.2 mL benchtop scale devices
resulting in 45 % reduced 1gG monomer and 88 % increased HMWS binding capacities.

4.1 Introduction

Downstream PD faces increasing diversity of therapeutic modalities, shortened timelines, high cost,
and limited availability of the target entity.3>8 With regard to the classic purification process, the
chromatographic PD is challenged by the following aspects: a) abundance of different ligands, b)
different stationary phase, c) a range of potential process parameters, and d) new process designs
resulting in a high experimental effort.3¢! High throughput screening (HTS) on robotic platforms
typically addresses the challenges posed by the abundance of the different ligands and a range of
possible process parameters. These platforms are established PD tools and allow parallel, automated,
and standardized workflows. Scale-down devices (SDDs) operated in a HTS regime accelerate PD
efforts and workflow at reduced material consumption.?®3° Beside model assisted scale transfer
publications3>3956:58168 inyestigations of HTS are usually limited to batch isotherm determination
and/or Kp screenings. In addition, studies on HTS membrane chromatography applications are rarely
found when compared to resin based HTS applications. These limitations have been addressed
earlier.® However, optimal PD, scale-up and novel process designhs depend on the limitation of the
screening method used.
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Displacement chromatography add a dedicated displacer which compete with at least one component
and induce a partial elution and thus separation of the stationary phase bound components. In the
case that the feed mixture itself exhibit competitive binding components and the product is displace
from the stationary phase by the impurities a typical frontal chromatography (FC) mode is used.®136
The presented overload bind and elute (OBE) now follows the same principle as FC but consist of
product binding and an additional elution step. Both process modes, FC and OBE mode apply higher
mass loading beyond the dynamic breakthrough concentration.?%18218 Consequently, the application
of components with similar binding properties and thus competitive adsorption-based in displacement
effects occur. Thereby, FC and OBE overloading the stationary phase and thus increases its utilization
and productivity,8136.183,184

In the light of the above, given typical multi-component process streams competitive adsorption-
based displacement effects can only be considered for PD if the screening method identifies those.
Especially in separation tasks with closely similar molecules as monomer and aggregates such as higher
molecular weight species (HMWS), OBE chromatography offers the advantage of an increased
productivity avoiding the implementation of narrow cut points or extended gradients (i.e. pH value,
conductivity) leading to product dilution.

For monoclonal antibodies (mAbs), aggregates in the final formulation pose a risk due to various
influences on the activity and stability of the product.5®*®* In the established platform process for the
purification of mAbs, the typical Protein A capture step is followed by one or two additional
chromatographic purification steps.** High purity of active pharmaceutical ingredients are obtained
by separating HCP, DNA, leached Protein A, viruses and HMWS aggregates in these chromatography
steps. For the separation of mAbs and their HMWS, cation and hydrophobic interaction
chromatography are established methods.’>'*18 |n addition, ceramic hydroxyapatite and mixed
mode'®1% chromatography are also used for the removal of aggregates'’. The different
chromatographic types for the reduction of HMWS can be applied in bind and elute, flow through,
weak partitioning chromatography, FC or OBE.!*14848 \When separating HMWS with a
chromatographic mode that contains high salt concentration or varying pH values, the risk of new
aggregate/HMWS formation during the step is highly probable.®®*% Given the widely constant
conditions, OBE chromatography offers the advantage of a stationary state with regard to salt load
and pH value and should thus suppress new aggregate formation. The significant advantages of
membrane adsorber (MA) over resin-based chromatographic processes when used for contaminant
removal in FT mode'®®*¥” underline their application for OBE chromatography. In addition, the high
mass transfer rates observed in MAs furthermore promote competitive binding-based displacement
effects and maintain the typically high productivity. During the last decades several efforts in research
and PD were carried out investigating competitive based displacement effects and its use.3486:183,184,188-
192 However, currently no screening strategy exists to investigate potential displacement effects
applying membrane chromatography on a robotic screening platform.

In this paper, we introduce a PD strategy for the determination of competitive binding-based
displacement effects in monoclonal antibody aggregate removal. Initially, principles behind
competitive binding-based displacement effects are investigated and verified by mechanistic modeling
of two different two-component mixtures. Subsequently, a new robotic HTS screening procedure is
developed and evaluated in the light of a novel process design. The newly developed robotic HTS
screening procedure is applied for aggregate removal PD when processing mAbs. To illustrate its
applicability towards PD using OBE chromatography, a Sartobind® S a cation exchange (CEX) MA is
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investigated. Specifically, during the HTS OBE mode, the CEX MA is loaded until saturation, washed,
and partially eluted in repeating cycles at stepwise increased salt concentrations. In addition, the
method can be used to identify the potential presence of competitive binding-based displacement
effects and predict the optimum process condition. The process parameter and displacement effects
are confirmed with benchtop recycle experiments. In the recycling experiments, at least 60 times
loading volume was passed twice over a Sartobind S MA and the displacement effects were analyzed
with size exclusion chromatography (SEC) in the breakthrough. Finally, this processing mode is shown
to elevate yield and enhances selectivity when comparing to a classical FT mode which is typically
stopped at a HMWS product content below 1%.

4.2 Materials and Methods

4.2.1 Materials

The applications for material used in this work can be divided into a) HTS and benchtop
chromatographic experiments, b) benchtop recycle experiments, c) analytics, d) data handling,
automation, and mechanistic modeling.

a) HTS and benchtop chromatographic experiments

The HTS is carried out with the HTS robot Lissy® 2002 GXXL/8P from Zinsser Analytic. FT and OBE
chromatography experiments were performed using Akta Prime™ and Akta™ Explorer from Cytiva.
The used MA devices were prototype set - ups, based on three flat sheet-stacked MAs with a diameter
of 2.9 cm in a plastic housing, resulting in a liquid accessible diameter of 2.7 cm for the then 0.025 cm
+ 0.003 cm bed height and 0.43 cm® * 0.05 cm3. Cellstar® 12-wellplates from Greiner Bio-one
International GmbH were used for the fractionation of the SDD - HTS. The buffer preparation is done
by dissolving the buffer salts in purified water which is provided by an Arium® Water Purification
System from Sartorius Stedim GmbH. The used salts were weighed with Sartorius Master®™® LP 120005
balance or Sartorius Expert LE225D-OCE from Sartorius Stedim Biotech GmbH with the components:
sodium chloride (NaCl), hydrochloric acid (HCI), glycine, sodium acetate (NaAc), acetic acid, di-
potassium hydrogen phosphate, potassium dihydrogen phosphate, disodium hydrogen phosphate di-
hydrate and sodium di-hydrogen phosphate di-hydrate from Carl Roth, trisodium citrate di-hydrate
and acetone from VWR chemicals, citric acid monohydrate from Alfa Aesar, ethanol from Sigma Aldrich.
For pH value adjustment sodium hydroxide (NaOH) or hydrochloric acid (HCI) were used. Each buffer
and load solution are pre-filtered with a 0.45 pum Sartopure® and a 0.2 um Sartolab® RF vacuum filter
from Sartorius Stedim Biotech GmbH. The CHO fermented monoclonal antibody is a Sartorius Stedim
Biotech GmbH internal load solution. Further purification was done with a MabSelect™ Sure™ lab
column (5 cm diameter, 192 mL volume) provided by Cytiva and an Akta Prime™ system. The eluate
contained approximately 18 g/L mAb and a mAb aggregate level of approximately 0.5-2 %. Enrichment
of the aggregate content of the clarified mAb solution to 2 % - 8 % is done with a pH shift. Aggregation
with a temporary pH shift is a commonly used method for aggregation.5*1741%3 After diluting the 0.1 M
pH ~3 glycine buffered mAb solution three times with KPi buffer, the pH value is adjusted to pH 3 with
0.5 M HCl or 0.5 M H3PO,. The aggregation time was set to 2 h with stirring at 150 rpm. Finally, the pH
is readjusted to pH 7 with 0.5 M NaOH. Following this, the respective aggregated mAb solution is again
purified with the protein A column fractionated in a pre-, high concentration and post fraction. The
pre- and post-fractions of all chromatographic runs are pooled, and pH adjusted again loaded to the
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protein A column. Resulting in pooled high concentration fraction solutions which exhibit mAb
concentrations of up to 22 g/L. The final load solutions were prepared by diluting the high
concentrated aggregated mAb solution with the respective buffer, with a minimum dilution ratio of
one to three. Each dilution buffer at each pH value was prepared with 0 mol/L and 1 mol/L NaCl to
achieve appropriate salt concentrations. The pH value and conductivity (CD) was adjusted by mixing
the solution with the respective buffer followed by an incubation period of one hour at room
temperature. In a pH range of 5 - 7, the feed solution was diluted to 1 g/L - 6 g/L with 0 M - 0.3 M NaCl
concentration. The used load and buffer stock solution for the HTS screening are sodium acetate (pH
range 5 - 5.5) and potassium phosphate (pH range 6 - 7).

b) Benchtop recycle experiments

The benchtop OBE chromatography experiments in recycle mode were carried out with a mAb solution
of 2 g/L-6g/L monomer and 2 % - 8 % HMWS in 20 mM sodium acetate buffer at pH 5 or 5.5 and a
sodium chloride adjusted conductivity of 10 mS/cm and 18 mS/cm, respectively. The benchtop
experiments were conducted applying a MA in a silicon housing stabilized with a plastic jacket with 20
or 40 stacked flat sheet Sartobind® S membranes resulting in a bed volume of 4.6 mL + 0.2 mL and
8.4 mL £ 0.3 mL, respectively.

c) Analytics

Overall protein concentration was measured at 280 nm wavelength with a VivaSpec® UV reader from
Sartorius Stedim Biotech GmbH. The IgG and its HMWS concentration were measured with a Yarra™
3 um SEC 3000 column of 300 x 7.8 mm from Phenomenex using Dionex™ UltiMate™ 3000 HPLC
System from Thermo Scientific™ at a flowrate of 1 mL/min.

d) Data handling, automation, and mechanistic modeling

The HTS method automation was done with WinLissy (version 7) from Zinsser Analytic. UNICORN®
from Cytiva was used for FT experiment recipe writing. The IgG and its HMWS concentration were
quantified with the Chromeleon™ 6.80 from Dionex. Experimental results evaluation and
chromatographic data analysis was done with Origin® 2018b from OriginLab Corporation. Mechanistic
modeling was done with ChromX™ provided by GoSilico GmbH.

4.2.2 Methods

A full list of abbreviations, symbols and indexes used throughout this work is presented at the end of
this manuscript.

4.2.2.1 Scale-down device — experimental set - up

Each SDD contains a membrane bed consisting of 3 flat sheet membrane discs with 27 mm diameter
and 240 pum to 280 um thickness resulting in a bed volume of 0.41 mL to 0.48 mL, respectively, as
illustrated in Figure 4.1 A. A Sartobind® S membrane with a mean pore diameter of 3 um -5 um and a
ligand density of 2 peg/cm? - 5 peg/cm? is used in this work. Each SDD exhibits a septum port, through
which a robotic needle can penetrate to inject solution with a positive pressure into the device. To test
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and assess the targeted average pipetted volume accuracy of less than + 3 % for an injection velocity
of 500 plL/s, a volume calibration routine to reduce the deviation between set and measured
dispensed volume was established using 200 pL, 400 pL, 800 pL, 1500 pL, 2500 pL and 4000 pL water
in triplicate for each needle prior to each experiment. In case the targeted accuracy could not be
reached, the volume correction factors of the robotic system are adjusted in the HTS robotic software.
The HTS set - up comprises eight SDDs fixed on a holder plate to be operated in a parallel fashion, see
Figure 4.1 B. Below the SDD holder plate, four movable 12 well plates collect the fractions of the eight
devices where each well can hold a maximum of 5 mL solution and complete the SDD - HTS.

A
SDD
Septum Port
optional UV flow cell Membrane device
Holder plate
Well-plate
Movable plate
mmmm  Injection port sealing
Fluid distributor
Support Net
Supportive layer
Membrane layer
B
SDD - HTS

Needle

Septum port
Scale down device

Holder plate

Movable well plate

Figure 4.1: (A) SDD setup in which the liquid passes a fluid distributor followed by a support net and the three membrane layers, (B)
SDD-HTS setup: needle injects the liquid through the septum port into the SDD, which is fixed to a holder plate. The holder plate holds
eight membrane devices. Four movable well plates are used for the fractionation while each well plate collects the fraction for two
membrane devices
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4.2.2.2 Competitive adsorption-based displacement - delta interaction strength

Displacement effects have been exhaustively investigated by several researcher as e.g. the Steven
Cramer group® 139132 among others as Georges Guichon group**13 and Massimo Morbidelli group3®
138 In displacement chromatography, components of a mixture, which is bound to the stationary phase,
are selectively eluted by applying specific displacer. Selection and characterization of a possible
displacer can be achieved calculating the separation factor a in Eq. (4.1) based on the dynamic
affinities A calculated in Eq. (4.2) derived by the steric mass action isotherm (SMA) model in Eq. (4.3).

A (1)
a=— 4.1
A )
v
1 = Kk (4.2)
t QDisplacer
CDisplacer
= di < Cs )vl (4.3)
eql — .
Keqi \A— Z}l=1(‘7j +v5)-q;

Previous work of Cramer et. al. is adapted for the identification of competitive binding-based
displacement effect during the presented OBE chromatography mode. Rearrangement of Eq. (4.3)
leads to the identification of three groups as displayed in Eq. (4.4). T1 ligand availability for the
component m, T2 reduction of available ligands by the bound component m and T3 competitive
adsorption depending on surface charge, sum of steric hinderance o and characteristic charge v of
each component. Following this, the interaction strength and thus competitive binding-based
displacement rely on the bound components and the applied liquid concentration when compared to
Eqg. (4.3).

1

oA Q" " Cs Yt a)-q
m — 1 (4.4)
(Vi + o) — (Vi + 0om)
o (Ceqm Keqm)'™* m + 0n) e
T2

The identification of competitive adsorption-based displacement effects can be conducted by reducing
Eqg. (4.4) for a two-component system in Eq. (4.5). This said, the salt molecule is not considered as a
component in this case, which would be needed for an analytically correct correlation.

1

4 = A qu'cs (vy + 0) q
1= - - “q2 (4.5)
(v +01) L (v +01)
el (Ceq,l ) Keq,l)v1 “(v1 +01) T3
T2

However, in Eq. (4.5), the two terms T2 and T3 can have an impact on displacement effects. Based on
the parameters given, T3 specifies the steric and charged-based differences between the components
and thus be used for the displacement identification. The two-component interaction strength
increases with the difference between the components. Following this, with a high interaction
strength component 1 will be displaced by component 2. Therefore, T3 is defined as delta interaction
strength in Eq. (4.6).
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(v + 02)
(vq + 1)

delta interaction strength = (4.6)

4.2.2.3 Mechanistic model analysis

To validate the above deduction, the outcome of two case studies based on the separation of
ribonuclease A and cytochrome C as well as IgG monomer and its HMWS is examined. The differences
between BE and OBE chromatography mode, are evaluated by a detailed equilibrium-dispersive
mechanistic model analysis applying an SMA isotherm, each by means of locally resolved stationary
interaction, column profile and isothermal behavior. The investigated stationary phase for both
scenarios is a MA of 8.34 mL, a porosity of 0.75 and a bed height of 13.75 mm. The respective fluid
dynamics of the system and MA were characterized with a step function acetone tracer experiment.
The ionic capacity for the used Sartobind® S was determined by titration of the module using an Akta™
Explorer. The used flow rate was 14 mL/min. In Table 4.1, the competent parameters are listed for
Ribonuclease A and Cytochrome C obtained from Osberghaus et al.’®® The kinetics were assumed to
be equal and comparable to IgG. The IgG and HMWS SMA isotherm parameters were assessed using
the HTS BE results published earlier!®! (results not shown here).

Table 4.1: Simulation parameters

Unit Ribonuclease A Cytochrome C IgG 18G HMWS
concZiffa o (M] 1.3e-04 8.0e-06 1.2-05 3.3e-07
Kinetic [s(M)V] 0.013 0.013 0.013 0.066
Equilibrium [-] 0.148 0.307 9.91 14.4
Charge [-] 5.11 5 4.4 4.93
Steric [-] 28.88 28.7 513.8 12915.5
lonic capacity [M] 0.8 0.8 0.5 0.5

4.2.2.4 High throughput screening — HTSoge

The developed screening procedure leading to the application of OBE chromatography suitable for
classical process range determination and difficult to assess and /or identify effects such as
displacement. The procedure can be described by a repeated BE mode with partial elution. The HTSoge
procedure and the resulting chromatograms are depicted in Table 4.2 and Figure 4.2.

Table 4.2: OBE screening procedure

Step Step size Total volume Conductivity (CD)
[-] [mL] [mL] [mS/cm]
L1 2-4 28 10
W1 2-4 10-12 10
El 4 8 20
L2 2-4 14 20
W2 2-4 10-12 20
E2 4 8 30
L3 2-4 14 30
W3 2-4 10-12 30
E3 4 8 40
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Figure 4.2: Exemplary OBE mode with two phases of a BE mode as loading phases L1, L2 (green areas), wash phases W1,W2 (gray
areas) and elution phases E1, E2 (blue areas). The OBE mode comprises a sequence of load (L), wash (W), and elution (E) steps. The
parameters used are listed in Table 4.2 and Table 4.3. If a component concentration exceeds its loading concentration in the loading
step while the other component concentration remains below, its loading concentration displacement effects are identified
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In contrast to the HTSge mode discussed earlier!®!, the equilibrated MA is purposely overloaded by
adding a load mass of twice the by estimated static binding capacity (prior knowledge), here in
2 mL—-4 mL steps up to 28 mL load (L1). Subsequently, the MA is washed with 10 mL-12 mL in
2 mL- 4 mL steps (W1) and partially eluted with 8 mLin 4 mL steps (E1) with one conductivity (CD) step.
This is followed by loading the MA (L2) containing 14 mL load in 2 mL -4 mL steps with the same
conditions as the elution step (E1) before. After the anew loading, the procedure is repeated. The
approach is completed with an 8 mL regeneration and 12 mL re-equilibration storage step in 4 mL
steps. Liquid dispensing velocity was set to 500 pL/s. The loading concentration for each pH and
conductivity value is listed in Table 4.3. Every pipetting step eluate is collected in a cavity of a movable
well plate and analyzed by SEC. Based on prior knowledge the conductivity was set to observe a high,
medium, and low binding capacity range. For unknown binding conditions of a stationary phase the
conductivity range might be extended, and/or smaller conductivity steps could be used.

Table 4.3: OBE screening procedure

Loading concentration

CD 10 CD 20 CD 30
[mS/cm] [mS/cm] [mS/cm]
pH MC'II%()GIIICI‘ HMWS MoIr%oner HMWS Molri?mer HMWS
5.0 4.92 0.16 4.84 0.15 3.89 0.11
5.5 5.65 0.16 5.01 0.20 4.80 0.17
6.0 5.03 0.15 5.11 0.16 3.83 0.15
6.5 5.36 0.20 5.30 0.19 4.92 0.16
7.0 5.34 0.24 5.07 0.21 4.94 0.20

Limitations of the HTSose mode: In presence of competitive adsorption displacement effects, the static
binding capacity may not be determined with absolute certainty, based on the unknown loading
duration needed. However, the HTSose mode for displacement effect evaluation is capable to identified
competitive adsorption, thereby increasing contaminant binding capacity, optimal process conditions
enhancing utilization and recovery.
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a) Binding capacity

An outcome of the HTSoge results are static binding capacities for process maps. HTSge and HTSoge will
lead to the same static binding capacity if no displacement effects are present. If displacement effects
are present, the dependency of the static binding capacity with the loaded mass will lead to differences
in the static binding capacity between the HTSge and HTSoge. The static binding capacity at the initial
CD at a given pH value is calculated using Eq. (4.7). In Eq. (4.7), the sum difference of each component
loaded mass and flow through fraction mass equals the static binding capacity respectively.

l I n

n
1
qrT MaxLoadi = ;" CFT Load,ik * VFT Loadk — Crrik " Vrrk (4.7)
MA L — L
k=1i=1 k=1i=1

b) Identification of competitive adsorption-based displacement

Raw data obtained by a HTSoge procedure is analyzed by means of a term named displacement
identifier (DI). In Eq. (4.8), each component concentration ciis normalized by the loading concentration
Creed,i- The normalization thus allows to highlight two distinct situations: 1) the normalized component
concentration is bigger than one and thus indicates displacement 2) the normalized component
concentration of the component is below one and thus indicates the action of a competitive higher
attracted molecule. With this in mind, the DI in Eq. (4.9) is the product of each normalized
concentration reduced by one and is considered when the Phase k is equal to load phase as well as
the absolute deviation to the step before is less than 10 %. Consequently, a DI below zero indicates
displacement effects and a DI equal or higher than zero indicates no competitive adsorption-based
displacement. Applying the DI for competitive adsorption-based displacement effect analysis in HTSoge
loading phase requires a stationary phase saturation of at least one component.
Ci
CNorm,ik — (4.8)
Cfeed,i

DIy = (CNorm,i,k - 1) ) (CNorm,i+1,k - dc

1
) |=Load A ABS(W)Slo % (4.9)

4.2.2.5 Scale-up

For a scale-up validation of the HTScse data shown in Figure 4.3, benchtop experiments were
conducted as follows. Initially, a 4.6 mL prototype Sartobind® S was used with a volume of 500 mL
recycled twice over the MA. In addition, an 8.2 mL device was used for recycling and a single FT
experiment. The equilibrated MA is loaded, and the flowthrough fractionated into 5 mL samples until
reaching a total of 10 membrane volumes (MV). Following this, each 100 mL, a 5 mL - 10 mL sample
was collected. All samples were analyzed by SEC. If not sampled, the liquid is recycled into the storage
tank. In the recycling experiments feedstock solutions of 1.8 g/L-3.4g/L IgG monomer,
0.2 g/L-0.96 g/L dimer and 0 g/L-0.04 g/L IgG oligomer were loaded at pH 5 and 5.5 and CDs of
10 mS/cm, 11 mS/cm, and 18 mS/cm. A mass balance is used to determine the concentration in eluate
and stirred tank. To do so, load is weighed at the beginning and at the end of the experiment; the
states in between were calculated with the taken SEC samples.
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Figure 4.3: Schematic recycling experiments, the load is pumped from the loading vessel over the MA and recycled in the loading
vessel. Fractions are analyzed via SEC.

[

4.3 Results and discussion
4.3.1 Mechanistic process understanding

Addressing the standardized biopharmaceutical mAb process with its protein A purification step and
typically small levels of impurities, both subsequent purification strategies - BE and / or MA FT mode -
are currently used.

The typical challenge in a mAb platform process is the separation of the target molecule (1gG) showing
a higher feed concentration but lower charge / affinity to CEX ligands (component 1) and an impurity
(i.e. aggregates) showing a low feed concentration but usually higher charge / affinity to CEX ligands
(component 2). Based on the highlighted correlations between SMA parameters and possible
displacement identification (Eq. (4.4)), the introduced interaction strength (Eq. (4.6)) is initially used
for a theoretical assessment.

Competitive adsorption-based displacement effects occur now when the difference / delta between
these surface-charge related affinities increases. A schematic illustration of these effects at BE and
OBE chromatography modes is shown in Figure 4.4. Initially, the higher concentrated molecule
(component 1, mAb) will occupy the available surface of the stationary phase, but upon further loading
will — in the case displacement takes place — eventually be displaced by the lower concentrated
impurity (component 2, aggregate). In BE mode potential displacement effects are hardly seen during
load and elution. This said, displacement effects will change the internal ‘column profile’ independent
of process mode. In OBE chromatography potential displacement effects, however, can be exploited
to increase utilization of the stationary phase and feedstock purity. Thus, the column / membrane load
determines the process mode - BE or OBE - while the delta interaction strength determines molecular
processes determining the occurrence and strength of displacement effects.
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Figure 4.4: Schematic illustrations of the molecular processes along the stationary phase length. The process mode is a function of

column load, FT mode for high column load and BE mode for low column load. Displacement effects between two components are

governed by the delta interaction strength.
The above presented Figure 4.4 is validated by the two presented mechanistic model-based analysis
of two high load FT mode simulation using isotherm data from ribonuclease A and cytochrome C as
well as IgG monomer and its HMWS (see Table 4.1) in Figure 4.5. The separation of ribonuclease A and
cytochrome C with a delta interaction strength of 0.99 shows no significant displacement effects
whereas IgG monomer and its HMWS with a delta interaction strength of 25 clearly shows
displacement effects.
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Figure 4.5: Visualization of the obtained process signal in terms of chromatograms (A) and the respective isotherm shapes (B). The
signals are sorted compared to the schematic description in Figure 4.4 highlighting the process mode — BE or FT — being a function of
column saturation and the underlying molecular processes being a function of the delta interaction strength. The most prominent
indicator for displacement effects is clearly seen in the load behavior under FT conditions.
Figure 4.5 A) reviews the resulting process signals in terms of obtained chromatograms and Figure
4.5B) highlights the respective isotherms behind this behavior. Assessing the obtained
chromatograms in a BE mode it becomes clear, that displacement behavior will only lead to a shift in
retention time and slight changes in the shape of the elution peak. The delta interaction strength is
only visible in the distance of the resulting peaks as a function of elution conditions. For FT mode
where the stationary phase is overloaded with process feedstock potential disassembly becomes
visible during load showing a higher co.t than ci, of component 1.

While the actual affinity of a components (either single or in a mixture) remains widely unchanged
(Figure 4.5 B(1)), the most prominent difference when assessing the isotherms behind the adsorption
behavior is the reduction in binding capacity of component 1 when transitioning from a single
component systems to a two component mixture (Figure 4.5 B (2,3)).

The loading phase of ribonuclease A and cytochrome C is dominated by the ligand saturation through
ribonuclease A being higher concentrated and exhibiting a higher affinity to the stationary phase.
Cytochrome C binds to the stationary phase as expected by its smaller concentration value but reduces
the static binding capacity of ribonuclease A insignificantly with a 5 % decrease at the cytochrome C
breakthrough. During further loading, the ribonuclease A liquid concentration strives towards its feed
concentration, while no displacement effects could be observed.

For 1gG monomer and its HMWS, displacement effects can be assumed solely based on the delta
interaction strength. The displacement effects are then observed during the loading phase when the
IgG monomer concentration exceeds its feed concentration. This effect was described previously®®!
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and is confirmed with the monomer binding capacity reduction by the HMWS concentration
breakthrough. The HMWS concentration breakthrough indicates an HMWS saturated phase. The
relative 1gG binding capacity decreases with over 40 % when the HMWS loading content increases
from 1% to 2 %.

In summary, displacement effects are present if the delta interaction strength is greater than one and
thus the process concentration of component 1 exceeds its feed concentration in the loading phase.
In addition, the concentration of the component with the higher affinity (component 2) will remain
below its feed concentration during active displacement. As the most prominent indicator of
displacement processes is found during the load step, a reliable screening procedure is introduced:
the overload bind and elute (OBE) mode. While classical screening procedures®! use several elution
steps to determine the process range, displacement effects might be missed, this OBE mode
investigates concentration behavior during load at several different salt concentrations.

Both, the HTSge and HTSose modes result in the same static binding capacity under the following
assumptions: identical loading composition and process conditions and no molecular effects such as
displacement present. In this scenario, the OBE mode can also be used for conventional process
parameter determination. In contrast to the BE mode, the OBE mode offers the possibility to identify
potential dynamic effects. The latter, however, to the cost of a lower economic use of resources during
the screening procedure such as higher sample and buffer consumption.
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4.3.2 High throughput screening - OBE mode

In Figure 4.6 the loading steps (L1, L2) of a Sartobind® S MA in a SDD — HTS set-up applying the OBE
mode at pH 5, 6 and 7 are shown. The CD values shown in Figure 4.6 were 10 mS/cm (L1) and 20 mS/cm
(L2). All collected fractions are analyzed for monomer and HMWS content using off-line SEC. The MA
ligand saturation is achieved in the first loading step L1. When examining L1 at pH value 5, the IgG
monomer loading concentration is reached but not exceeded. In addition, the 1gG dimer loading
concentration is not reached, indicating potential displacement effects by competitive adsorption.
However, deviation in the measurement and experimental work cannot be excluded and a clear
statement is — for this scenario - not possible. In general, competitive adsorption-based displacement
effects are only considered given that the behavior of both components indicates this. Considering the
loading phase L2 at pH 5, it is observed that the monomer concentration exceeds the loading
concentration while the dimer concentration remains below its start/feed concentration. In this case
both components indicate a clear competitive adsorption induced displacement scenario. Based on
the experimental quality for pH 7 valid statements are hardly possible, the concentration course in the
first loading phase implies competitive adsorption here as well.
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Figure 4.6: Concentration profile of load fraction under OBE mode of Sartobind® S IgG; 1) pH 5; 2) pH 6; 3) pH 7; 18G monomer (top
row) and concentration IgG dimer (bottom row); the first loading step L1 is performed at low salt concentration, followed by a wash
and stepwise increased salt concentration in the elution step E1. The next loading (L2) is performed at the same salt concentration as
chosen for the elution and the procedure is continued as before.
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Even though not directly recognizable looking at the raw data presented in Figure 4.6, applying the
OBE leads to an assessment of displacement effects applying a DI map. Figure 4.7 shows the obtained
DI values of the screening data presented in Figure 4.6. A DI below 0 displays potential displacement
effects. The lowest DI obtained from the different loading fractions is applied for the DI map. Doing so,
a DI of -0.01 and -0.027 represents for example an excess of fraction concentration of the IgG over
loading concentration of 5% and 10 %, respectively. For Sartobind® S, IgG displacement effects
increase with the salt concentration at decreasing pH value. At neutral to basic pH conditions, no
displacement effects are observed. Displacement showed to be a fine interplay between surface
charge (distance to isoelectric point of the components) and salt concentration (shielding of
electrostatic interactions). The slight differences in DI show the difficulty to determine displacement
effects. Decreasing binding capacity also decreases the concentration change of the lower attracted
component, leading to detection limitations.
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Figure 4.7: OBE DI map for Sartobind® S and IgG in comparison to BE selectivity map. The DI map shows with decreasing pH-value and
with the conductivity increasing displacement effects. The colure code for displacement is: grey no displacement detected and
increasing displacement effects determined from blue to green over yellow and red. To facilitate the comparison of the determined DI
map, the selectivity map of IgG monomer and HMWS, determined in the HTS SDD BE mode published earlier by us7, is shown in the
upper right corner. The applied BE and OBE mode show similarities in selectivity and Di value respectively.
However, as displacement is a function of different interaction strength and thus the ability to separate
two components in BE mode, it is not surprising that the DI course obtained for the OBE mode is
comparable with the BE Sartobind® S selectivity band with increasing conductivity and decreasing pH
value showed earlier'®., In addition, S. Vogg et al. have discovered similar process parameters in their
investigations of displacement effects on Sartobind® S for a 50 kDA smaller antibody and its
aggregate.'®® In additional studies applying the BE mode for pH 5.5 and 20 mS/cm showed binding
capacities of 10 mg/mL and 1 mg/mL for a IgG and its HMWS respectively. Applying the OBE mode for
the same conditions resulted in binding capacities of 10 mg/mL IgG and 3 mg/mL HMWS respectively.
In PD this would result in a 3-time higher load volume. This said, a higher loading volume at reduced
IgG product binding enhances yield and productivity when compared to a classical FT approach.
Accordingly, the OBE mode is centered between the BE mode facilitating for complex purification /
feed impurity variability and the FT mode with high recovery / productivity.
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4.3.3 OBE recycle chromatography - case study

The OBE results obtained in the HTS set-up were confirmed in an benchtop case studies expressing
approximately scale-up factors of 10 and 20. 500 mL feed stock - containing 1.78 g/L IgG monomer,
0.96 g/L dimer and 0.04 g/L IgG HMWS - were loaded/recycled two times on a 4.6 mL Sartobind® S
device at pH 5 and CD 11 mS/cm (L1), pH 5.5 and CD 10 mS/cm (L2) also pH 5.5 and CD 18 mS/cm (L3).
Additional experiments were conducted with an 8.4 mL device at pH 5 and CD 11 mS/cm (L1), pH 5.5
and CD 11 mS/cm (L2) also pH 5.5 and 18 mS/cm (L3). Figure 4.8 shows the recycle experiment
obtained for the 4.6 mL Sartobind® S device at a pH 5.5 and CD 18 mS/cm (L3). The monomer
concentration exceeds the loading concentration shortly after the breakthrough started. As a result of
the fractionation, the load / vessel concentration decreases with the experimental period not only
during adsorption, but also when mass is removed. Shortly after (1-2 MV) the 1gG monomer, the IgG
dimer breakthrough can be determined. The IgG dimer breakthrough is shallower than that of the I1gG
monomer. This characteristic can be caused by either strongly deviating isothermal parameters or
different adsorption kinetic properties. The start of HMWS breakthrough curve is only detected
between 75-110 MV. However, comparing the loading concentration profile between the components
show similarities between IgG dimer and HMWS, indicating similarities between the respective
components. During the experimental course, the displacement of the IgG monomers decreases as a
result of the dimer concentration approaching its loading / vessel concentration. Thereafter, the IgG
dimer concentration increases slightly over its loading / vessel concentration which may indicate
displacement by IgG HMWS.

®  monomer ® dimer 4 oligomer
— — monomer feed tank— — dimer feed tank— — oligomer feed tank

2.5

0.10

0.05

concentration monomer (g/L)

dimer / oligomer concentration [g/L]

0.0 = . : . . . . .
0 50 100 150 200

0.00

volume (MV)

Figure 4.8: Simplified recycle experiment concentration profile at pH 5.5, CD 18 mS/cm. The IgG monomer increases the loading
concentration and convergence then the loading concentration. In the range of 20-75 MV, the dimer and HMWS concentration do not
reach the loading concentration which conform the displacement of IgG monomer.
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4.4 Conclusion

Based on the recycle experiments described above the presence of displacement effects at the
determined OBE conditions could be confirmed. Liua et al. used a Poros™ 50HS resin in column
chromatography and gained with 0.3 column volume per minute 36 % less IgG monomer and 66 %
higher aggregate binding capacity.?* For MA processing, we achieved comparable results. Using
displacement effects in MA processing leads up to 45% less monomer and 88% higher aggregate
binding capacity compared to one-time loading.

Furthermore, the recycle experiment confirms the previous findings of HTS BE and HTS OBE mode at
pH 5.5 and a conductivity of 20 mS/cm. The HTS BE mode determined 10 mg/mL IgG and 1 mg/mL
HMWS binding capacity while HTS OBE mode and recycle experiment showed capacities of 10 mg/mL
IgG, 3 mg/mL HMWS and 14 mg/mL IgG, 3 g/L HMWS binding capacity. The slightly higher binding
capacity of the IgG for the HTS OBE mode when comparing to the OBE benchtop experiments is
probably due to a lower CD value (18 mS/cm < 20 mS/cm) and an also lower aggregate concentration
(5.2% < 5.7 %).

4.4 Conclusion

The applied PD approach targeting displacement effects from investigations on protein adsorption to
process design was shown for an example of separating 1IgG monomer from its HMWS. Theoretical
investigations based on SMA isotherm parameter evaluation allow a direct assessment of possible
displacement effects in a two-component mixture resulting in the introduction of the delta interaction
strength. Following this, the theoretical findings could be verified experimentally leading to a DI
process map guiding PD at large scale. The conventional SDD - HTS approach in BE mode’ has been
extended with the OBE approach introduced in this work, allowing the determination of displacement
effects. The SDD - HTS OBE approach can be described as a repeated BE mode with partial elution. The
OBE approach has been applied to IgG aggregate removal with Sartobind® S and in addition to the
successful displacement effect identification, the determination of classical process parameters for FC
or OBE chromatography mode has been confirmed. As a result of the recycling experiment, the IgG
monomer binding capacity was reduced by 45 % and that of the IgG aggregates increased by 88 %.
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4.4 Conclusion

Table 4.4: Abbreviations

Abbreviations Meaning Unit
BE Bind and Elute [-]
CD Conductivity [-]
CEX Cation exchange chromatography [-]
DBC dynamic breakthrough capacity [-]
DI Displacement identifier [-]
Ex Elution step k [-]
FC Frontal Chromatography [-]
FT Flow through [-]
HCP Host cell protein [-]
HMWS Higher molecular weight species [-]
HTS High throughput screening [-]
1eG Immunoglobulin G [-]
LC Liquid chromatography [-]
Li Loading step k [-]
MA Membrane adsorber [-]
mAb Monoclonal antibody [-]
MM Mixed mode [-]1
MV Membrane volume [-]
OBE Overload bind and elute [-]
SDD Scale-down device [-]1
SEC size exclusion chromatography [-]
SMA Steric mass action [-]
Wi Wash step k [-]1
Table 4.5: Symbol
Abbreviations Meaning Unit
c’i Concentration of component i [g/L]
cFeed Feed concentration [M]
Ci Concentration of component i M]
CNorm Feed normalized concentration [-]1
Cs Salt concentration [M]
DI Displacement identifier [-]
. . Two component displacement
Delta interaction strength quantifier interaction strength [-]
K Equilibrium constant [-]
M Molar mass [g/mol]
MV Membrane volume [MV]
MV, Slope center in membrane volume [-]
q Binding capacity [M]
Static binding capacity calculated by
qMaxLoad,i the difference between loaded and M]
unbound mass
T1 Equation term 1 [M]
T2 Equation term 2 [M]
T3 Equation term 3 M]
v Volume [mL]
o Separation factor [-]
A Dynamic affinity [-]
A Ionic capacity [-]
Y Characteristic charge [-]
c Steric hinderance [-]
Table 4.6: Indices
Abbreviations Meaning Unit
i Component [-]
BE Bind and elute mode [-]
Dimer IgG dimer [-]
HMWS IgG HMWS [-]
k Fraction / dispensing step [-]
m Component [-]
Monomer IgG monomer [-]
OBE Overload bind and elute mode [-]
Total Total, Overall value [-]
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Abstract

In biopharmaceutical PD time, cost and reliability are the relevant keywords. During the development
of chromatographic processes these targets are challenged by many possible scaffolds, ligands, and
process parameters. The common response to this diversity is the establishment of platform processes
in the development of chromatographic unit operations. However, while developing a platform library
to simplify and accelerate chromatographic processes, the potential combination of scaffold, ligands
and process parameters need to be characterized. This challenge is addressed in a case study on novel
mixed mode (MiMo) adsorber for the removal of monoclonal antibody (mAb) aggregates. We propose
a rigorous strategy to reduce the various experimental design space resulting from possible
combinations in scaffolds, backbones, and ligands. This strategy is based on theoretical considerations,
identification of adsorber selectivity and capacity for the identification of a suitable membrane system.
For this system, each potential MiMo membrane adsorber (MA) candidate is investigated in its high
molecular weight species (HMWS) reduction potential for a given mAb feed stream and referenced to
the performance of Capto™ Adhere. The introduced strategy can reduce the developmental effort in
an early stage from three to two possible stationary phases. Thereafter, initial examinations at
different ionic capacities enlighten one favorable stationary phase. Finalizing the development
strategy procedure by studying five different MiMo ligands by HTS and confirming the study with a 2-
3 MV higher dynamic breakthrough capacity in benchtop experiments and provides an insight in the
benefits of a living process platform library.

5.1 Introduction

In biopharmaceutical PD (PD) productivity, separation performance (selectivity and capacity) as well
as robustness are the relevant keywords.?® For chromatographic processes, these parameters are a
function of stationary phase characteristics, ligands and process parameters.*:4° This said, employing
all possible combinations of process parameters is contradictive to a stream-lined set up of a potential
design space. The common response to this diversity is the establishment of platform
processes,l7:34169.170 platform processes use a fixed set of unit-operation and stationary phases
minimizing PD effort while at the same time ensuring acceptable selectivity, capacity and robustness.
This approach, however, is only feasible for a set of molecules expressing high similarity, such as the
classical mAb purification processes. Following the increasing number of new chemical or biological
entities by a factor of 1.2 and 1.9, comparing developments in 2004-2008 with 2009-2013 and 2014-
2018,% however requires a different strategy. Investigating the phase 2 product pipeline of several
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5.1 Introduction

biopharmaceutical manufacturers reveals a molecule variability compromising of antibodies, small
molecules, bispecific antibodies, antibody agonist, antibody conjugate and recombinant proteins.?®*
199 The increasing number of modalities generates the need for more process flexibility. What is thus
needed, is a dynamic platform strategy for the development of processes rather than today’s more
static process platform.

The typical (static) platform PD focuses on a few process parameters only, limiting itself in
transferability and its success relies on fragile individual knowledge. Future strategies need to rely on
standardized strategies for choosing various unit operations, allowing a more dynamic PD leading to
diverse but highly robust and productive processes. One of the most common unit operations in
downstream processing is chromatography; usually two to three chromatography steps are
implemented in typical mAb platform processes.’>'*” The typical classification scheme for
chromatographic steps employing a) chromatographic processing mode, b) stationary phase scaffolds,
c) backbone structures and d) chromatographic interaction mode and are shown in Figure 5.1 and
Figure 5.2.

‘ Chromatographic phase system

Process mode

‘ Stationary phase scaffold | ‘ Interaction mode & Backbone structure

Bind and Elute . P P PP Membrane m Electrostatic

Hydrophobic

Flow through : Bead
m w (] w » @
Description
Fiber Mixed mode
Product

p
. Impurities

+ Charged ligand (e.g. negative, here positive) Monolith m Affinity

Hydrophobic ligand {e.g. Phenyl}

. Affinity ligand (key lock principle)
Size exclusion

Backbone structure

Figure 5.1: Exemplary chromatographic subgroups. Schematic representation of conventional subdivisions in chromatography using
process mode, mode of interaction and type of stationary phase scaffolds. Backbone structures investigated in this study are
highlighted in more detail in Figure 5.2.

What is needed though is a PD strategy to address chromatographic parameters for a given challenge.
This includes a characterization across different combinations of new and existing chromatographic
modes, scaffolds, backbones, and ligands resulting in so-called “living knowledge” based libraries.
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Membrane Bead
(MAG L one tigand) (Beady, inone Ligand)
Surface (SC) 3D Hydrogel (3DH) Double Porous (SN) SN
Backbone
Structure

Adsorbent Surface Adsorbent Surface adsorbent surface

Ligand Attachment  Adsorbent Surface & & &
Hvdrogel Structure Nano Structure Porous Structure
ydrog (~10 nm) (~100nm)

Figure 5.2: Different backbone structure: surface (SC), 3D hydrogel (3DH), and double porous (SN) membrane. The different scaffold

types investigated were MA and Bead. Here, the bead is classified as SN to avoid misinterpretation of a nonporous bead with only

surface binding.
In general, chromatographic processing modes are bind and elute (BE), flow through (FT) and
subgroups thereof. These subgroups are characterized by different load, wash, or elution strategies.
The classification of BE and FT is mainly a function of product behavior during the chromatographic
process.1*1%8200 |n BE mode, the product attaches primarily to the stationary phase while the impurities
preferably do not interact with the stationary phase or are separated from the product in the elution,
e.g. ion exchange chromatography. For conventional BE mode, stationary phases with high binding
capacity are generally preferred. Typically, high binding capacity is associated with optimized pore
diameters, resulting in large specific surface areas of the stationary phase; a setting usually leading to
diffusion limited mass transfer and thus to long residence- and cycle-time. Operating in FT mode is
generally associated with binding the impurities and allowing the product to pass through the
stationary phase with as little interaction as possible.¢21 As a result of the impurity binding, the
product concentration of the FT mode is limited to that of the feed. Compensating for this
disadvantage the FT mode needs to employ high flow rates and extended loading cycles to reach the
desired productivities.'62%! Scaffolds with non-dominant mass transfer but sufficient binding capacity
are thus needed to achieve this.

The optimal process mode for a given challenge is a function of scaffold, backbone, interaction mode
and feed stream composition. In order to sort the various properties of the scaffolds, they are grouped
into: a) bead, b) monolith, c) fiber and d) membrane adsorber (Figure 5.1). Bead based scaffolds usually
have a backbone structures consisting of a particle diameter in the range of 50 — 500 um and pore
diameter of 20 - 160 nm.1%%1%7 These scaffolds are usually based on silica, polysaccharides, acrylates or
methacrylate etc. and can also exhibit additional surface modifications.** Numerous researchers have
shown a close relationship between molecular size, optimal pore diameter and achievable binding
capacity. 1%11° Hunter et al and Svec, among others, point towards an ideal particle pore/protein
diameter ratio of ~10-12.11%143-1%7 Thjs rule of thumb correlates to the molecule specific accessible
surface area and thus available binding sites, nearly independent of the overall ligand density.
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5.1 Introduction

Monoliths as bead-based scaffolds can also be characterized by a meso and macro pore structure. The
monolith macro pores are called flow channels, with a typical channel size in the range of 1-6 um 4
150 while the meso pores are in the range of 2-50 nm.161481% The scaffold of monoliths consists of
different materials like silica, polyacrylamide, cellulose, styrene and polyglycidylmethacrylate.14®151
Monoliths as well as beads tend to express mechanical instability due to the high internal porosity.%
Depending on the formulation and packing procedure fiber-based backbone structures consist of flow
channels in the range of 0.5 — 20 um and a surface area of 2-20 m?/g. The scaffold can be compared
to monoliths and membrane material as e.g. polyethylene terephthalate and cellulose.?®1
Membrane adsorber backbone structures with its pore sizes of 2-4 um are known for their high
applicable flow range with relatively low pressure drop.'! These membrane adsorber are usually made
of organic material such as cellulose and its derivatives, polyethersulfone, polypropylene and
polyvinylidenfluoride exhibiting a surface are of 0.6 — 3 m?/g.11%:1%

Besides the accessible specific surface area for a given molecule — mostly determined by the chosen
backbone structure -, the ionic capacity or density can be a variable influencing the binding capacity,
selectivity and the mass transfer rate.144144146157 This said, various backbone structure modifications
are available to influence the ionic capacity distribution and/or distance between ligands of a
stationary phase such as: a) surface modification, b) grafted polymers and c) gel in a shell.?*! The
various modifications can influence the binding capacity and/or mass transfer by changing the ionic
forces or ionic charge distribution.

Finally, depending on the type of ligand, the modes shown in Figure 5.1 define the final interaction
between the molecules and stationary phase.

The ligand and thus applied interaction mode performance is generally connected to the interplay
between molecular surface properties, ligand properties and fluid phase/feed characteristics.
Exploiting this interplay, an increasing trend towards the use of so-called mixed-mode ligands has been
observed in the last 20 years.'>’*73 In the past various strategies have been applied in the application
of mixed mode interactions: a) a mixture of electrostatic and hydrophobic adsorbent material,2°22%3
b) backbone structures with one interaction and the attached ligand with the other interaction as well
as c) ligands with mixed chemical/chromatographic interactive regions attached to the backbone
structure.}’%18>18 Thege ligands have at least two different interaction modes, e.g. ionic and
hydrophobic interaction respectively. MiMo ligands have shown high potential for mAb HMWS
removal®®>186204 gnd can be used in classical attraction or ionic repulsion-based FT mode?®. In the
classical BE or FT mode both interactions are used simultaneously, e.g. cation exchange and
hydrophobic interactions.”7%170.186.206.207 The repulsion mode is used as an alternative to the classical

mode, in which an attractive and a repulsive interaction is applied.”%7%208

In summary, the increasing variety of feedstocks and stationary phases in PD, which requires high
productivity and robustness, necessitates streamlined procedures with fast and flexible screening
techniques. Consequently, these screening techniques result in either mapping of the applicable
design space or to provide an in-depth characterization of the system in order to allow further PD by
in-silico methods.3>36:3950

Addressing the above-mentioned complexity, we introduced screening procedures in the past,
allowing the evaluation of MA with different ligands.'®2% Prior to this screening procedures, the large
variability of potential scaffolds and backbone structures in membrane chromatography is reduced by
an evaluation scheme using theoretical considerations, and an investigation into selectivity and
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capacity. The presented evaluation scheme includes evaluation of different scaffolds, backbones and
MiMo ligands. Each candidate is challenged with the target of HMWS reduction of a monoclonal
antibody feed stream. Furthermore, this case study investigates the MiMo characterization capability
of the scale-down device (SDD) HTS in overload bind and elute (OBE) mode, earlier introduced by us.?*
The approach follows the typical chromatography parameter determination, seen for MiMo
chromatography by investigation of adsorbent data (chemical coupling parameters, ligand density,
type of backbone structure) and process data - HTS in OBE mode and confirmation in benchtop
experiments.

5.2 Materials and Methods

In chromatography the separation performance is an interplay between process mode, scaffolds,
backbone characteristics, ligand / interaction mode, molecular / biophysical characteristics, and fluid
phase properties. The terminology used throughout the study is as follows: Scaffoldsackbone,Ligand. In the
following section, the systems investigated i.e. ligand backbone combinations are presented. Their
suitability for HMWS removal is assessed by HTS and benchtop experimentation.

5.2.1 Materials

The material section is divided into the following sections: a) ligand coupling, b) feed and buffer
preparation, c) chromatographic experiments, d) analytic and software.

a) Ligand coupling

To adjust fluid phase conditions for efficient ligand coupling reactions, a pH probe Portavo® 902 pH
from Knick and conductivity probe Cond 330i from Xylem Analytics were used. The reaction solution
was prepared by dissolving the ligand and buffer salts in purified water, which was provided by an
Arium® Water Purification System from Sartorius Stedim GmbH. The pH-value of the reaction solution
was adjusted with sodium hydroxide (NaOH) or hydrochloric acid (HCl), from Carl Roth. Overall, five
MiMo ligands (structure confidential) provided by BioRad Laboratories and N-Benzyl-N-
methylethanolamine (BMEA) acting as a reference system obtained from Sigma Aldrich were coupled
onto membrane backbones. Trimethylamine (40%, TMA) from Merck was used to convert a
membrane backbone to an anion exchange MA.

b) Feed and buffer preparation

Purified water was provided by an Arium® Water Purification System. Weighing was performed by a
Sartorius MasterP™ LP 12000S balance or Sartorius Expert LE225D-OCE from Sartorius Stedim Biotech
GmbH. Chemicals used were: sodium chloride (NaCl), sodium hydroxide (NaOH), hydrochloric acid
(HCI), glycine, sodium acetate (NaAc), acetic acid, di-potassium hydrogen phosphate,
tris(hydroxymethyl)aminomethane (TRIS), di-sodium hydrogen phosphate di-hydrate, sodium di-
hydrogen phosphates di-hydrate and ammonium sulfate (NH4),SO4 from Carl Roth, tri-sodium citrate
di-hydrate and acetone from VWR chemicals, citric acid monohydrate from Alfa Aesar, ethanol from
Sigma Aldrich. The pH value and conductivity of feed and buffer were adjusted with the same probes
used for ligand coupling. Buffers used are listed in Table 5.1. Each buffer and feed solution were pre-
filtered with a 0.45 um Sartopure® and a 0.2 um Sartolab® RF vacuum filter Sartolab® from Sartorius
Stedim Biotech GmbH. The applied mAb was produced in a CHO fermentation, harvested and after
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filtration with an Sartopore® 2 XLG 0,45/0,2 um further purified by using a MabSelect™ Sure™ lab
column (5 cm diameter, 192 mL volume) provided by Cytiva® UK Limited and a Akta Prime™ system.

Table 5.1: pH value range dependency of buffers used

Buffer salt pH value range Molarity [mM]
[-] [-]
Sodium acetate buffer 5.5 20 mM
Potassium phosphate buffer 6-7 150 mM
TRIS HCI buffer 7-8 20 mM

c) Chromatographic experiments and material

The MiMo ligand screening was carried out with HTS robot Lissy® 2002 GXXL/8P from Zinsser Analytic
and FT experiments using Akta Prime™ and Akta™ Explorer from Cytiva© UK Limited. Capto™ Adhere
1 mL column was used for comparison with MiMo MA and process parameter determination. The used
MA devices were two prototype set ups, with 3 flat sheet stacked MA with 2.7 cm diameter in plastic
housing or a developed lab prototype with 30 flat sheet stacked MA in a silicon housing stabilized by
a plastic jacket. The resulting bed volume was 0.46 mL + 0.05 mL, 4.3 mL + 0.5 mL respectively.

d) Analytic and software

Overall protein concentration was measured by the UV spectrometer at 280 nm wavelength VivaSpec®
UV reader from Sartorius Stedim Biotech GmbH. The IgG and its HMWS concentration were
determined with a Yarra™ 3 um SEC 3000 column of 300 x 7.8 mm from Phenomenex using Dionex™
UltiMate™ 3000 HPLC System from Thermo Scientific™ and the software Chromeleon™ 6.80 from
Dionex.

The HTS method was carried out with WinLissy (version 7) from Zinsser Analytic. UNICORN® from
Cytiva© UK Limited was used for FT experiment code and chromatographic analysis. Experimental
results evaluation and chromatographic curve analysis was done by using Origin® 2018b from
OriginLab Corporation. MODDE® 12.1 was used for Design of experiments, statistical experimental
design, and evaluation. The prototype MiMo ligands were characterized with respect to molecular
weight and octanol/water partitioning coefficient using ChemSketch® from Advanced Chemistry
Development UK Limited, United Kingdom.

5.2.2 Methods
5.2.2.1 Feed preparation

A description of the further treatment for achieving an appropriate aggregate content of the clarified
and protein A processed CHO feed solution is given as follows: The protein A eluate contained about
18 g/L mAb and a mAb aggregate level of about 1%. Enrichment of the 0.5-1% aggregate content of
the clarified mAb solution to 2-6 % was done by a pH shift. Aggregation by a temporary pH shift is a
commonly used method for aggregation.®*174175 After diluting the 0.1 M pH 3 glycine buffered mAb
solution three times with potassium phosphate buffer (KPi) buffer, to enable aggregation in a mainly
unbuffered environment, the pH value is adjusted to pH 3 with 0.5 M HsPO.. The aggregation time was
set to 3 h with stirring at 150 rpm. Additionally, the pH was readjusted to pH 7 with 0.5 M NaOH
resulting in an aggregate content between 2-8 %. Hereby, IgG fragments are generated as a byproduct
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of the pH-Shift, 0.2-0.4 area weighted percentage increase as measured by SEC. To obtain a highly
concentrated stock solution, the aggregated mAb solution was concentrated using the protein A
column. The stock solutions exhibit mAb concentrations of up to ~18 g/L, 2-8 area weighted % HMWS
and 0.5-4 area weighted % LMWS. The final feed solutions in Table 5.2 were prepared by diluting mAb
stock solutions with at least three times of the desired buffer volume containing up to 1 M (NH,4),SO4
salt concentration. Finally, the feed solutions were filtered through a 0.2 um Sartolab® RF vacuum
filter 62 cm? filtration area.

Table 5.2: Feed concentration of the preliminary experiments

Feedstock pH Conductivity CFeed,IgG HMWS Vol.-%
[-] [-] [mS/cm] [2/L] [%]
6 5 33 6.8
1 6 15 1.3 6.5
7 15 3.8 53
2 7 15 2.7 4.0
3 7 15 2.8 5.0
7 2.2 3.1 5.0
7 50 2.3 3.0
4 7 25 2.4 2.8
7 15 3.2 3.0
7 5 2.8 34
7 2.2 2.6 3.0
5 7 15 2.7 4.0

5.2.2.2 Coupling procedure

The introduced PD strategy can be described by theoretical evaluation of the stationary phase,
followed by an experimental evaluation of the stationary phase and finally confirmation. This said, the
theoretical evaluation of the stationary phase is one part of the living library implementation with
continuous knowledge increase and refinement.

Five prototype MiMo ligands and one reference MiMo ligand were used. In this work, the
chromatographic interactions are induced by the overall constantly positively charged quaternary
amino group and the hydrophobic benzene ring. A diversity in ligand hydrophobicity is obtained by
different substitutes at the benzene ring. The reference ligand is technical grade BMEA, which is used
in the Cytiva© UK Limited product Capto™ Adhere. The five prototype ligands are provided by Bio-Rad
Laboratories and are characterized by the molecular weight and the ratio of solubility in octanol/water,
which is calculated by the logarithmic partitioning coefficient derived from the ligand concentration in
octanol co and water cw, the log P value. The calculation of the log P in Eq. (5.1) is based on the
molecular ligand structure and carried out by ChemSketch® (Version 12.01). A high log P value
indicates a hydrophobic ligand whereas a low log P value indicates a hydrophilic ligand.

logP = (5.1)

The MiMo ligand characteristic values can be found in Table 5.3. The hydrophobicity of the ligands in
increasing order is: reference ligand BMEA, L1, L2, L3, L4 and L5.
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Table 5.3: MiMo ligand characteristic values

Ligand log P MW
[-] [-] [g/mol]

BMEA 1.7 165.2
L1 2.1 165.2
L2 2.5 193.3
L3 3.2 255.2
L4 3.7 183.2
L5 4.1 221.3

In order to achieve acceptable ligand coupling parameters, reaction time (1 h—50 h), temperature
(40 °C—70 °C), ligand density (low — high), ligand to solvent ratio (0.1 — 0.9) and pH value (8 — 11) were
investigated. The coupling reaction between all used membrane backbone structures is a nucleophile
epoxide ring opening by the tertiary amine of the ligand at basic conditions. All used backbone
structures are different epoxide activated precursor Sartobind® membranes. These coupling
experiments are carried out with two 4.7 cm and one 7.0 cm diameter Sartobind® hydrogel
membranes with a height of 0.025 cm £ 0.003 cm for each coupling.

The ligand mass used is calculated by the product of the ionic capacity A, molar mass M of the ligand,
the membrane volume Vua and the desired ligand excess factor E (low - high) in Eq. (5.2). This said,
the calculated mass should then lead to the target ionic capacity of the modified MA.

mLigand = E " A " M " VMA (5.2)

Investigation of the MiMo ligand coupling parameter space was carried out with design of experiments
using Modde 12. The used model was full factorial 2 level with three center points and a total of 19
experiments.

5.2.2.3 Biophysical characterization of the stationary phase

The stationary phase system and its separation performance is determined by the combination of
scaffold structure, backbone design and applied ligand. In the following, the investigation is grouped
in scaffolds and backbone structures followed by the evaluation of the MiMo ligands and stationary
phase system performance.

Scaffolds: Process parameter and process performance may vary between the scaffolds when applying
the same ligand. In order to highlight these effects, the MAspn coupled with the BMEA ligand are
compared to the commercial bead based stationary phase ligand, which is attached to capto™ adhere
resin, at the very same process parameters with identical feed stocks of different pH and conductivity.
Confirmation runs were carried out with a 30-layer stacked MAspy Sartobind® lab prototype module,
each layer with a 2.7 cm diameter resulting in a bed volume of 4.3 mL + 0.5 mL.

Backbone structure: Important parameters of the applied backbone structures are surface area,
chemical stability, porosity, accessibility, diffusive/convective limitations, and fluid distribution. These
parameters define the binding capacity, selectivity, recovery, and productivity of the chromatographic
media. The available membrane backbone structures are: surface (SC), 3D hydrogel (3DH) and a double
porous (SN) membrane. As a reference we used the commercially available 1 mL Capto™ adhere
column from Cytiva® UK Limited applying a volumetric flow of 1 ml/min for all column experiments.
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An overview of the different scaffolds and backbone structures used in this study is given in Figure 5.2.
The available backbone structures differ in pore diameter and thus surface area and binding capacity,
diffusive length, and ligand attachment. In the case of MAsc, MAsy and Beadsy, capto™ adhere the ligands
are attached to the adsorbent surface. The MAspy exhibits an additional hydrogel of approximately
600-800 nm thickness grafted to the surface. The hydrogel offers an extended coupling space to which
the ligands are bound.

Ligand: The chemical properties of the ligand, when coupled to the backbone structure, define the
chromatographic interactions. In addition, the distance between the ligands and thus the surface
charge distribution influences the chromatography efficiency for the desired separation. One of the
state-of-the-art backbone and ligand characterization techniques includes the titration-based ionic
capacity determination. In Eqg. (5.3), the adsorbed hydroxide ions noux- are calculated by the mass
difference between added and measured HCl mass, receiving when integrating the concentration
Critration,liquid,i and applied volume Vritration, liquia,i- Dividing the exchanged hydroxide ions by the CV of the
investigated device (Eq. (5.4)) leads to the ionic capacity. Resulting from the constantly positively
charged ionic amino group and the hydrophobic benzene ring ligand structure, the ionic capacity also
notes the number of hydrophobic sites.

Nog- = f CTitrationliquid,2 aVTitration,liquid,z

(5.3)
- f Critration,liquid,1 aVTitration,liquial,1
Non-
A= (5.4)
cv

Considering the charge similarity of IgG and its HMWS, it is assumed that the distance between two
ligands influences the separation. The ligand density of a backbone structure, which is indirectly
comparable to ionic capacity, thus influences not only the maximum binding capacity but also the MA
selectivity, 141143146157 Eor the investigated MA a low ligand density reduces the binding capacity but
may enhance the larger HMWS selectivity due to the distance between the ligands. With a high ligand
density, the distance between the ligands is low and the ligands might interact with one another. This
said, the titration based ionic capacity A determination in Eq.(5.3) and Eq.(5.4) needs to be
transferred to a ligand distance specific parameter. This is given by the specific ionic capacity A* shown
in Eqg. (5.5).
A

N=— (5.5)
Aspecific

The ionic capacity is determined by titration of the charged amino group using the benchtop system
Akta™ Explorer (Cytiva©). The membrane device used was set up as follows: fluid distributor mounted
before and after three coupled stacked flat sheet membranes with a liquid accessible diameter of 2.7
c¢m and a height of 0.025 cm % 0.003 cm resulting in 0.43 mL + 0.05 mL bed volume. The experimental
procedure consisted of an equilibration step with 1 M NaOH, followed by a wash step with purified
water and titration with 10 mM HCI until a constant conductivity signal for 5 CV was reached.
Subsequently, the membrane was washed again with purified water until the baseline signal is reached,
followed by another HCI titration step. The procedure is finalized with a 10 CV 10 mM calcium
phosphate buffer KPi wash step at pH 7 followed by 10 mM KPi at pH 7 with 20% ethanol for storage
purpose. The measurement was carried out with a flow rate of 10 mL/min and 0.5 mL/min for the
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membrane devices and the 1 mL Beadsn,capto™ adhere cOlUMN, respectively. Establishing the scaffold- and
backbone-specific surface area (Aspecific) is done for membranes by BET gas adsorption and calculations
based on manufacturer information for the Beads capto™ adhere.>*° 232 In case of the MAspy, the nitrogen
applied by the BET analysis resulted in a collapse of the hydrogel. Consequently, the obtained surface
area was erroneously stated too low. The total column porosity €rota in Eq. (5.6) is determined in a
breakthrough tracer experiment performed with 3% to 5% acetone in 10 mM KPi buffer using a
benchtop system. The retention volume is corrected by the previously determined void volume,
calculated by the first derivative of the acetone breakthrough curve.

_ Vrracer

ETotal = (5:6)

VM A

Investigating the most promising stationary phase system for the given mAb aggregate separation
application entails investigating different membrane backbone ligand densities. This said, the MAgc
and MAspy backbones were modified with different coupling parameters achieving three levels of
ligand densities: low, medium, and high. Finally, the membrane scaffold evaluation is performed with
both SC and 3DH backbone structures, investigating the IgG HMWS reduction of a feed stream
containing 2.7 g/L 4 % HMWS aggregates respectively; see Table 5.2 Feedstock 2. The FT process
parameters were set to pH 7 and 15 mS/cm. These runs were carried out with the coupled 3-layer
MiMo membrane stamps with 2.7 cm diameter stacked in a lab module resulting in a bed volume of
roughly 0.46 mL + 0.03 mL.

5.2.2.4 Initial process parameter — capacity and selectivity

The static and dynamic binding capacities are used to characterize the capture and FT processes. The
static binding capacity (SBC) of component i, gi in Eq. (5.7) is calculated by the difference between the
total flow through mass and applied feed mass of a component divided by the volume of adsorber Vya.
In Eqg. (5.8) the component i corresponding dynamic binding capacity (DBC) of the g 10 is calculated by
the difference between the flow through mass and applied feed mass, both until 10% breakthrough
feed concentration is reached, divided by the volume of adsorber V.

_ Cfeed,i ' Vload - f Ci* v

i (5.7)
Vma
_ Creed,i Vioad,10 — Jei-ov (5.8)
di10 = Vv .
MA

Application of HTSpse mode in MA screening provides static and/or dynamic binding capacities and
process optimization information®®; the here evaluated process information are conductivity range
and ligand suitability. The maximum binding capacity qi in OBE mode at the initial conductivity at the
given pH value is calculated by Eq. (5.9), whereas k indicates the repetitive chromatographic cycle. For
accurate binding capacity determination, the MA needs to be fully saturated. The elution step is not
only applied to evaluate the influence of conductivity but also prepares the next loading phase if the
MiMo interactions increase.
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I n I n
4=y Z Z CFT load,ik * VFT load,k — Z Z Crrik " Vrrk (5.9)
MA

k=1i=1 k=1i=1

The commercial reference stationary phase system, the Cytiva© Capto™ Adhere 1 mL column, was
screened at pH values 6 - 7 and conductivities 5 — 15 mS/cm guided by the GE application note 29-
0237-38AA. This said, the mAb feed solutions with 5.3 % - 6.8 % HMWS content, listed in Table 5.2
Feedstock 1, was loaded in FT mode until at least the feed absorbance was reached for 1 CV.

The binding capacity is converted to the selectivity S, in Eq. (5.10). The dynamic selectivity Sio is
calculated applying the quotient of the binding capacity determined at 10% breakthrough
concentration qio, in Eqg. (5.11).

g = AHMws
- q (5.10)
Monomer
_ qHMwWS,10
510 = (5.11)

dm onomer,10

5.2.2.5 Refinement of process parameter — High throughput screening

The used HTS SDD MA set-up in Figure 5.3 was developed for process screening.®®! It comprises eight
parallel MA scale-down devices fixed on a holder plate. The HTS SDD MA set-up consist of the robotic
needles which penetrate through the septum port and inject the desired liquid in each scale-down
device. The liquid is injected by positive pressure and flows through a sandwich consisting of fluid
distributor, distribution net, three layers of flat sheet membranes, distribution net and fluid distributor.
The flat sheet membrane discs have a liquid accessible diameter of 27 mm and 0.025 ¢cm + 0.003 pm
thickness resulting in 0.46 ml £ 0.05 mL bed volume, respectively. The process fluid is collected in one
row of a 12 well plate where each well can hold a maximum of 5 mL solution. Below the SDD holder
plate, four movable 12-well plates to collect fractions are placed completing the SDD-HTS. The
targeted average pipetted volume accuracy of less than +/- 3% is tested and confirmed with a
calibration routine using five different volumes in triplicate for each device before each experiment.
In case the targeted accuracy could not be reached, the software WinLissy® volume correction factors
of the robotic system Lissy® 2002 GXXL/8P were adjusted.

Scale down device
| Needle

e,

’ Movable well plate

Figure 5.3: HTS MA set-up scheme; The needle injects the liquid through the septum port into the membrane device which is fixed to a
holder plate. The liquid passes a fluid distributor followed by a support net and the three membrane layers. The holder plate holds
eight membrane devices. Four movable well plates are used for the fractionation, while each well plate collects the fraction for two
membrane devices.

Holder plate

109



5.2 Materials and Methods

For complex stationary phases or entities, the OBE mode is used to determine competitive adsorption-
based displacement effects.?% In this study, we apply the OBE mode to investigate the complex binding
regime of MiMo ligands. The OBE can be described as the repetition of feed loading steps at different
conductivities enabling the determination of the MiMo ligand binding regime, as shown in Figure 5.4.
The procedure is briefly described as follows: Load of the equilibrated MA with feed at a fixed pH value
of 6.5 and an initially low salt concentration, wash of the membrane with low salt equilibration buffer,
elution at a high conductivity. Thereafter, the membrane is loaded with feed at the high conductivity,
washed with the same conductivity and eluted at lower conductivity. Subsequent, the procedure
follows a loading at the previous conductivity with decreasing conductivity of the subsequent elution
step and repeat of the procedure in the desired process range. Comparing the first initial low salt
loading with the last loading step at the same conductivity is used to evaluate the elution efficiency
and possible path dependency. The MiMo MA storage procedure is as follows: a final elution step, a
pH value shift to pH 3 to inhibit present combined binding effect, washing and subsequent CIP with
0.5 M NaOH, finalized with low salt buffer washing, containing 20% ethanol, of the MA. The procedure
enables a HTS screening in which the binding regime will be determined independent of the binding
regime.
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Figure 5.4: Exemplary OBE HTS MiMo MA screening; Green colored feed phase, grey colored wash phase, blue colored elution phase.
The procedure follows the chromatographic steps loading, a wash phase at the same salt concentration, an elution step and thereafter
a loading phase at the same conditions as the previous elution phase. The initial loading condition of the procedure is without
(NH4)2S04 which is equal to the last elution step. Following this, the ionic interactions and challenges elution ability can be evaluated.

Thereafter, the loading phases starts with the highest 0.5 M (NH4)2SO4 concentration and thereafter decreasing (NH4)2S0a
concentration.
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The procedure involves a saturated MA; therefore the required load volume is estimated by the
maximum binding capacity. The obtained fractions, are sequentially analyzed for monomer and
aggregate content using off-line SEC at 280 nm and a volumetric flow of 1 mL/min. The HTSose feed
concentration and process parameters are listed in Table 5.2 Feedstock 4.

5.2.2.6  Confirmation of process parameter — Bench scale

Confirmation of the HTSose mode experiments for MiMo MA is carried out with the 3D hydrogel
membrane coupled with ligand 1, 2, 3 and 5. All ligands are used in FT benchtop experiments with a
bed volume of 4.2 mL, except of ligand 3 which was investigated in a 0.42 mL device due to the limited
accessible mass of the ligand. The feed conditions were based on the HTSoge results set to pH 7 and 15
mS/cm for the 4.7 % IgG HMWS removal, listed in Table 5.2 Feedstock 5.

5.3 Results & Discussion

5.3.1 Ligand densities — Coupling procedure

Ligand densities obtained in the coupling procedure are mainly a function of coupling conditions,
namely reaction time, temperature, ligand to solvent ratio and pH. This said, to ease operations, a
constant procedure for all MA used throughout this study was sought for. In an initial screening, the
reaction conditions of the commercial ligand BMEA were evaluated on a Sartobind® MAsps. The
reaction time was set constant for all coupling procedures to 17 h. This period of time was selected
based on an initial kinetic evaluation over 50 h using a Sartobind® MA;py with a height of 0.025 + 0.003
cm for each coupling. After 20 h, the rate of change in ionic capacity reaches almost the asymptotic
value zero.

Resulting ionic capacities were ordered into low, medium, and high value clusters. An experimental
verification of the ionic capacity based on the coupling conditions let - with exception of L1 considered
an outlier - to a variation coefficient of only + 3 % between the experimental and predicted ionic
capacities, see Table 5.4. In addition, replicates of the coupling procedure showed a deviation of 2 -9 %
in ionic capacity. Thus, the coupling procedure was homogenous, and the dedicated ionic capacity
adjustment successfully realized.

Table 5.4: Coupling efficiency for the different ligands investigated

Ligand lonic capacity Aexperimental / Apredicted Stationary phase
system
LBMEA medium 1.03 MA3DH,BMAE
Ll medium-high ].69 MAj’DHL]
L2 medium 1.09 MAsph,L2
L3 medium 1.06 MAGsDH,L3
L4 medium 1.03 MAGsDpH L4
L5 medium 1.00 MAsph,Ls

5.3.2 Biophysical characterization of the stationary phase

A comparison in material parameter of the different stationary phase scaffolds and backbones used is
given in Table 5.5. A graphical comparison is given in Figure 5.2. The MAsc expresses direct surface
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binding with a potential ligand density A of 10-20 umol/mL and a specific surface area A* of 2 m?/mL.
These values result in a specific ligand density A* of 10-30 umol/m2. The MAspy consists of an extended
3-dimensional hydrogel on top of the membrane surface in order to generate additional binding
volume. However, due to the underrated BET measurement with a specific surface area A* of 0.8
m?/mL, the MAspn shows a high specific ligand density A* with 30-80 pmol/m?2. The MAsy presents
additional pore structure in the membrane backbone and thus results in a specific surface area A* of
3 m2/mL. The Beadsy, capto™ adhere COlumn exhibits with 34 m?/mL, a resin typical high specific surface
area A* with quite low specific ionic capacity at 2 — 4 umol/m?2. Following the properties of the
commercially available HMWS reduction application Beadsy, capto™ adhere, the initial assumption, that for
HMW reduction a lower specific ligand density A* elevates the yield and selectivity, is supported. The
different MA properties indicate that the most promising scaffolds in terms of selectivity are the MAspy
< MAsy < MAsc and for binding capacity MAsy £ MAspy < MAsc. Alongside the purely physical
consideration of the backbone, that of the target molecule must also be considered. The
hydrodynamic diameter of a mAb is in the range of 11 nm, depending on the surrounding conditions.
As stated earlier, a pore/protein diameter below 10 is leading to size exclusion and thus inefficient
binding capacity.11%1>147 Therefore, the MAsy adsorber pore size of 10 nm is too small for efficient
protein binding and is neglected as a possible backbone.

Table 5.5: Overview and comparison of different membrane backbones to GE adhere resin. The values are based on manufacturer

information.
Stationary Phase Membrane Bead
Backboqe Surface 3D Hydrogel Double Double
structure / Ligand (3DH) Porous Porous
coupling (8O (SN) (SN)
Pore diameter 352 352 352 0.12
[nm]

A [umol/mL] 10-20° 20-60? 50-1202 80-110°
qio [mg/mL] 10? 402 50° 75%4
A" [m2/mL] 0.8! 0.8 3! 343

e [-] 0.7-0.8! 0.7-0.8! 0.8-0.9! 0.8-0.99°

A" [umol/m2] 10-30 30-80 16-40 2-4

1 = BET analysis / benchtop tracer experiments

2 = Manufacturer information / Manufacturer website

3 = Calculated based on the pressure drop and particle size in the Cytiva©
capto® adhere manual

4 = Polishing of monoclonal antibodies using Capto™ adhere ImpRes
in bind and elute mode Application note 29-0273-38 AA

Indices

In summary, the theoretical evaluation reduces the experimental effort by one third, indicating that
the MAsc is a promising MA backbone and the MA;pu needs further investigation due to eventual
misleading BET analysis.
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5.3.3 Initial process parameter — capacity and selectivity

Following the biophysical characterization, the MAspn was selected for process range evaluation. The
additional specific surface area of the MAsp hydrogel should exhibit a higher binding capacity when
compared to the MAsc.

The best selectivity is achieved at pH 6 with low ionic strength and at pH 7 with increased ionic strength,
see Table 5.6. Comparing the MAsph smea process parameter at pH 6 and 7 at 5 mS/cm and 15 mS/cm,
respectively, reveals an HMWS binding capacity almost doubled with a selectivity only 1.4 times lower
at pH 7. Therefore, all further experiments were conducted at pH 7 at increased ionic strength. The
reference system Beadsy,capto™ adhere Presents an advantageous dynamic selectivity Sio with high
conductivity and decreased pH. However, the higher HMWS binding capacity at pH 7 and increased
ionic strength corresponds to data obtained for MAspn smea. Thus, further screening is set to pH 7.

Table 5.6: Comparison run with BMEA coupled Sartobind® MAsph,emea with medium ionic capacity and a 1 mL column Beadsw,capto™ Adhere,
experimental feed conditions refer to Table 2 Feedstock 1.

i — = c
c% ) ~ 5 3 = <) B o -
§ 22— S — £ 29 = B -
2 £ L 7 as S oW 2 S & N
< = = o — = g Z T — 75)
[ o
MA3pH,BMEA 1 6 5 0.3 0.23 0.69
MA3pH,BMEA 1 6 15 0.2 0.07 0.30
MAspHBMEA 1 7 15 0.9 0.43 0.49
BeadSN, Capto™ Adhere 1 6 5 8 6 1 3 8 O 1 6
BeadSN, Capt()TM Adhere 1 6 15 3.0 0.70 0.23
BeadSN, Capto™ Adhere 1 7 15 16.5 1.82 0.11

As the MAspn smea €xhibiting medium ionic capacity were found to express the highest selectivity, high
capacity needs to be assured for economic industrial applications. This said, for the given separation
challenge — HMWS vs. mAb — a high HMWS binding capacity and selectivity needs to be assured. We
thus evaluated the MAscsmea and MAspu emea in comparison to the commercial Beadsy, capto™ Adhere. Aim
of this study lies in a high selectivity factor of the chosen membrane. The obtained results are
presented in Table 5.7. It was found that the MAspnsmea has the highest dynamic selectivity Sio (min.
0.02; max. 0.74) for a medium ionic capacity. In contrast, the MAscsmea presents with 0.05 and 0.07 no
significant changes in dynamic selectivity with increasing ionic capacity. In addition, the MAscgmea
dynamic selectivity Siois significantly lower than that of the MAspu smea. For the commercial reference,
a ImL column Capto™ adhere, a S1o value of 0.2 was found. The lower selectivity of the MAscsmea Mmight
be induced by different ligand distances or ligand accessibilities when compared to the MAsp gmea,
indicating different surface areas for the MAspu,smea then expected by the BET measurement. Following
the obtained dynamic selectivity (Si0) value of only 0.05-0.07, the MAsc is dismissed as potential
backbone in further investigations. The range of a 1.6-fold difference in the Sio value obtained for the
Sartobind® 3DH membranes shows a clear benefit of custom-made membrane systems with different
ligand densities tailored to a given separation problem. All further chemical ligand coupling is carried
out based on the developed procedure targeting a medium ionic capacity expressing the highest Sio
value.
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Table 5.7: Comparison of a Sartobind® MAszpn, MAsc, and the commercial Beadsw,capto™ adhere. The adsorber ligand applied is the BMEEA
MiMo ligand. Experimental feed conditions refer to Table 5.2 Feedstock 2 and 3.
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58T <] — = 2= = L i
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= S e a. = 3 g g £ = 2
2 8 ° E g <
= — =
MASDH,BMEA 3 7 Low 0.005 0.001 0.02
MASDH,BMEA 3 7 Medium 0.202 0.150 0.74
MAsc BMEA 2 7 Low 0.027 0.002 0.07
MASC,BMEA 2 7 Medium 0.081 0.004 0.05
BeadSN,CameM Adhere 3 7 High 10.550 2.156 0.20

The experimental stationary phase evaluation supports the assumption that the MAspy BET
measurement is misleading when comparing the binding capacity of MAsc and MAspy at similar ionic
capacities. This said, at comparable specific surface areas and ionic capacities the resulting binding
capacities should be analogous. Consequently, the higher MAspy binding capacities are enabled by
more accessible ligands which implies a higher surface area compared to MAsc. Following this, the
results show that with increasing MA specific surface area the selectivity increases. A lower selectivity
with increased binding capacity at the highest specific surface area for Beadsn,capto™ adhere When
compared to the MAspy might be related to the higher ionic capacity.

The initial experimental investigation that followed the biophysical characterization avoided the
incorrect backbone selection by considering knowledge-based gaps. In addition, the best MA
backbone was identified, and a first process parameter space was evaluated.

5.3.4 Refinement of process parameter — High throughput screening

As mixed mode ligands express a fine interplay between electrostatic and hydrophobic interactions,
the used salt concentration during processing plays a vital role for the separation performance. We
thus applied a screening based on the OBE strategy applying different conductivities during binding.?*®

In Figure 5.5, the HTS SDD OBE results for each system (Table 5.4) MAspy 1.5 are presented. 1gG and
IgG HMWS binding capacities follow comparable trends. With increasing conductivity from 2 mS/cm
to 5 mS/cm, the binding capacity increases and subsequently decreases with further increasing
conductivity. This said, in repulsion mode the ionic repulsive forces decrease with increasing salt
concentration while the hydrophobic interaction increase. However, as ionic forces decrease, the
hydrogel layer/volume formation is weakened, to the point of collapsing. Following this, the additional
surface area and accessible ligands are reduced with increasing salt concentration. These opposing
effects are responsible for the observed binding capacity course: first increased hydrophobic induced
and thereafter based on reduced surface area decreasing binding capacity. In general, all MA exhibit
an IgG monomer binding capacity above 15 mg/mL at 5 mS/cm. MAsps,.1 shows a higher salt tolerance
for 1gG monomer when compared to the other ligands. The higher IgG monomer binding capacity
might be correlated to the ~ 1.7 times higher ionic capacity of MAspu,1 (Table 5.4). MAspy,1 and
MAsph,12 Show salt tolerant HMW binding capacities while MAspu,i3 to MAspy,s exhibit only low salt
tolerance HMWS binding capacities. The investigated salt concentrations may be too low to promote
the higher hydrophobic interaction of MAspn,i3to MAspu,i5, represented by their log P value. However,
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the HTS screening presents two membrane adsorber with salt tolerant binding capacity: MAspy,1 and
MAsph,12. During experimentation, all mass balances closed to a value of over 90% except for MAspy 15
with 77 %. Considering the high deviation of MAspy,5 in the HTS experiments, but also the target
hydrophobicity range, MAspn,1s was included in the confirmation test plan. However, the experimental
elution needs to be optimized with an average of 1.8 times higher binding capacity when compared to
the two low conductivity at the beginning and end of the procedure. This was expected due to the
complex screening and elution regime as well as analytical error.
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Figure 5.5: HTS SDD OBE screening results for the different Membrane Systems MAspy,1115 at pH 7 and varying conductivity / salt
concentration. The binding capacity for IgG monomer is presented in the left graph and its HMWS binding capacity in the middle
graph. For IgG monomer binding capacity, all ligands show an increased binding capacity from 2 mS/cm to 5 mS/cm conductivity.
Furthermore, all ligands follow the same trend of reduced binding capacity at increasing conductivity. Selectivity S is depicted in the

right graph. The selectivity decreases with increasing hydrophobic ligands. MAspk .2 shows the highest selectivity in general and with
respect to the salt concentration.
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The value of selectivity S ranks the HMWS reduction ability of the ligands in Table 5.8. Except for L2,
the selectivity of all ligands is almost independent of the conductivity - except for 5 mS/cm. The
selectivity decrease at 5 mS/cm is correlated to the higher binding capacity of IgG and HMWS which
can be observed in Figure 5.5. Following this, L1 is promising for an application in B&E mode.
Comparing L1 and L2, the differences are predominant in the range from 5 mS/cm to 20 mS/cm. L1
selectivity product decreases from 5 mS/cm to 20 mS/cm while L2 shows an optimum at 15 mS/cm.
Comparing HMWS binding capacity and Sy suits different process strategy evaluations. The process
feasibility is ranked in descending order: ligands L2 < L1 < L4 < L5 < L3, see Table 5.8. The most
promising ligands for the HMWS reduction are L1 and L2. Considering the usual high productivity of
MA when applied in FT mode, L2 is the preferred choice at a pH of 7.

Table 5.8: System comparison between the different Ligand hydrophobicity (log P) and selectivity Sio at 15 mS/cm.
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MA;pH,LI 4 7 15 22.2 5.4 2.1 0.24
MAsph2 4 7 15 12.7 9.7 2.5 0.76
MAspH,L3 4 7 15 12.7 1.1 32 0.09
MA3DpH,L4 4 7 15 11.3 1.6 3.7 0.14
MAG:pH,Ls 4 7 15 7.7 0.9 4.1 0.12

In Figure 5.6, a possible correlation between log P value, binding capacity and selectivity is presented.
The IgG binding capacity can be simplified described as a linear equation, increasing log P value results
in a decreased binding capacity. Based on the presented screening results, a log P value-based
hydrophobicity between 2.1 and 3.1 (L2 = 2.53) presents a local optimum for a salt tolerant HMWS
binding capacity and selectivity. The screening parameters and five different ligands are noted in Table
5.8.
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Figure 5.6: HTS SDD OBE screening results for the different Membrane Systems MAspn,1.15 represented by the partitioning coefficient
(log P) at pH 7 and a conductivity of 15 mS/cm. The IgG monomer binding capacity can be simplified described as a linear equation,

decreasing with increasing log P value. However, the selectivity or HMWS binding capacity indicates a nonlinear correlation with the
log P value, for the presented screening a log p value between 2.1 and 3.1 presents a local optimum.
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Summarizing the sequential strategy, accounting for possible knowledge-based gaps reduced the
backbone selection by one and avoided the incorrect backbone selection. In addition, the best MA
backbone was identified, and a first process parameter space evaluated in the initial screening.
Thereafter, the ligand screening revealed in addition to the most promising ligands a correlation
between the ligand property and the target process parameters, a description of the feed variation to
be worked out provided. However, incorporation of this information into the platform library leads to
a possible evaluation of new MiMo ligands in the future before binding experiments need to be
performed.

5.3.5 Confirmation of process parameter — Bench scale

In order to confirm the HTS results L1, L2, L3 and L5 to MAspy were coupled and investigated into using
FT benchtop experiments in Figure 5.7. All ligands were screened in FT benchtop experiments with a
bed volume of 4.2 mL, except for MAspu,2 which was investigated with a 0.42 mL device. For L2 the
ligand amount available was limited and thus a coupling for a 4.2 mL bed volume device was not
possible. Reference column used was a 1 mL column Beadsn,capto™ adhere. In Figure 5.7 (left and center)
the feed normalized concentration profiles of the FT confirmation experiments are shown. The IgG
monomer and HMWS breakthrough concentration at 1% sequence for the different systems
investigated is: MAspu,i3 £ MA3sph,15 < MAspu,11 £ Beadsn,capto™ adhere < MAsph,12. The result confirms the
HTS screening results in which the binding capacity of MAspy,3 and MAspy s is low for IgG monomer
and its HMWS. The binding capacity of MAspu 12 for IgG monomer is higher than for MAspy 11 which was
not predicted by the HTS. This deviation may be induced due to the differences in the bed volume. The
FT reduction between HMWS feed and HMWS pool content is shown in Figure 5.7 right hand site.
Ligand 1 is based on the log P value comparable to the column Cytiva® adhere™ and shows also similar
HMWS breakthrough concentration in the product pool. The pool concentration profile between the
different ligands confirms the HTSoge result in terms of ligands HMW reduction potential.
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Figure 5.7: Confirmation experiments at pH 7 and 150 mM salt concentration for HMWS removal with MiMo MA. The feed normalized
breakthrough concentration is presented for IgG on the left-hand site and its HMWS in the center. The right-hand site graph shows the
calculated HWMS product pool concentration. Investigating the 1IgG and HMWS breakthrough sequence for the different systems
shows: MAsph,.3 = MAsph s < MAsph1 = Beads,capto= adhere < MAsph 2. The FT reduction between HMWS feed and HMWS pool content
is shown right hand site. Considering a HMWS reduction process step, the HMWS reduction in the product pool is reduced last for L3,
L5, L1, Capto™ Adhere and L2. MAspH,s = MA3pH,.3 < MAsph,1 = Beadsn,capto™ adhere < MAzpH,L2.
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5.4 Conclusions

The needs in biopharmaceutical PD are time, cost and reliability while facing different stationary phase
system including various scaffolds, backbones and interactions leading to different advantageously
processing strategies in chromatography. In fact, there are several new applications available, and
emphasis is placed on the fact that platform knowledge needs to be kept up to date to remain
competitive. These challenges have been addressed by a case study. The case study included the
investigation for the IgG HMW reduction of five different MiMo ligands, three different ionic capacities
and three different backbones. This strategy combined the knowledge on ligand coupling and ligand
properties, experimental and prior knowledge-based backbone assessment, and is finalized by a
screening using a HTS SDD OBE methodology.?* Based on a thorough chemical coupling study, three
different ligand densities were investigated for the IgG HMW reduction. These examinations led to an
IgG HMW reduction optimum at medium ionic capacity. Following this, an efficient platform library
requires that different ionic capacities are considered. The initial biophysical characterization of the
stationary phases helped to reduce the experimental effort by one third. Initial experimental
stationary phase evaluation avoided the incorrect backbone selection while providing the best MA
backbone and a process parameter range. Thereafter, the ligand HTS revealed in addition to the most
promising ligands a correlation between the ligand property and the target process parameters, when
incorporated into a platform library enables MiMo ligand evaluation without experiments. Thereafter,
the approach is confirmed by benchtop experiments and results in an identified chromatographic
media which enables 2-3 MV times later IgG HMWS breakthrough (0.46 mL device) when compared
with the reference bead (1 mL device). Comparing a ligand with similar log p values at a MAspy (4.3 mL)
with a Beadsn, capto™ adhere (1 ML device) shows similar process performance. In addition, at identical
attached ligand, membrane adsorber showed a higher aggregate removal potential when compared
to the bead backbone. In summary, the case study showed a time and material reduced living platform
library workflow with the demonstration of important chromatographic media parameters.
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Abstract

The recent global SARS-CoV-2 pandemic intensified the ongoing trend to accelerate product
development (PD) in the biopharmaceutical industry. Following this, biopharmaceutical process
development is challenged by time, cost, and reliability. During the development of chromatographic
processes, these targets are challenged by various possible process parameters and screening
techniques. Empirical approaches have addressed these challenges by performing numerous wet lab
experiments in the past. As a result, the process development toolbox has evolved from static batch
experiments, high throughput screening, and benchtop experiments to statistical and mechanistic
modeling to more dynamic assessments. In this paper, we introduce a PD procedure facilitating a guide
to transit from partially connected development tools to a fully integrated process development living
library approach. The investigated process tools are linked by three case studies in which mechanistic
modeling enables the preservation and further investigation of process information. Initially, lab
modules are investigated, newly developed, and successfully transferred in scale as well as fluid flow
differences. The second case study presents the determination of apparent SMA isotherm parameter
from historical HTS data for an IgG HMWS separation. Finally, the third case study successfully
transferred the achieved process information from a 0.46 mL small-scale device with axial fluid flow
to a 150 mL pilot scale device in radial fluid flow with a deviation in DBC below 10 %.

6.1 Introduction

The supply of drugs in a short time and cost sustainable for the individual or the social system is a
constant demand for the pharmaceutical manufacturer. Based on the recent global SARS-CoV-2
pandemic, product development (PD) acceleration in the biopharmaceutical industry was urged.® In
addition to the demand of a potent vaccine in a short time, future challenges such as market
competition by alternative drugs or generic products, in general, must be considered. This said, the PD
is challenged by time, regulatory requirements, market competition, and for the typically applied unit
operation chromatography, a variety of stationary phases, processing modes, ligands, and process
parameters, 3549213

Pharmaceutical manufacturing typically consists of upstream — cell cultivation — and downstream —
product purification.'>1%” This said, the product purification, among other unit operations, typically
incorporates one to three chromatography purification steps.??%% The development of a
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chromatography unit operation challenges PD in selecting various operation modes, stationary phases,
interaction, and process parameters. These challenges have been addressed in the past by empirical
approaches by performing numerous benchtop experiments on the milliliter scale. Thereafter, the
needed amount of material, feed solution, and time was reduced by developing small-scale static
experiments and applying statistical experimental evaluation such as Design of Experiments
(DOE).>"214215 These small-scale experiments were further optimized by applying robotic platforms for
high throughput screening (HTS) evaluating process range determination, see Figure 6.1. However, the
rather static process range determination was complemented in performance screening by applying
robotic column experiments assessing dynamic effects. The process range determination and
performance screening could then effectively evaluate various stationary phases. Following this, the
reduced amount of suitable stationary phases would then be investigated within the detailed
benchtop experiments. The detailed experiments typically provide production comparable sensor
signals such as UV, conductivity, and pH values. Following the detailed experiments, the scale-up is
performed, either to pilot scale or directly to production scale.

The empirical approach has been optimized, incorporating a library approach.’3%1% |n detail, the
different methods mentioned are applied to characterize different stationary phases, ligands, and
operation modes. The successful candidates and process parameters are transferred to a library
incorporating all needed information. Doing so reduces the process development effort for equal or
similar molecules due to the existing parameter space, stationary phase, and all manufacturing
procedures. This said, cleaning procedures, standard operation procedures (SOP), and training effort
is drastically reduced. However, the drawback of a library approach is the self-limitation to
investigating candidates and processing modes mentioned early by us.?*® This drawback could be
overcome with a truly living library, including comparable data for different stationary phases,
investigation methods, operation modes, and prior knowledge. Mechanistic modeling could provide
the missing link with its possibility to derive digital twins of different scales while preserving the
information in mathematical equations and parameters.

Recently, mechanistic modeling has gained interest in pharmaceutical PD.*® The wet lab reduced
simulative approach promises, after correct parameter determination, the development of a digital
twin allowing an easier on up to direct scale-up. In addition to the established simulative approaches,
which investigate molecular interaction, the current mechanistic modeling research focuses on
simplification, methodology, and process knowledge investigations.* Furthermore, new software is
availably broadening the distribution of mechanistic modeling into pharmaceutical PD.217218

The simplification of mechanistic modeling is also connected to the newly available software, which
incorporates fluid dynamic investigation guidelines and methods to reduce the effort in Isotherm
determination. Fluid dynamic investigations focus on acetone tracers, while more sophisticated
tracers with different sizes are mentioned for sophisticated stationary phases or
separations.?102117.120 The jsotherm determination is eased in a few benchtop experiments, e.g., by
applying the Yamamoto method.®* This said, the experimental reduction of benchtop experiments
might neglect small-scale set-ups with fewer experimental details. However, the proof of the
previously mentioned benefits is up to date, limited to a few success stories.

In this study, we introduce a PD procedure facilitating a guide to transit from partially connected
development tools to a fully integrable process development living library approach. The process tools
are linked by three case studies in which mechanistic modeling enables the preservation and further
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investigation of information. Following this, the procedure presents a workflow from small-scale to
production guiding through fluid dynamic and adsorption parameter determination. In the first case
study, chromatographic devices are developed and characterized. In addition, the devices are
successfully transferred in scale, considering fluid flow differences. Thereafter, the second case study
presents the determination of apparent SMA isotherm parameter from historical HTS data for an IgG
HMWS separation. Finally, the third case study successfully transferred the achieved process
information from a 0.46 mL small-scale device with axial fluid flow to a 150 mL pilot scale device with

radial fluid flow.
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Figure 6.1: Schematic process development tools for empirical and mechanistic modeling procedures. The graphics highlight typical
methodologies and risks of the procedures. In addition, the different screening scales from lab to production are presented. Finally,

the challenges in mechanistic modeling incorporating a digital twin for scale-up are presented at the bottom figure, along with an

eventual approach to address these challenges.!8!
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6.2 Materials and Methods

The applications for material used in this study are subdivided into the following: buffer preparation,
feed preparation, full train product development from lab to production, analytics, and data handling
as well as mechanistic modeling (MM) including a full train scale-up approach from lab to production.

6.2.1 Buffer preparation

The buffer was prepared by dissolving buffer salts in purified water produced by the arium® lab water
purification system manufactured by Sartorius Stedim GmbH. Weighing of the components was
performed on a Sartorius Master®™ LP 12000S balance or a Sartorius Expert LE225D-OCE balance
provided by Sartorius Lab Instruments GmbH. Salts used were: Sodium chloride (NaCl), hydrochloric
acid (HCl), glycine, sodium acetate (NaAc), acetic acid, dipotassium hydrogen phosphate, potassium
dihydrogen phosphate, Tris-(hydroxymethyl)-aminomethane (TRIS), di-sodium hydrogen phosphate
dihydrate and sodium dihydrogen phosphate dihydrate from Carl Roth, tri-sodium citrate dihydrate
purchased from VWR Chemicals, citric acid monohydrate supplied from Alfa Aesar, ethanol purchased
from Sigma Aldrich and acetone supplied from Carl Roth GmbH & Co. KG. Sodium hydroxide (NaOH)
or hydrochloric acid (HCl) was used to adjust the pH. Each buffer and feed solution are prefiltered
through a 0.45 pm Sartopure® and a 0.2 pm Sartolab® RF vacuum filter supplied by Sartorius Stedim
Biotech GmbH.®!

6.2.2 Feed preparation

The CHO-fermented monoclonal antibody was an internal Sartorius Stedim Biotech GmbH feed
solution. Further purification was done by using a MabSelect™ Sure™ lab column (5 cm diameter, 192
mL volume) provided by GE Healthcare and by an Akta Prime™ system. The eluate contained about 18
g/L mAb and a mAb aggregate level of about 0.5-1%. Enrichment of the aggregate content of the
clarified mAb solution to 2-6% was done by a pH shift process. Aggregation by a temporary pH shift is
a commonly used method for aggregation.t*17#21% After diluting the 0.1 M pH 3 glycine-buffered mAb
solution three times with KPi buffer, the pH was adjusted to 3 with 0.5 M HCI. The aggregation time
was set to 3 h with stirring at 150 rpm. Afterwards, the pH was readjusted to pH 7 with 0.5 M NaOH,
which resulted in an aggregate content between 6-12 %. Afterwards, the aggregated mAb solution
was diafiltrated against the desired buffer using the Sartoflow’ Smart system (Sartorius Stedim Biotech
GmbH) using a 200 cm? Sartocon® Slice 200 Hydrosart’30 kDa cassette. Diafiltration was carried out
until the buffer conductivity and/or pH of the diafiltered solution reached a constant value. These
solutions exhibited a mAb concentrations of up to 10 g/L. The final feed solutions were prepared by
diluting of the 10 g/L aggregated mAb solution with the corresponding buffer. Each buffer at each pH
was prepared using 0 mol/L and 1 mol/L NaCl. The pH and conductivity (CD) were adjusted by mixing
the solution with the corresponding buffer, followed by an incubation period of one hour at room
temperature. For the screening procedures, different protein feed solutions were used: (1) 1-5 g/L
bovine serum albumin dissolved in KPi buffer at pH 7 with an NaCl concentration of 0-0.3 mol/L, (2) 1-
3 g/L lysozyme dissolved in 10 mmol KPi buffer at pH 7 with an NaCl concentration of 0-0.3 mol/L and
(3) 1-6 g/! diafiltered mAb solution with a 0-0.3 mol/L NaCl concentration.®!
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6.2.3 Full train product development from lab to production procedure

Developing a living library approach, including mechanistic modeling, requires a dedicated procedure
and tools to include new but also historical data. In addition, the experimental set-ups which provide
scale-up relevant parameters need to be incorporated. Consequently, static experiments will be
considered in modeling parameters such as isotherms, while dynamic experiments need a more
sophisticated approach. Set-ups with combined effects can be investigated up to a digital twin
representation to avoid misinterpretation.

The proposed mechanistic modeling procedure here investigates different experimental set-ups and
scales applying MA. Following this, the proposed procedure is comparable to state-of-the-art
approaches in mechanistic modeling, separating fluid dynamics and
thermodynamics/adsorption.1>616899.181 | Figyure 6.2, a schematic representation of the model library
development is presented. In addition to the general model development!'*114120 the approach
focuses on scale-up model development Figure 6.2 A) and incorporation of prior knowledge with
reduction of the non-significant parameter in Figure 6.2 B). Assessing the relevant parameters would
reduce the effort and enable the focus on in-depth needed parameters. Following this, the currently
time-consuming mechanistic model development (parameter determination and validation) could be
reduced by reusing standardized models preserved in a living library.

A)

e (3)

Figure 6.2: Schematic system evaluation for the reduction in modeling effort within the prior knowledge library. Following the
overview in A), the experimental and modeling depth can be assessed with the in B) identified significant effects. The green
checkmarks were performed within the presented work. Moreover, the black checkmarks identify parameters/information which
were already integrated into a library, (1)'8, (2)2%, and (3)8.
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Following the pursued modeling approach, standardized models need to be developed. Additional
effort is needed to characterize the available devices at different scales. In addition to the different
experimental scales investigated, the separation from axial to radial lab module and the first approach
for device and stationary phase separation is given. The procedure presented in Figure 6.3 enables the
integration of historical and new data by mechanistic modeling as well as an approach to extrapolate
these results to the pilot scale. However, the quality and amount of historical data must be sufficient
to extract the information into the model.

H Methodology for Scale Transfer

Fluid Dynamics

23
AL

Fluid dynamic separation

- Separation of device and stationary phase
Dimensionless description

- Transfer to different geometries

SyERiRaiey

S

)
Thermedynamics % -

Isothermal and kinetic assessment by HTS SDD
- Abbreviation of isotherms based on 5DD
Dimensionless kinetic description
Digital twin based assessment

Figure 6.3: Full train approach from lab to production. Initially, scalable devices are developed to investigate the fluid dynamic.'®!
Thereafter, information such as batch isotherms or apparent isotherms from small-scale historical experiments is assessed. Finally, the
derived mechanistic model is verified for scale-up purposes.
Three case studies support the full train from lab to production procedure. Initially, the fluid dynamic
investigation of different devices is presented. Thereafter, small-scale experiments are used as
possible historical data to derive adsorption modeling parameters for the scale-up. Finally, the third
case study compares the derived mechanistic model with a pilot scale mAb HMWS reduction process.

6.2.3.1 Case study 1: Fluid dynamic scale transfer

The fluid dynamic investigation covers the investigation of systems used, device investigation, and
development for scale-up. Thereafter, these investigations are used to formulate a universal
simulative device description by selecting a suitable model and separating the fluid dynamic effect of
the device and the stationary phase. Assuming a successful fluid dynamic scale transfer would lead to
reduced effort in PD, neglecting the need for system and device investigation.
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System investigation

The HTS, benchtop, and pilot scale systems were investigated at different velocities and tracer
application forms. Therefore, the different velocities were set to represent the device's working range
within 0.1 MV/min - 10 MV/min, applying tracer injection and sum functions for the benchtop and
pilot system. HTS was carried out with a Lissy® 2002 GXXL/8P HTS robot manufactured by Zinsser
Analytic applying Cellstar® 12-wellplates supplied by Greiner Bio-one International GmbH were used
for fractionation of process streams. The FT experiments were performed using Akta Prime™ and
Akta™ Explorer supplied by Cytiva© UK. The pilot scale system was conducted with the multi-use rapid
cycling chromatography (MU RCC) system prototype B (to this state under development), provided by
Sartorius Chromatography Equipment SAS. The HTS device was investigated earlier, applying tracer
sum function signals.?*® Acetone purchased from VWR Chemicals was used as a tracer for all fluid
dynamic investigations acetone was dissolved in the respective buffer system to 2 % - 5 %. Two CSTR
models performed the system description. The two models facilitate the fluid dynamic before and
after the stationary phase. However, the characterization of systems is state-of-the-art, and the results
are not presented here, 118119127

Device investigation and development

The SDD development included investigating the septum port, device fluid distributor, and supporting
materials. This said, the septum ports used were HPLC vial caps, 3D printed caps with silicone inlay,
and luer lock syringe TLL septum adapter with septa high temp 7.0 DIA from Hamilton Company.
Subsequently, the standard device fluid distributor was investigated. The different newly designed
fluid distributors were then 3D printed and tested. In addition, several PE distributor nets and
membranes were tested to improve the fluid distribution. Following this, the set-up consisted partially
of the inlet to outlet of fluid distributor, distributor net, membrane, MA layers, membrane distributor
net, and fluid distributor.

SDD characterization includes fluid dynamic investigations with qualitative dyeing- and acetone tracer
experiments. In addition, the determination of the overall binding capacity with lyophilized BSA for
Sartobind® Q and lysozyme for Sartobind® S. Following the IEX MA properties, dyeing experiments
were conducted at low and high salt conditions (1 mS/cm — 80 mS/cm). The dye used was coomassie
blue from Thermo Fisher Scientific. The binding capacity experiments evaluated the mass balance
between bound and eluted mass. BSA supplied by Kraeber, and lysozyme purchased from Sigma
Aldrich were utilized. Sartorius Stedim Biotech GmbH manufactures the Sartobind® MAs employed in
our studies.

The scale transfer from axial to radial flow was performed with newly developed devices. Therefore,
the SDD development newly designed fluid distributor at the inlet and outlet was applied in the lab
module (LM) 30 and 60. In addition, the LM design consisted of a PP housing greater than the
dedicated flat-sheet membrane diameter. This said, the free space between PP housing and stacked
flat-sheet membrane was sealed with bioburden-reduced silicone. The silicone distribution to the
inside of the MA was limited to the outer membrane surface by applying 4 bar pressure at the stacked
flat-sheet membrane. In addition, the silicone was inserted with a maximum pressure of 6 bar.

Except for the commercially available Sartobind® Nano and Capsule devices, the MA devices used were
prototype set-ups. These prototype devices followed the principle set-up of a 3D printed flow
distribution followed by a distribution net and flat-sheet-stacked Sartobind® S or QMAs of a diameter
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of 2.8 cm in a plastic housing. This said, we built the device with 3, 30, or 60 flat-sheet-stacked MA
stabilized by a plastic jacket. The devices used in this study are summarized in Table 6.1.

Table 6.1: Overview of the used Devices.
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HTS .
LMI5 DD Axial 0.76 0.43 0.75 0.6
LMI15 Lab Axial 0.51 0.43 0.75 0.8
Device
LM 30 Lab Axial 0.51 46 0.75 9.0
Device
LM 60 Lab Axial 0.51 83 0.75 16.3
Device
Nano Lab Radial 1.55 2.9 0.75 1.9
Device
Sartobind® Q Pilot Radial 90 150 075 1.7
Capsule Scale
Sartobind® Q Pilot Radial 440 400 0.75 0.9
Capsule Scale

Model selection

In the course of model building, several iterations of model selection and parameters determination,
evaluation, and assessment are needed to be performed.%*!13114 The parameter assessment includes
the parameter determination within an error minimization procedure for parameters that are not
directly accessible with experiments.!*>!® This said, increasing the model depth leads to additional
parameters. Following this, a higher model depth with potential additional not needed/present
parameter (NNP) will accumulate the model errors in these NNP if they are derived by error
minimization. This said, these error minimizations will lead to an apparent accuracy between the
model and experiments, which does not represent the correctness of the model. Furthermore, the
overweight models will almost certainly fail when transferred to another scale; the hidden inaccuracy
within the NNP is physically irrelevant and thus increases the inaccuracy in scale transfer. Finally,
aiming for a scalable representation of the investigated system includes the continuous evaluation of
the selected model adequacy.

The fluid dynamic acetone experiments were performed at different velocities and tracer profiles, see,
Table 6.2. This said, injection- and step tracers were performed to evaluate the model suitability. The
models used were combinations of equilibrium constant model (EQ), plug flow reactor (PFR) and
continuous stirred tank reactor (CSTR). This said, the following combination investigated were: PFR/EQ,
PFR/EQ/PFR, CSTR/EQ, CSTR/EQ/CSTR, PFR/EQ/CSTR and CSTR/EQ/PFR.
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Table 6.2: Summary of the applied volumetric flow in the axial device acetone tracer experiments

Identifier Applied volumetric flow
[-] [mL/min]
LM15 5.0 43 2.2 1.3
LM30 14.0 9.0 7.5 5.0 3.7 2.2
LM60 45.0 33.0 16.5 9.0 6.5 2.15

The EQ model in Eq.(6.1) describes the time-dependent concentration change by convective,
dispersive, and mass transfer concentration changes.® First named convective concentration changes
characterize the molecule concentration change through the column length / length coordinate, e.g.,
when pumping a liquid through a pipe. This said, the velocity u is divided by the porosity €, which is 1
for the device and smaller than 1 for the stationary phase. The dispersive term is represented by the
diffusive-based apparent axial dispersion coefficient D.x considering the change in concentration due
to different resistance as wall effects, diffusion effects, or the separation of fluid elements by physical
deflection in the device or in the stationary phase, thus broadening the concentration profile. For
adsorption processes, the mass transfer term reflects the change in concentration over time by
adsorption of the molecules onto the stationary phase represented by the binding capacity g. The
binding capacity is corrected by the porosity € considering a lower stationary phase volume when
reduced by the non-adsorptive pore volume. In Eq. (6.2) the porosity is determined by the interstitial
porosity €pevice, representing for instance, different-sized resin particles and the pore porosity of the
individual particle €p.
ac; u g 9%c; 1—¢ dgq;

i

g 0x X 9x2 e ddt (6-1)
convective dispersive mass transfer

€ = Epevice T &p * 1- gDevice) ©2
When comparing the PFR model in Eq. (6.3) with the equilibrium dispersive model in Eq. (6.1), it is
reduced by the stationary phase's properties and mass transfer parameter. On the other hand, the
CSTR model in Eq. (6.4) assumes ideal mixing while the change of component concentration ci(t) is a
function of the residence time. This said, the residence time is defined by the reactor length Lcstr and
the velocity u.

aCi(t) aCi aZCi
— . i) (6.3)

at U gx T e 5o
dgi(t) u (6.4)

= (i —a()
The Danckwerts boundary conditions complete the model by adding inlet conditions in Eq. (6.5) and
outlet conditions in Eq. (6.6).1° Furthermore, the inlet concentration is described by velocity-induced
dispersion with the quotient of velocity u, axial dispersion coefficient (Da.x), the concentration
difference between inlet concentration (cin) and concentration at the first length coordinate of the
column (c(0,t)).1°2 The outlet concentration, e.g., at the stationary phase or device/investigated system
end, is equal to that of the length coordinate before.
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dc; u
E(x =0,t) = D (c(x,t) —cin) (6.5)
ax
Oci
x F=LO=0 (6.6)

The best model is evaluated by error minimization of the axial dispersion coefficient (EQ, PFR) and the
mixing factor (CSTR). Furthermore, the device model combinations and its parameter are collectively
adjusted to the different acetone tracer experiments. This said, each model combinations were at least
100 iterations given for the parameter adjustment by applying a CMinpack generic minimization
algorithm. In addition to the L2 error ranking, the model degree of freedom is calculated. The model
degree of freedom is calculated by multiplying the L2Error with the number of parameters and the
transferability steps. This said, the number of parameters represents the possibility of blending model
inaccuracies into model effects that are not present, thus misleading a higher accuracy than given. In
addition, the transferability steps describe the needed scale transfer description for each model
parameter. Consequently, the transferability steps are equal to the number of parameters when each
mode parameter needs a separate mathematically scale transfer description.

Fluid dynamic separation

Following the model selection, the two best model combinations are selected for the fluid dynamic
device and MA separation. Consequently, the acetone tracer experiments of the different developed
axial devices were used to determine the Bodenstein number. The dimensionless Bodenstein number
in Eq. (6.7) describes the ratio of convective and axial dispersion. Consequently, a low Bodenstein
number represents a high back mixing.

Bo = (6.7)

The simultaneously error minimized model parameters represented thus represent the device inlet
and/or outlet, respectively. Furthermore, the equilibrium constant model parameter represents the
stationary phase effect. Consequently, the different velocities and stationary phase volume (LM3, LM
30, and LM 60) facilitate the separation of the device and stationary phase. In addition, the Bodenstein
number delivers a scale-independent description of the fluid dynamic effects of the device and
stationary phase.

Fluid dynamic scale transfer

The fluid dynamic scale transfer is grouped into model selection, verification for the axial LM, and the
prediction of the radial devices. Initially, all experimental data were simulated by applying the
originally predicted values of the axial dispersion coefficient of the Bodenstein number. Following this,
a second error minimization with at least 100 iterations was performed applying an ASA minimization
algorithm. This algorithm generates randomized values presenting possible derivation in the
Bodenstein number prediction. Thereafter, the radial devices are investigated. Based on the radial
flow, the velocity increases with decreasing radius. Consequently, the average velocity of these radial
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devices was calculated and applied for the axial dispersion coefficient calculation. The applied
volumetric flow for the radial device investigation is presented in Table 6.3.

Table 6.3: Summary of the applied volumetric flow in the radial device acetone tracer experiments

Identifier Applied volumetric flow
[-] [mL/min]
Nano 15.0 9.0 3.0 3.0
150 750
400 750

Following device differences between the Nano and pilot scale devices, model deviations are
suspected in the pilot scale. The pilot/production scale capsules consist of an inner plastic core in the
outlet, which is not the case with the Nano device due to manufacturing limitations. Following this,
the capsule void volume is reduced, and back mixing effects in the bigger capsules are reduced.

6.2.3.2 Case study 2: Adsorption parameter determination

The second case study investigates the incorporation of imperfect historical data for apparent
isotherm parameter determination. This said, simulation parameter determination is, among others,
state-of-the-art for batch- or benchtop experiments.®®1%* However, integrating historical
knowledge/data into a living library approach would facilitate a fast library setup and enable additional
investigation of existing processes.

However, integrating historical data in living library conditions stationary phase properties, which
either need to be experimental determined or extracted by the manufacturer. This said, these
parameters are described below. Subsequently, the HTS modes are briefly described, and the apparent
dynamic isotherm determination procedure is described.

MA characterization
lonic capacity

The ionic capacity is determined by preconditioning the MA for 10 MV with 1 M NaOH. Subsequently,
equilibration is carried out with water for injection and titrated with 10 mM HCI. Afterward, the MA is
washed with water for injection, and the titration procedure is repeated. In Eq. (6.8), the difference
between the resulting CD areas is used to calculate the amount of titration substance used.!®!

_ fCTitration,liquid,Z ' aVTitration,liquid,Z _ f CTitration,liquid,1 aVTitration,liquid,l
Vpa-(1—¢) Va1 —¢)

A (6.8)

Porosity

The device development information in the void volume of the device and the stationary phase is
complemented by tracer experiments. This said, the stationary phase volume is 0.43 mL = 0.05 mL
(small-scale LM), 4.6 mL + 0.2 mL (LM30) and 8.4 mL + 0.2 mL (LM60). The total column porosity €rotal
in Eq. (6.9) is determined by a breakthrough tracer experiment with 3% to 5% acetone in 10 mM KPi
buffer using a benchtop system. The retention volume is corrected by the previously determined void
volume, calculated by the first derivative of the acetone breakthrough curve. In addition to the
presented information here, the detailed HTS system characterization was discussed earlier by us.®
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VTracer

ETotal = (6.9)

VMA
Historical data integration — HTS apparent dynamic isotherm determination

Historical data for the apparent dynamic isotherm parameter determination was derived from our
work earlier.'®2° The applied HTS methods were the bind and elute (BE) mode and overload bind and
elute mode (OBE). This said, the BE mode follows a classical bind and elute operation performed in
several pipetting steps. Following this, the mode consists of loading-, wash-, several elution-, and
regeneration phases. In contrast, the OBE mode intentionally overloads the stationary phase followed
by wash and elution step. Thereafter, the stationary phase is overloaded with the same conditions as
the before applied elution step. Accordingly, the OBE mode consists of repeatedly loading, wash and
elution phases.

The HTS results can be clustered into experimental accuracy, selectivity, recovery, and binding capacity.
Following this, the mass balance in Eq. (6.10) with Eq. (6.11) is applied to obtain the experimental
accuracy. Here, the index i is the observed component in the pipetting step. Finally, the deviation D is
determined by the ratio of loaded feed mass to the accumulated mass determined in the eluate, wash,
and elution step in.18!

n

0 = Myoading,i — z my; (6.10)
m k=1
Loading,i

Di = z:n— (6.11)
k=1Mk,i

The typical process condition evaluation is performed by selectivity and recovery process maps.
Therefore, the selectivity is calculated by the ratio of the bound dimer mass and bound monomer mass
in elution stepiin Eq. (6.12). Besides selectivity, product recovery is a parameter of interest for process
development, which is calculated by Eq. (6.13).

.. mDimer,i
Selectivity; = ————— (6.12)
Monomer,i
m;
Recovery; = (6.13)
Mpa,i

In addition to the more global wellness and process parameter, static binding capacities can be
determined. The HTS BE, and OBE mode results were initially used to determine the maximum binding
capacity at the initial CD at a given pH by Eq. (6.14), Eqg. (6.15) (BE), and Eq. (6.16) (OBE). In Eq. (6.14),
the difference between the loaded and the accumulated mass in the flow-through fraction mass of
each component equals the static binding capacity. Likewise, the sum of the mass elution fraction is
used to determine the static binding capacity. Both procedures should lead to the same results and
indicate a closed mass balance. The HTS BE approach also includes several elution salt steps, which are
generally used for process maps. Static binding capacity at a given pH and as a function of CD is
determined by the sum of component eluate masses, including the elution fraction. In addition, the
HTS OBE mode calculates the binding capacity depending on all performed OBE phases before and the
current investigated phase k in Eq. (6.16).%2%°
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l n
1
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AMaxEluik = v : Cik ' Vi (6.15)
MA =S =
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Qi = v ’ Z Creedik " VFeed,k - Z Cik" V,k (6.16)
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The apparent dynamic isotherm parameter determination is compared to a classical batch isotherm
parameter determination in Figure 6.4. In 1) a general procedure of isotherm determination is
presented. For example, the equilibration, adsorption in 1) A), optional wash in B) and elution step. In
contrast, dynamic isotherm assessment within the HTS method is presented in 2.

In the loading phase (Figure 6.4 1 A, 2 L), the dynamic isotherm assessment procedure is comparable
to the one obtained in batch isotherm determination. Following this, an isotherm with several
apparent equilibrium states at different liquid feed concentrations can be obtained for the initial
conditions. However, the stepwise step elution delivers only the saturation equilibrium concentration
at the given salt concentration. In addition, several assumptions and limitations must be considered
when a dynamic isotherm assessment is carried out. The assumptions can be grouped in stationary
phase (A), set-up (B and C), and procedure (D) limitations. Following this, a dynamic investigation must
be carried out to prevent kinetic limitation. This said, HTS will blend isotherm results with kinetic
effects based on the dedicated process comparable screening procedure. In addition, the HTS set-up
differs from that of a classical batch isotherm determination. In contrast to the defined volumes in
batch experiments, the HTS set-up consists of the device and stationary phase volume as well as the
well plate volume. Following this, the applied volume will be reduced by the void volume of the device
and summarized in the next pipetting step. In addition, the HTS SDD fluid dynamic must be considered
when not optimized. For example, the batch isotherm determination might exclude the wash step,
reducing partial elution, while the dynamic approach is easier to evaluate with the wash step. This said,
the wash step ensures a defined application in the elution step and partially neglects the device void
volume.

Due to the intended process representation, the dynamic isotherm assessment will not deliver the
actual isotherm parameter. However, applying a thoroughly developed HTS set-up will reduce the
influences mentioned above and delivers valuable information from purely historical data.

131



6.2 Materials and Methods

—— monomer — — feed e

34
L

w E1 E2 E3 E4 E5
I

1
S - —_———
4 binding components
@ : stationary phase
Cpeeq - €Ntityconcentrationin feed
c : entity equilibrium concentration after saturation time |
Cash  €ntity pore concentration after wash :
Cgn,  © entity concentration at elution conditions :
qura - binding capacity stationary phase I
t : residence time :
|
2 |

salt concentration

E6 E7 R
I

,
concentration monomer [mg/mL]

o
4
1

I
T
4

"

,
0
=

salt concentration M

L
©

Pipetting
SDD fluid distribution

Defined volume

Well plate volume—. | |

Resine [MA

pore size [pm) 0.1] 3.0
diffusive length [wm] 45 0.8
typically

residence time [min] 4 0.2
theoretically Area [em?] [1.3E-04| 4.0E-08)
D, [cm?*/s] 4.4E-07| 4.4E-07|
It [s] 289 0.1

Hold up v

L

Wall effects

0o

~s _ _-"75

d qpa =

volume [mL]

Mreed — (m! + mM’A.pures)
Via* (1 = &eotar)

e

Wash can be

at batch experiments
but not at HTS SDD
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isotherm at different liquid feed concentrations. However, the stepwise step elution delivers only the saturation equilibrium
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limitations.8!

SMA parameter determination

The BE and OBE experiments at pH 5, 5.5, 6 and, 7 were used to determine the apparent isotherm
parameter. In addition, BE and OBE elution steps were considered at 0.1 and 0.2 M sodium chloride.
Subsequently, the applied equations and boundary conditions are noted.

Eg. (6.17) to Eq. (6.19) presents the ionic capacity in dependence on the steric factor o, characteristic
charge v, and binding capacity of counter ions gi as well as the binding capacity g of the components
gi. For a rapid equilibrium or in the equilibrium state, the SMA isotherm can be expressed as shown in
Eq. (6.20.
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The charge and equilibrium constant are determined by the curve evaluation of log k using Eq. (6.21)
and Eq.(6.22). A linear regression of the logarithmic capacity factor over the logarithmic salt
concentration results in the charge v and equilibrium keq constant by slope and intercept.'® The
presented application of the capacity factor holds only true for single component evaluation. However,
the capacity factor values were determined for the IgG and HMWS mixture and applied as initial values.
Thereafter, the SMA parameters were adjusted by error minimization. In addition, the calculated error
was normalized to facilitate an even weighed IgG and HMWS error minimization.

K= 1-¢ : (ﬂ> (6.21)
& Ci
1-¢
logk' = log (? . ke‘h,i -/lvi) —v; - log(cy) (6.22)

Small scale confirmation

The HTS SDD experiments evaluate the obtained apparent dynamic isotherm parameter. Following
this, BE and OBE experiments at a pH of 5, 5.5, 6, and 7. In addition to the isotherm parameter
determination, all BE salt steps were simulated. On the one hand, the apparent isotherm parameter
determination partially blends kinetic effects; on the other hand, the pooling of fractions dilutes the
kinetic effects. Following this, the kinetic factor was determined by error minimization.

6.2.3.3 Case study 3: Approach evaluation and scale-up

The full train product development approach is evaluated by determining, comparing, and scaling up
the fluid dynamic and by historical data obtained adsorption parameter determination approach.
Initially, the apparent dynamic isotherm parameter is assessed, and the kinetic coefficient is evaluated.
Subsequently, the approach is transferred to the pilot scale separation of IgG and HMWS. In addition
to the pure simulative approach evaluation, the results are compared to the scale factor application.
This said, the approach is not only evaluated in quality but also to a second state-of-the-art scale
transfer methodology.

Kinetic evaluation

The HTS SDD assessed kinetic coefficient in chapter 6.2.3.2 is transferred to the larger lab devices using
the Peclet number in Eq. (6.23). Following Eq. (6.23), the Peclet number transfers the scale effects of
the convective transport rate to the diffusive transport rate. Here, the diffusive transport rate is
assumed as summarized in the kinetic constant. The kinetic comparison is performed by comparing
the experimental and error minimized simulative results of the lab modules SDD, LM 30, LM 60 at pH 5
and 10 mM sodium chloride.

Pe

= (6.23)
Kkin

Assuming an ideal isothermal parameter, the Peclet number equals all different scales. However,
deviations may be expected based on the assumptions and imperfections of historical data. The scale
comparison will thus lead to an error evaluation.
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In addition to the error evaluation, the Peclet number pH value dependency is determined by the HTS
SDD experiments. Thus, the kinetic coefficient can be calculated for the scale-up experiments at pH
6.4.

Scale-up

The SDD experiments result in a range of applicable process parameters. Two approaches have
investigated the ability to transfer this information to a larger scale: a) mechanistic modeling(SDD —
MM) and b) SDD direct parameter transfer by applying a scale factor.

The mechanistic modeling scale-up is performed with a 150 mL Sartobind® S capsule module. In
addition, the prototype pilot scale MU RCC system at a volumetric flow of 45 L/h is used. The applied
process conditions were pH 6.4 with 0.1M sodium chloride. Finally, the determined fluid dynamic and
adsorption equations were applied to scale-up the HTS SDD results.

The evaluation is performed by comparing the experimental UV/concentration course and the
fractions taken in the experiment with the simulative predicted results. Fractions with 150 mL volume
were taken in the loading- and wash phase from 1350 mL to 2700 mL, as well as in the elution phase
from 4050 mL to 4650 mL. The IgG and HMWS fractions concentration were determined by SEC
analysis.

Direct scale factor

The direct scale factor is used as a fast scale transfer method. For instants, the experimental
breakthrough concentration at, e.g., 10% dynamic breakthrough capacity is determined. Thereafter,
the scale factor can be calculated with Eq. (6.24) and Eq. (6.25). The HTS SDD experimental results are
used to determine the scale factor and extrapolated to the Sartobind® S IgG HMWS separation. The
direct scale factor assumes homogeneous binding capacity and fluid dynamics in the different scales.
Furthermore, the direct scale factor is not suitable for scale-up of competitive adsorption effects.

_ Vbpc1o
r= % " Creed (6.24)
MA,lab device
(6.25)
r L-u
Voecior = Vmar: Pe = K
Creed kin

6.2.4 Analytical methods

A UV spectrometer measured the overall protein concentration at a wavelength of 280 nm using the
VivaSpec® UV reader provided by Sartorius Stedim Biotech GmbH. In addition, 1gG and its HMWS
concentration were measured using a Yarra™ 3 um SEC 3000 column of 300 x 7.8 mm supplied by
Phenomenex using the Thermo Scientific™ Dionex™ UltiMate™ 3000 HPLC System from at a flow rate
of 1 mL/min.
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6.2.5 Data handling, automation, and mechanistic modeling

Automated HTS was performed using Zinsser Analytic WinLissy (version 7). UNICORN® supplied by GE
Healthcare was used for FT experiment recipe writing and chromatographic analysis. The
concentration of IgG and its HMW aggregates was quantified by the Dinoex Chromleon™ 6.80.
Evaluation of the experimental results and analysis of the chromatographic curves were performed
using Origin® 2018b software supplied by OriginLab Corporation. MM was done with the software
ChromX™ provided by GoSilico GmbH.

6.3 Results and Discussion

The result and discussion for the full train product development from lab to production approaches
are grouped into the three case studies. Initially, the fluid dynamic scale transfer is investigated,
followed by the adsorption parameter determination for historical data. Finally, the approach is
evaluated by comparing the model predicted and experimentally derived pilot scale mAb HMWS
separation.

6.3.1 Case study 1: Fluid dynamic scale transfer

In this chapter, classical fluid dynamic transfer challenges are addressed and summarized in: Device
investigation and development and model selection for the fluid dynamic investigation. In addition,
transfer of different device types within fluid dynamic separation and the fluid dynamic scale transfer.

6.3.1.1 Device investigation and development

Aiming for a scalable model and implementing historical data includes investigating the data quality
and differences between the devices. This said, the HTS SDD and lab devices were investigated for
their feasibility as chromatographic devices. In addition, the applied small-scale axial lab device
deviates in fluid dynamics compared to the radial lab and production device.

In Figure 6.5, lefthanded A)-D) the development of the HTS set-up device is presented. In A) 1-7,
different distribution nets and support materials are tested in dyeing experiments to improve the fluid
dynamic distribution throughout the device. Following the unsatisfying results from Figure 6.5 A) 1-7,
the lab module fluid distributor was optimized, presented in B), presenting sufficient improvement in
A) 8 and 9. In addition to the lab module optimization, the injection port was optimized in several
iteration steps as represented in D) to the final SDD set-up in C). These improvements lead to
comparable signals between HTS SDD and benchtop system.®®! In summary, the historical device
development presented itself as suitable for the dedicated scalable mechanistic model building.

Transferring the fluid dynamic from axial to radial flow urges for a general approach, enabling the
transfer in future investigations. The lab modules presented in Figure 6.5 E) — H) were developed to
facilitate different numbers of membrane stamps. Following this, the variation of the membrane sheet
numbers should facilitate the differentiation of membrane and device impact. Initially, the lab module
consisted of several stainless-steel parts like the stamp, sealing ring, and baseplate in Figure 6.5 F).
The puk was made of polypropylene and could be used in a different device after completion. In the
membrane puk making process, the different number of distribution nets and membrane layers are
placed in between the puk, which is fixed on the baseplate. Thereafter, position rods are placed
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through the stamp and seal ring, centralizing the layers. Next, the stamp is placed under an air-supplied
plunger, and a defined pressure is applied. The best compression pressure was investigated by acetone
tracer and dyeing experiments, not presented here. Subsequent to the compression of the layers, the
seal ring is fixed, followed by the adhesion and sealing of the membrane layers and the puk with
silicone through the dedicated drill. The silicone pressure for optimal adhesion investigation, as
exemplary presented in E), is not detailed here. After the sealing process, the complete set-up is dried
for 48 h. Afterward, the set-up is opened, and the finished puk is removed. The finished puk can then
be placed in a separate holder and used as a chromatography device. This set-up had several
disadvantages, including time constraints, handling difficulties, and occasional leakage when the puk
is transferred to the chromatographic device.

The final design in Figure 6.5 H) includes the fluid distributor presented in B) and offers the benefit of
the puk being used in the device or removed and stored. In addition, several devices can be prepared
in series. The stamp applies the pressure; the outer upper handle is closed until resistance is sensed
and the stamp can be removed. Qualification is given by optical inspection if the fluid distributor shows
any movement indicating incomplete compression when the pressurized air is removed. Thereafter,
the device can be sealed while the next device can be compressed. Following the procedure above,
the device is dried for at least 48 h.

In summary, the set-up enables the investigation of several different membrane layers within the same
fluid dynamic basis. In the present work, 30 and 60 membrane layer puks are used. The additional wall
effects cannot be separated. However, the device enables the mechanistic modeling investigation of
device and membrane impact, which can then be used to transfer to radial devices.

Lab module ,press”

1
ba o
G)ﬁ

Start Optimization 1 Optimization 2

™

=

Figure 6.5: Different device development steps. The Figure is split into half, lefthanded A)-D) HTS SDD*#! and righthanded Lab module
E)-H). In A) 1-7 different, the distribution nets and the support material are tested in dyeing experiments to improve the fluid dynamic
distribution throughout the device. The small-scale device was optimized after the unsatisfying results from A) 1-7. In A) 8 and 9,
sufficient improvements resulted in the modified fluid distributor in B. In addition to the small-scale device fluid distributor
optimization, the injection port was optimized in several iteration steps, as represented in D) to the final set-up in C). The lab module
was designed to facilitate different numbers of membrane stamps, presented right-handed from E)-H).
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6.3.1.2 Model selection

The fluid dynamic model selection is guided by the number of models applied and minimized error.
Therefore, three different devices are investigated by acetone breakthrough experiments. The device
model selection investigation includes the following model combination: PFR/EQ, PFR/EQ/PFR,
CSTR/EQ, CSTR/EQ/CSTR, PFR/EQ/CSTR, and CSTR/EQ/PFR. In addition, the axial dispersion coefficient
and mixing factor are error minimized and adjusted to the different experimental results.

In Figure 6.6 A), 100 different error minimization steps for a lab device of 30 MA layers are presented.
The lefthanded presents a PFR and CSTR model including two parameters, and righthanded a one PFR
model parameter adjustment is presented. In Figure 6.6 B) selected simulation results are presented,
enabling a better comparison between the PFR&CSTR and PFR models. This said, both model
approaches deliver feasible error minimization between experimental and simulative acetone courses.
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Figure 6.6: Model selection examples: PFR EQ CSTR and PFR EQ. A) shows the 100 error minimization iterations and B selected results.

The red dotted line in B) shows the iteration with the lowest error respectively.
In Table 6.4 presents the different error minimization results of the 30 MA layer lab device at 9 ml/min.
The modeling results follow in decreasing suitability PFR < PFR?< CSTR < CSTR? < PFR/CSTR < CSTR/PFR.
In general, the number of iteration steps should also be verified. This said, two model parameters
might need different numbers of iterations compared to one model parameter. Following this, the
PFR/CSTR model parameters were error minimized and adjusted to the experimental results by an
additional 50 simulations without a significant decrease in the model error (< 3%). Accordingly, the
iteration amount is assumed to be sufficient for the approach. Following the model evaluation for one
velocity, the evaluation is extended to two more velocities.
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Table 6.4: Results of model investigation at 9 mL/min step acetone signal

PFR
PFR2 / CSTR/  CSTR2/ CSTR /EQ/
PFR / EQ EO £Q EQ CSETQR / PER
Dax/mixing 24385.0 1836.2 1.47 0.44 0.07 0.34
factor Device
Dax MA 0.0022 0.0056 0.0101 0.0011 0.0138 0.0010
Dax/mixing X 9440.9 X 0.55 0.74 0.66
factor Device
L2 Error 42652 48019 163039 61929 49441 59214
L2 Error 1.0 1.1 3.8 15 12 14
normalized

In Table 6.5, the model evaluation for three different velocities of the two most promising model
approachesis presented. In addition, the number of parameters, transferability steps, and model error
is presented. This said, in contrast to Table 6.4, the transferability steps describe the needed
correlation of parameter to scale the model. Furthermore, to avoid error accumulation in NNPs, the
number of parameters and the transferability steps are multiplied by the model error. This said, the
two-parameter model PFR/EQ is deemed to be better suitable for a scalable approach than the
PFR/EQ/CSTR model with lower model error.

Table 6.5: Proof of principle in model selection at different velocities and tracer signals. LM 30 at 3 velocities for different step and
pulse injection.

Selection value

Model Number of Transferability Residual Ran
combination arameters steps L2Error L2Error x kin,
P p (Transfer+Number) &
PFR & EQ 2 2 163325 653300 1
PFR & EQ &
CSTR 3 3 151871 911226 2

6.3.1.3  Fluid dynamic separation

Subsequent to the model selection procedure, the fluid dynamic separation is performed. Therefore,
the two selected models are used to separate the device and membrane fluid dynamic. This said, the
small-scale (0.43 mL) and two lab-scale (4.6 mL and 8.3 mL) devices are investigated within injection
and step acetone tracer experiments. Three different velocities are applied in the experiments. The
selected models are then applied to minimize the axial dispersion coefficients for each device.

In Figure 6.7, the comparison of experimental and simulative (PFR EQ) results are presented, A) to C)
step- and D) to F) injection signal. In addition, the applied volumetric flow/velocity decreases from top
to bottom. The simulative results are visually in good agreement with the experimental signals.
Comparing experimental and simulative results is performed by the ratio of integrated measurement
and integrated subtracted measurement and simulation values. This said, a good agreement between
experimental and simulative results is achieved for deviations below 6 %. The deviation between
Figure 6.7 Band Fis below 1.9 % and 5.5 %. The deviation for the 150 mL and 400 mL capsules is below
6 %. However, for the injection experiments, the modeling accordance decreases from D) to E). The
decreasing accordance might be induced due to the lower velocity, either an efficiency limitation in
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the fluid distributor/device or a modeling error induced by not considered influences. Nevertheless,
the device simulation results are considered sufficient.
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Figure 6.7: Comparison of the lab module with 30 membrane layer experimental and PFR EQ model results after error minimization.
The left-handed graphs present the step signal and right-handed injection signal comparison. From top to bottom, the velocity
decreases. The simulative step signals results in A) - C) are in good agreement with the experimental data. Comparatively, the
modeling and experimental accordance decrease from D) to E). The decreasing accordance might be induced due to the lower
velocity, either an efficient limitation in the fluid distributor/device or a modeling error induced by not considered influences.
The 30-membrane layer device PFR EQ CSTR model evaluation is presented in Figure 6.8. Following
the previous evaluation, the experiments are similarly presented. The step signals in Figure 6.8 present
comparable experimental accordance when compared to Figure 6.7 A) - C). Accordingly, the deviation
in Figure 6.8 C) is below 3 %. However, the simulative tracer injection results present a significant
deviation between experimental and simulation results (D) - F)). Consequently, the deviation in Figure
6.8 D is 45 % This said, the additional model/model parameter does not increase the model accuracy.
The controversial increasing model inaccuracy with an increased model parameter is either due to an
inadequate model or to low iteration process in the simulative parameter determination. However,
the reduced PFR EQ model presents itself once more as sufficient to describe the device.
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Figure 6.8: Comparison of the lab device with 30 membrane layer experimental and PFR EQ CSTR model results after error
minimization. The left-handed graphs present the step signal and right-handed injection signal comparison. From top to bottom, the
velocity decreases. The simulative step signal A) to C) and experimental results present visually comparable accordance when
compared to the in Figure 6.7 presented results. However, the tracers are less accurate in experimental data description when

compared to the step signal results in Figure 6.7 D)-F).

Following the model confirmation, the axial dispersion coefficients for each device are determined
simulative. In Figure 6.9, the axial dispersion coefficient of the 30 MA lab module is presented. In Figure
6.9 A) presented EQ model represents the membrane effect, and in B) shown results of the PFR device
model. This said, the lab module presents itself as a sufficient fluid distributor. In addition, the result
can be used to calculate the Bodenstein number enabling the scale transfer. The device and membrane

Bodenstein numbers are calculated as 0.017 and 617.3, respectively.
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Figure 6.9: Fluid dynamic separation of LM 30. The membrane correlation between axial dispersion coefficient and velocity times

length is presented in A), the respectively device correlation is shown in B).
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6.3.14

Fluid dynamic scale transfer

The obtained dimensionless device description is evaluated within the different devices. Therefore,
tracer signals at different velocities are compared to the general dimensionless prediction, and an
individual error minimized model prediction. This said, the deviation between the simulation and
experiment will present model error in general. Furthermore, the deviation between dimensionless
and error minimized prediction will present scale transfer procedure limitations.

In Figure 6.10, the small-scale device comparison is presented. The applied volumetric flows are A) 5.0
mL/min, B) 4.3 mL/min, C) 2.15 mL/min, D) 1.3 mL/min. In general, the error minimized- and
dimensionless model predictions are hardly distinguishable from each other. In addition, the
experimental and simulative results are in good agreement with each other, so deviations in the step
injection A) can be observed. However, the experimental- and error minimized results are in good
agreement with the dimensionless prediction; thus, scale transfer was successfully here.
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Figure 6.10: Comparison between dimensionless predicted and error minimized model and experimental result of the LM15 device. A)
5.0 mL/min, B) 4.3 mL/min, C) 2.15 mL/min, D) 1.3 mL/min. The error is minimized, and dimensionless model predictions are hardly
distinguishable. In addition, the experimental and simulative results are in good agreement with each other; even so, deviations in the
step injection observation in A) can be observed. However, generally, the scale transfer was successful.
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Following the small-scale device, the LM60 is presented in Figure 6.11, as the LM30 has already been
discussed in chapter 6.3.1.3. Applied volumetric flows were A) 45.0 mL/min, B) 33.0 mL/min, C) 9.0
mL/min, D) 6.5 mL/min, E) 16.5 mL/min and F) 2.15 mL/min. Comparable to the small-scale device
results in Figure 6.10, the error minimized and dimensionless model predictions are hardly
distinguishable in A), B), and C). However, deviations between error minimized, and dimensionless
results are visible in the step injection signals E) and F). Furthermore, the first acetone uptake, in A)
and B) is sharper predicted in the simulation than observed. Regardless of the initial acetone uptake
the injection results agree with the experimental observation. Following this, the experimental results
are with minor deviations, and the error minimized results are in good comparison with the

dimensionless prediction. The scale transfer can be interpreted as a success with some possible
limitations.
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Figure 6.11: Comparison between dimensionless predicted and error minimized model and experimental result of LM60 module. A)
45.0 mL/min, B) 33.0 mL/min, C) 9.0 mL/min, D) 6.5 mL/min, E) 16.5 mL/min and F) 2.15 mL/min. The error is minimized, and
dimensionless model predictions are hardly distinguishable in A), B), and C). However, deviations between experimental and
simulative results are visible, especially in the step injection signal. This said, the first acetone uptake is sharper predicted in the
simulation than observed. Regardless of the initial acetone uptake, the injection results are in good agreement to each other.
Therefore, the scale transfer can be interpreted as a success with some possible limitations.
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Figure 6.12 compares the experimental- and simulative radial Nano device results. The applied
volumetric flow at different injection volumes was A) 3.0 mL/min, B) 15.0 mL/min, C) 9.0 mL/min and
D) 3.0 mL/min. The dimensionless predicted model results are in good agreement with the
experimentally derived results. The simulations in A) and C) indicate possible volumetric shifts while
the signal course is correctly predicted. This said, the scale and axial to radial fluid flow transfer were
successfully performed by applying the dimensionless approach.
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Figure 6.12: Comparison between dimensionless predicted model and experimental result of Nano module. The different following
experimental parameter are grouped in volumetric flow and injection volume: A) 3.0 mL/min, 5.0 mL; B) 15.0 mL/min, 0.5 mL; C) 9.0
mL/min 0.5 mL; D) 3.0 mL/min, 0.5 mL. The dimensionless predicted model results are in good agreement with the experimentally
derived results. The simulations in A) and D) indicate possible volumetric shifts while predicting the signal course correctly. This said,
the scale and axial to radial fluid flow transfer were successfully performed.
The presented dimensionless description was successfully applied in the lab-scale devices and is
transferred to the pilot/manufacturing scale in Figure 6.13. Applied volumetric flows were 750 mL/min
for the 150 mL capsule as well as for the 400 mL capsule in A) and B), respectively. The dimensionless
predicted model results agree with the experimentally derived results. Comparing experimental and
simulative results is performed by the ratio of integrated measurement and integrated subtracted
measurement and simulation values. The deviations for the 150 mL and 400 mL capsules are below
6 %. However, a higher simulative deviation to the experimental results is presented in Figure 6.13
compared to the results in Figure 6.10 and Figure 6.11, and Figure 6.12. The simulative results predict
higher dispersion than the experimental observed. This said, the model is only partially applicable, or
the devices present some discontinuity that was not observed in the dimensionless approach.
Accordingly, the device was investigated, presenting a design deviation between the lab scale Nano
and the bigger-sized capsules. The pilot/production scale capsules consist of an inner plastic core in
the outlet, which is not the case with the Nano device due to manufacturing limitations. Following this,
the capsule void volume is reduced, and back mixing effects in the bigger capsules are reduced. This
said, the model correctly predicts the higher axial distribution/back mixing. In general, for better
experimental and simulative results, this discontinuity would need further investigation. However, the
model accuracy is considered sufficient here.
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Figure 6.13: Fluid dynamic scale transfer for 150 mL A) and 400 mL B) Sartobind S Capsule. The dimensionless predicted model results
agree with the experimentally derived results. However, a higher deviation in the simulative results can be observed compared to the
results in Figure 6.10, Figure 6.11, and Figure 6.12. The simulative results predict higher dispersion than experimentally observed. This
said, the 150 mL and 400 mL capsule designs differ from the investigated Nano design. However, the model accuracy is considered
sufficient, while this discontinuity would need further investigation for more precise results.

6.3.2 Case study 2: Adsorption parameter determination

The second case study investigates the determination of adsorption parameter determination based on
non-optimal conditions. While batch isotherm determination is state-of-the-art and can be easily
integrated with mechanistic PD procedures, historical HTS results are considered more challenging. The
living library approach is applied to HTS BE and OBE investigation, determining the initial adsorption
parameter. Following the fluid dynamic dimensionless approach in chapter 6.3.1, the isotherm parameter
assessment is transferred to a scalable dimensionless description. Thereafter, the approach is confirmed

by a comparison of experimental and simulative HTS results.

6.3.2.1 Isotherm assessment

Following the fluid dynamic evaluation, the isotherm parameter assessment is investigated. The
determination of batch isotherm parameters for mechanistic modeling is state-of-the-art. However,
integrating historical data into a living library would allow for incorporating stationary phases that
have been investigated but not selected for a process. Following this, the initial data for the living
library development would be greater, and the information content is already for great use in PD.
However, due to the intended process condition representation in HTS, the historical isotherm
parameter assessment will not deliver the actual isotherm parameter. As mentioned in chapter 6.2.3.2,
three factors for the deviation can be named: stationary phase properties, set-up, and evaluation
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procedure. However, applying a thoroughly developed HTS set-up will reduce the mentioned
influences and deliver valuable information from purely historical data. The requested accuracy will
then determine whether the information is sufficient or whether further experimental data needs to
be added.

The dynamically HTS isotherm parameter determination included investigating different process
conditions and procedures. The varying process conditions were salt concentration and pH values. In
addition, the HTS BE results and a combination of HTS BE and OBE results were investigated. The HTS
OBE results were added to complete the SMA determination within competitive adsorption
phenomena. Figure 6.14 compares the dynamically assessed HTS BE SMA isotherm results to the
experimental data. This said, Figure 6.14 presents the lowest accuracy while the not shown combined
BE, and OBE data points increased accuracy. The IgG monomer results are left-handed, and IgG HMWS
results are right-handed.

Furthermore, the isotherm parameters were determined by HTS experiments at different pH values
of 5, 5.5, 6, and 7, corresponding to Figure 6.14 A, B, C, and D. According to the HTS BE procedure, a
full isotherm assessment is derived only for the initial loading phase while for higher salt concentration
the respective single point elution fractions are available. The full isotherm assessment for IgG left-
handed is in good agreement with the experimental data; even so, pH 7 (D) presents a deviation in the
first measurement point. This said, the equilibration constant might present a deviation for this pH
value range. Following the IgG isotherm evaluation, the single-point salt elution results present a
higher deviation when compared to the overall isotherm, increasing from pH 5 to 7 (A to C). However,
the determined SMA parameter for IgG suites the dynamic assessed results.

Conversely, the HMWS full isotherms are visible in less accordance compared to the experimental
results than the IgG evaluation, see Figure 6.14. The highest deviation can be observed for pH 5 and 6.
Otherwise, the single-point salt elution results deviations are comparable to thus of the IgG evaluation.
This said, the HMWS limitations in MA binding capacity and thus analytical determination probably
induce higher uncertainties when compared to the IgG investigation. Accordingly, the dynamic
isotherm determination is not exempt from the challenges of the classical batch isotherm
determination. However, the procedure enables isotherm parameter determination while the
application needs to be proven.
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Figure 6.14: Dynamically HTS SMA isotherm parameter assessment. The IgG monomer results are left-handed, and 1IgG HMWS results
are right-handed. Furthermore, the isotherm parameters were determined by HTS experiments at different pH values 5, 5.5, 6, and 7,
corresponding to A, B, C, and D. According to the HTS SDD BE mode, a full isotherm assessment is only possible for the initial loading
phase while for higher salt concentration the respective single elution fractions are available.
The description of the pH influence on the isotherm parameter can either be included in the SMA
equation?® or simplified with linear and quadratic equations. In Figure 6.15, the pH-induced change of
the dynamic derived isotherm parameters is presented. In addition to the in Figure 6.14 presented
dynamic isotherm assessment, the competitive adsorption effects obtained by the HTS OBE method
were also used to refine the dynamic isotherm parameter determination (not shown here). This said,
the course of the isotherm parameter equilibrium and charge change when adding HTS OBE results.
Although, the steric parameters are comparable between HTS BE and OBE methods. The course of IgG
and HMWS for all isotherm parameters are comparable and present the similarity between these
components. In addition, small differences emphasize chromatographic separation while the steric
disparity indicates competitive binding.

Following the living library approach, additional information, such as molecular information, can be
included in the isotherm assessment. This said, the isoelectric point might be included in the
parameter assessment adding a near zero value for the characteristic charge, as demonstrated in
Figure 6.15.
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Figure 6.15: Overview dynamic assessed SMA parameter at different pH values. In addition to the in Figure 6.14 presented dynamic
isotherm assessment, the competitive adsorption effects obtained by the HTS OBE method are shown as blank markers.
The derived dynamic assessed SMA parameter and pH effects are then preserved in
Eq. (6.26) - Eq. (6.31). Following this, these equations can then be applied to calculate the SMA
parameter for each component. In addition, a certain parameter space can be obtained when
comparing linear and nonlinear equations, see Eq. (6.32) and Eq. (6.33).

K;; =16.43-pH — 80.5 (6.26)
K,1=21.6-pH —104.6 (6.27)

vy =—=15-pH +13.0 (6.28)

vy, =—=12-pH +10.7 (6.29)

o, = —54.5'pH + 813.5 (6.30)

0, = —5970.3 - pH + 46960 (6.31)

K1, = —11,235-pH? 4+ 137,86 - pH — 409,47 (6.32)
K,, = —8,5413-pH? + 114,64 -pH — 350,44 (6.33)

In summary, the dynamic HTS SMA isotherm parameter assessment presents a possible limitation in
accuracy. However, historical data can be transferred and preserved in the isotherm-like parameter.
In addition, either a holistic isotherm or simplified equations can be applied to represent the global
process condition range. Therefore, assuming the dynamic HTS SMA isotherm parameter assessment
would be successful, the historical data could provide a valuable contribution to PD.
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6.3.2.2 Small scale confirmation

The dynamic HTS SMA isotherm parameters are applied for experiments within pH 5, 5.5, 6, and 7,
including BE and OBE procedures. In addition, the different dynamic HTS SMA isotherm parameter
determination with and without additional OBE data are compared. The kinetic factor is derived by
error minimization of the kinetic factor while the determined SMA parameters were kept fixed.

In Figure 6.16 the comparison of experimental and simulative HTS BE & OBE results is presented. The
exemplary comparison for the HTS OBE procedure at pH 5.5 for IgG and HMWS is presented in A) and
B). In addition, C) and D) present IgG and HMWS comparison for BE results at pH 7, respectively. The
simulation describes the principal OBE concentration course for IgG and HMWS. In the IgG simulation,
a good accuracy for the IgG breakthrough is achieved, while the elution profile differs from the
experimental observation. However, the HMWS simulated concentration profile varies significantly for
the presented OBE experiment at pH 5.5. The breakthrough and elution profile shows too low HMWS
binding capacity. Admittedly, the pH 5.5 comparison presented here shows 75 % for 1gG (A) and 67 %
for HMWS (B), the worst achieved accuracy. Comparative, the experimental and simulative results at
pH 7 for 1gG (C) and HMWS (D) are with over 75% accuracy in accordance. In general, the IgG accuracy
is in all simulations above 75 %, while the HMWS accuracy is above 61 %, see Table 6.6.
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Figure 6.16: Exemplary comparison of experimental and simulative HTS BE & OBE results applying dynamic assessed SMA parameter.
The exemplary comparison for the HTS OBE for IgG and HMWS is presented in A) and B). In addition, C) and D) present IgG and HMWS
comparison for BE results, respectively. The principal OBE concentration course is described for IgG and HMWS. However, the HMWS
concentration profile differs significantly for the presented OBE experiments at pH 5.5. Admittedly, the here presented (A-B) pH 5.5
comparison is with 75 % for 1gG and 67 % for HMWS accuracy the worst. Comparative, the experimental and simulative results at pH 7
for 1gG (C) and HMWS (D) are with over 75% accuracy in good accordance.

148



6.3 Results and Discussion

The summarized comparison between experimental and simulative HTS results is presented in Table
6.6. The IgG accuracy is evenly distributed in the 75 — 101 % range. Although, the HMWS simulation
signal accuracy increases with increasing pH value from 61 %- 117 %. The accuracy thus indicates
experimental protein loss and limitations of the kinetic and apparent isotherm transfer. In addition,
adding dynamic assesses OBE apparent isotherm information for the parameter determination
increases the IgG and HMWS accuracy with increasing pH value. For instance, competitive binding
might be more demonstrable in the isotherm parameter assessment at higher differences close to the
isoelectric point.

Table 6.6: Comparison between experimental and simulative HTS results applying dynamic HTS SMA isotherm parameters

pH HTS Methode Parameter Overall Fit IgG Overall Fit HMWS
[-] [-] [-] [%] [%]
5 BE BE 86 77
5 OBE BE 86 61
5.5 BE BE 83 67
5.5 OBE BE 75 67
5.5 BE OBE 83 67
5.5 OBE OBE 75 67
6 BE BE 101 117
6 OBE BE 93 65
7 BE BE 96 117
7 OBE BE 75 89

In addition to the concentration profile and accuracy summary, Figure 6.17 compares experimental and
simulative derived process maps. The experimental and simulative comparison for HTS BE IgG binding
capacity is presented in Figure 6.17 A) and B). Furthermore, the comparison for HMWS binding capacity is
presented in C) and D). In addition, in E) and F), experimental and simulative displacement identifier maps
for the HTS OBE mode are compared. Simulative and experimental IgG binding capacities follow the same
conductivity and pH profile. However, the simulative binding capacity is with 26 mg/mL overestimated.
The simulative and experimental HMWS binding capacity profile is also in good accordance with each other.
In addition, the simulative predicted HMWS binding capacity is lower than the experimental.

Furthermore, in Figure 6.17 an HMWS binding capacity deviation can be observed at pH ~5.6 and 15-30
mS/cm. The sudden change in binding capacity might present an outlier. Comparatively, the displacement
identifies map profile is well met by the simulation. The simulative predicted displacement effects at a
higher pH value. This effect was experimentally suspected but could not be confirmed with certainties.
Further investigations in this pH range would be needed to confirm the simulative results.

In summary, the historical data dynamic isotherm SMA parameter determination provides valuable
information and delivers similar concentration profiles and process maps. The IgG simulation accordance
above 75 % indicates a suitable procedure for historical data. In addition, the HMWS process maps present
themselves in good comparison to the experimental results, even though the concentration profile is only
above 61 %. The historical data inclusion approach does not aim for exact isotherm determination but
includes historical data. This historical data inclusion can be useful to increase living library utility for
extrapolation to other products and initial simulation of processes where no isotherms were determined.
Aiming to include historical data in a living library should include the accuracy of the different model
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parameters. Thus, the extrapolation uncertainties could be considered in the predictions. The living library
would then, either manually or with artificial intelligence, be able to group component similarities and, at
a final state, predict simulation parameters for unknown components.
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Figure 6.17: HTS SDD BE and OBE mode comparison between simulation and experimental results. The experimental and simulative
comparison for HTS BE IgG is presented in A) and B). Furthermore, the comparison for HMWS is presented in C) and D). In addition, in
E) and F), the comparison between experimental and simulative displacement identifier maps for the HTS OBE mode are presented.
Simulative and experimental IgG binding capacities follow the same conductivity and pH course. However, the simulative binding
capacity is with 26 mg/mL overestimated. The simulative and experimental HMWS binding capacity profile is also in good accordance
with each other. However, a deviation can be observed at pH ~5.6 and 15-30 mS/cm. The sudden change in binding capacity might
present an outlier. Comparatively, the displacement identifies map profile is well met by the simulation. The simulative predicted
displacement effects at higher pH values were experimentally suspected but not confirmed with certainties. Further investigations in
this pH range would be needed to confirm the simulative results.?®®
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6.3.3 Case study 3: Approach evaluation and scale-up

The obtained fluid dynamic and adsorption parameter determination are evaluated within a scale-up
from 8.3 mL axial lab device to 150 mL capsule device. The resulting scale factor is 18 for the 150 mL
device. Furthermore, the IgG and HMWS separation are performed as a bind and elute process with a
dedicated component breakthrough. Following this, the experiment includes a breakthrough
concentration profile, competitive adsorption, and elution, which are then compared to the simulative
results.

In addition to the dimensionless fluid dynamic scale transfer and SMA parameter, the kinetic effects
also require a scalable approach. Subsequent to the kinetic effect investigation, the process is
evaluated within the earlier by us introduced direct scale factor and mechanistic modeling accuracy.®

6.3.3.1 Kinetic evaluation

The kinetic interactions are transferred in scale based on the state-of-the-art Peclet number
determination. In addition, the historical HTS results are used to investigate the change of the kinetic
factor/ Peclet number within the different pH values. In addition to the Peclet number determination
by historical data, separation at different lab device scales is investigated regarding the scale
consistency.

In Figure 6.18, the kinetic simulation results are presented. Initially, the different device Peclet
numbers are presented in A). Initially, the different device Peclet numbers are presented in A). The
investigated devices were the small-scale SDD, LM30, and LM60. Following the Sartobind S® pH 5 at
0.02 M salt IgG experiments, a significant deviation of the Peclet number can be observed in the box
diagram. Although the Peclet number presents a range of ~140 — 550 for IgG and ~100 — 170 for HMWS,
the small-scale device kinetic factor is with 0.003 — 0.013 for IgG and 0.0025 — 0.066 for HMWS in a
reasonable range. The deviation might indicate uncertainties in the SMA parameter. This said, the
deviation could be accumulated in the kinetic factor. These limitations in the dynamic isotherm
assessment were already discussed. However, the determined deviations are then applied to the
Peclet number pH dependency investigation, presented in Figure 6.18. In the evaluation of the
assumed relative scale deviation at different pH values, the simulative error minimized BE, and OBE
model results were predicted by applying an exponential decrease function (B, C). The investigation
presents a reduction of the Peclet number with an increasing pH value. Following this, mass transfer
restriction increases with the pH value. Hence, the convergence towards the isoelectric point reduces
the attractive ionic forces leading to a lower mass transfer rate.

In summary, the dimensionless kinetic evaluation presents a pH dependency of the Peclet number.
The dependency is described with an allomeric and exponential decrease function facilitation the
consideration of a scale-up for the whole process range. Admittedly, the different scale device
investigation presents a deviation for the dimensionless Peclet number. This said, the dynamic
isotherm parameter determination might limit the validity, including blending of isotherm parameter
and partially kinetic effects. However, the assessment delivers a limiting range for the upper kinetic
factor facilitation a simpler model parameter determination when additional information is available.
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Figure 6.18: In A) a Box diagram of the Peclet number range for HTS SDD, LM30, and LM60. The Peclet number was determined by
simulative error minimization of the kinetic factor for different experiments with Sartobind® S. The experiments used were conducted
at pH 5 and 0.02 M for all scales. The kinetic factor was determined by simulative error minimization. Assuming relative scale deviation
at different pH values, the simulative error minimized BE and OBE experiments results were predicted by applying an exponential
decrease function (B, C). The red square (B) is not considered in the PE determination. In B), the Peclet number for IgG with a
misleading negatively Peclet number is presented. The Peclet number range of HMWS in C) also presents a negatively Peclet number.
This said, the resulting range limits the possible upper kinetic factor, while the lower kinetic factor cannot be narrowed.

6.3.3.2 Scale-up

The scale-up is performed with the dynamic assessed isotherm parameter, and the HTS SDD
determined kinetic coefficient applying the derived Bodenstein and Peclet number. Figure 6.19 shows
a comparison between experimental and simulative signal course for an IgG and HWMS separation at
pH 6.4 and 0.1 M salt using a 150 mL Sartobind® S Capsule. The experimental and simulative

accumulative signal is presented in A). In addition, the experimental fractions concentrations are
shown in B) and the simulative fraction concentration in C), respectively.

Comparing the simulative and experimental results in Figure 6.19 A) presents an offset in the initial
breakthrough concentration of approximately 1 MV. In addition, the simulation elution peak starts at
a lower volume when compared to the experimental results. Furthermore, the elution peak is
predicted to be higher than observed in the experiment. Thus, the components adsorption is predicted
to be higher than in the experiment observed. The fraction concentration comparison in B) and C)
present comparable results in the initial breakthrough profile. However, the simulation predicts the
HMWS breakthrough earlier and is sharper in form. Following the earlier predicted HMWS
breakthrough concentration, the HMWS fraction concentration is predicted to be too low in the
elution. The observed deviations are most likely a result of the dynamicisotherm assessment, blending
isotherm parameter, and kinetic effects, as well as limitations in the kinetic parameter determination
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based on historical HTS parameter. However, considering a scale factor of ~320 (0.46ml - 150 mL)
presents a good comparison between experimental and simulative results applying historical HTS
experiments. In addition, the breakthrough concentration and elution peak are predicted with a
deviation of 150 mL within a safety margin below 10 %.
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Figure 6.19: Comparison between experimental and simulative signal course for an IgG and HWMS separation at pH 6.4 and 0.1 M salt
applying a 150 mL Sartobind® S Capsule. The experimental and simulative accumulative signal is presented in A). In addition, the
experimental fractions concentrations are shown in B) and the simulative fraction concentration in C), respectively.
When introducing a new method, the derived advantages and disadvantages must be considered to
evaluate the benefit compared to existing methods. This said, the presented simulative method is
simplified compared to the most easily scale-factor method. The scale-factor method uses the DBC at
a certain volume and predicts the larger scale breakthrough based on the stationary phase volume.

In general, this method's scale-factor simplicity and low needed effort make it so appealing to other
methods. Furthermore, in this case study, the simulative and scale-factor predicted DBC deviation are
quite comparative, see Table 6.7.

However, the introduced simulative approach reduces the simulative effort drastically after device and
system characterization. This said, the fluid dynamic investigation would be neglected, and the
isotherm parameters could be determined within the same experiments needed for the scale-factor
determination. However, reducing simulative information to that of the scale-factor naturally presents
a disadvantage for the simulative investigation. Following this, the benefits of the simulation approach
facilitating a living library are the additional information, preservation, and transferability. In contrast
to the scale-factor, the simulative approach can be extended/transferred with the device, stationary
phase, component information, and different processing modes.

In summary, the scale-factor scale-up delivers a simple and fast scale-up prediction facilitating a fast
PD. Comparatively, the introduced simulative approach reduces the efforts in parameter
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determination and inclusion of historical data. The additional information facilitates a faster PD by
applying, preserving, and adapting information for future separation challenging. Furthermore, the
previous and subsequent unit operation can be included in a holistic PD approach, facilitating process
control strategies, robustness, and Quality by Design description. Thus, the simulative living library
approach enables future proven competition in manufacturing.

Table 6.7: Comparison of experimental, scale factor and simulation results for an IgG and HWMS separation applying a 150 mL
Sartobind® S Capsule.

DBCyo Binding capacity
Prediction Scale Factor 1570 [mL] - [mg/mL]
Prediction Simulation 1760 [mL] 2.1 [mg/mL]
Experimental Result IgG 1650 [mL] 1.8 [mg/mL]
Ratio Scale Factor / 0.95 [-] - [-]
Experiment
Ratio Simulation / Experiment 1.07 [-] 1.17 [-]
Prediction Scale Factor 1985 [mL] - [mg/mL]
Prediction Simulation 1842 [mL] 0.4 [mg/mL]
Experimental Result HMWS 1800 [mL] 2.0 [mg/mL]
Ratio Scale Factor / 1.10 [-] - [-]
Experiment
Ratio Simulation / Experiment 1.02 [-] 0.20 [-]

Finally, the presented workflow exemplified the development of standardized, scalable device models,
incorporating historical data into a process library and successfully scaling model prediction. In
addition, the work can be divided into scale-up model development and reduction in model
development effort by historical data. The general model development was refined for the scale-up
incorporating historical data in Figure 6.2, including the reduction of the non-significant parameters.
The schematic model development presented in Figure 6.2 is divided by the model developed in A)
and the reduced parameter determination in B). The green checkmarks were performed within the
presented work.

Moreover, the black checkmarks identify parameters/information which were already integrated into
the library, (1) '8, (2) 2°° and (3)®L. Consequently, the presented workflow reduces the effort in model
development, facilitating a faster and more comprehensive PD. Furthermore, the device models can
be transferred to historical or future investigations. Nevertheless, the transfer of adsorption
parameter would need further investigation for other species. However, building a living model library
and implementing the necessary workflows could allow the study of transferring adsorption
parameters to other species. This said, the current challenges in PD could be overcome, and needed
drugs could be delivered more quickly and cost-effectively.
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6.3.4 Conclusion

The introduction of the from lab to production method provides procedures to simplify mechanistic
model approaches for use in a living library approach. Initially, the used devices at all scales are
investigated to facilitate a dimensionless description and transfer among the scales and flow direction.
Following this, future MM approaches would not need fluid dynamic investigations reducing the
experimental and simulative workload. The fluid dynamic dimensionless procedure facilitates a good
transfer from HTS SDD to pilot scale, while consideration of physical changes in the pilot device would
leave room for improvement. Thereafter, historical HTS data is applied to assess the apparent
isotherm parameters. In addition to classical BE data, a comparison with additive OBE experiments
that provided further competitive binding information was conducted. The dynamic isotherm
parameter determination was then used to compare the HTS data at different pH values. This said, the
simulated concentration course and process maps delivered good agreements with the experimental
results; even so, isotherm parameter and kinetic effects are blended. After the isotherm parameter
determination, the kinetic coefficient is determined at different pH values with the HTS experiments
and transferred to a dimensionless PE number description. The kinetic coefficient investigation
presents reasonable kinetic information, increasing the kinetic coefficient with the pH value but also
high uncertainties in the actual parameter. Following this, the dynamic isotherm determination and
kinetic coefficient determination might need further refinement. However, the scale-up by a factor of
~320 presents good accordance (below 10 %) between experiments and simulative 1gG and HMWS
results.

In summary, the presented methodology adapts existing tools (wet lab and simulation) in PD and
delivers a simplified holistic mechanistic modeling approach. The received information could then be
used to develop a PD living library, including stationary phase, component, process parameter, and
process mode information. Furthermore, by continuously increasing the information content, the
living library could provide information on separation asks that have not yet been investigated. This
said, uncertainties of the determined parameter and model accuracy need to be considered to
facilitate a manual or artificial intelligence-enabled extrapolation. Consequently, the future PD work
could strengthen the overall process development considering the investigation of previous and
subsequent unit operations, optimizing process design, process control strategies, robustness, and
Quality by Design.
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7 Conclusion and Outlook

The limiting toolbox in product development to overcome the present challenges in the
pharmaceutical industry is addressed in this Ph.D. thesis. Here it is aimed at a holistic approach in the
form of a living library for chromatography process development to address the challenges of different
stationary phases, operation modes, and process parameters. Following this, a living library
summarizes all information as a single point of truth. However, screening techniques and workflows
have historically been shaped for resins and show imbalance for other stationary phases. The existing
library approaches are typically self-limiting, maintaining a manageable complexity and neglecting new
stationary phases and operation modes. However, new and comprehensive methods are needed to
comply with the shortened timescales and to facilitate long-term competitiveness. Process parameters
are determined by various established techniques such as wet lab experiments and models. However,
the wet lab experimental result preservation and transfer are limited until now. Therefore, statistical-
and mechanistic models have been implemented. While academia established simulation and
mechanistic modeling and supports the industrial application with qualification methods, the industry
is challenged to integrate the new powerful tool in existing PD workflows. These challenges are
addressed by establishing a level-playing field for convective material in the wet lab workflow. In
addition, incorporating new processing modes, considering competitive adsorption processes and
stationary phases, as well as developing a digital twin, are considered.

Furthermore, comparing different processing modes and stationary phases is facilitated by considering
theoretical and experimental information. In addition, a holistic living library workflow is presented
for the mAb HMWS purification step. Finally, ensuring a level-playing field for different stationary
phases, including new processing modes and stationary phases comparability, allows the elaboration
of a living library concept developed. The fluid dynamic transfer, apparent adsorption parameter
determination with historical data, and the scale-up from small-scale HTS to pilot scale by mechanistic
modeling were shown in three case studies. Following this, the first complete data point for the living
library approach was generated.

Initially, an HTS SDD was developed for convective stationary phases. The HTS SDD was then
investigated to facilitate a digital twin applying mechanistic modeling for the applied BE mode. Next,
the performed case studies aimed to align HTS applications for MAs with those established for column
chromatography enabling a level-playing field. Following this, the investigations focused on
experimental HTS characterization, process parameter determination, and mechanistic model
development and verification.

The experimental HTS characterization included robotic parameter evaluation, SDD optimization, and
characterization by comparing the HTS SDD set-up with benchtop results. Consequently, deviations
between HTS and benchtop scale were identified and minimized. In addition, process parameter range
evaluation was performed in a bind and elute mode, obtaining process operation windows by pH and
salt concentration variations. In addition, the ion-exchange MAs Sartobind S and Q were investigated
for their HMWS reduction potential in a mAb purification step. Benchtop experiments verified these
process windows. Accordingly, the HTS SDD representation of benchtop results was successfully
confirmed. In a sub-case study, we successfully developed a mechanistic model based on parameters
obtained from the SDD - HTS set-up. The results proved to validate the use of the SDD developed for
parameter estimation and thus model-based PD. In addition, it was shown that the transferability and
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scalability of data from the SDD - HTS set-up using both a direct scale factor and mechanistic modeling.
The developed digital twin presented itself sufficient, with deviations less than 20 % for HTS and scale-
up predictions. The obtained HTS SDD set-up and digital twin facilitated a deeper understanding of the
convective material and narrowed the differences between convective MA and resin PD workflow.

The second part of this thesis applies the developed HTS SDD set-up to achieve a level-playing field for
convective material in the PD toolbox. Accordingly, the HTS SDD feasibility of evaluating a new process
operation mode is investigated. Therefore, competitive adsorption-based displacement effects were
investigated theoretically by mechanistic modeling. Subsequently, a novel HTS screening procedure
was developed, including determining competitive adsorption-based displacement effects and key
parameter identification. Finally, the screening procedure employing an OBE mode is presented in a
case study dealing with IgG HMWS removal in a typical monoclonal antibody purification step, applying
a Sartobind® S membrane adsorber (MA).

Correspondingly to the above-described approach, the mechanistic modeling investigation of
competitive adsorption-based displacement effects enabled the development of a new HTS screening
mode. The OBE mode allows the determination of classical process parameters and dynamic effects,
such as displacement effects. Competitive adsorption-based displacement effects are visualized by
introducing a displacement identifier (DI), leading to a displacement process map. In addition, the OBE
results were confirmed by benchtop recycle experiments proving the representation of different
operation modes with the developed HTS SDD set-up. Furthermore, the mechanistic modeling
evaluation resulted in an isotherm-based assessment of competitive adsorption-based effects.

Thereafter, the comparison of different stationary phases and backbones by HTS is performed. The
various possible scaffolds, ligands, and process parameters challenge the PD efficiency. This said, the
common response to this diversity is the establishment of platform processes to develop
chromatographic unit operations. However, the general generated library information is reduced to
manageable information such as typical process parameters of selected stationary phases. We
propose a rigorous strategy to reduce the various experimental design space resulting from possible
combinations in scaffolds, backbones, and ligands.

The strategy is addressed in a case study on a novel MiMo adsorber for removing mAb HMWS and
compared to the performance of Capto™ Adhere. Moreover, the proposed strategy is based on
theoretical considerations, identification of adsorber selectivity, and capacity to identify a suitable
membrane system. Subsequent to the theoretical evaluation, the evaluation is supported by HTS SDD
and benchtop wet lab experiments. The initial theoretical evaluation reduced the stationary phase
backbones and confirmed one investigated ligand in a benchtop confirmation run. In addition to
practical results, the introduced PD strategy presents the effectiveness of a living library considering
theoretical information. Consequently, incorporating theoretical information and transferring it to a
manageable amount of data, e.g., represented by model information, would support the PD's
effectiveness.

Finalized is this thesis by investigating the linkage of PD tools facilitating a more universal approach.
The connection between the introduced approaches and the mentioned PD tools is needed to
overcome the current limitation in PD. Consequently, we introduce a PD procedure facilitating a guide
to transit from partially connected development tools to a fully integrable process development living
library approach. The process tools are linked by three case studies in which mechanistic modeling
enables the preservation and further investigation of information. Generally, the typical mechanistic
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modeling chromatography characterization process is performed but here focused on the scale
transfer to the pilot scale. Hence, the devices at different scales are precisely investigated. In addition,
the implementation of imperfect historical data into a living library is represented by an apparent
isotherm parameter determination based on HTS results.

The initially performed fluid dynamic investigations presented imperfection in the lab-scale device
fluid distribution. Following this, the fluid distributor was optimized. The challenges in different fluid
distribution between axial and radial devices are overcome by developing a new lab module. This said,
the new lab module facilitates different membrane layers in one module within the same device set-
up. Thus, the separation of membrane layers and device were separated and successfully transferred
to the radial device. Consequently, different stationary phases could be included in the library by the
known fluid dynamic impact of the device. Thereafter, historical HTS data for an IgG HMWS separation
derived an apparent SMA isotherm parameter. The investigation presented imperfections due to
adsorption and kinetic parameter blending. However, the scale transfer from the 0.46 mL HTS small-
scale device with axial fluid flow to a 150 mL pilot scale device with a radial fluid flow was proven
successful, with a deviation below 10 % for the DBC prediction.

Eventually, this thesis contributes with its individual chapters to understanding convective material in
HTS, competitive adsorption processes, effects of different stationary phase properties induced, and
challenges in the present PD toolbox. The different chapters are supported by mechanistic modeling,
facilitating deeper understanding. In addition, incorporating the chapters present a thorough
methodology to develop a living library that links all tools in PD. Furthermore, the achieved level-
playing field between different stationary phases enables process investigation and a deeper
understanding of chromatographic effects. The transfer from lab to pilot scale presented detailed
information on different scale effects but also delivered a simplified approach for a broad audience.
Accordingly, the methodology could be transferred to other unit operations by adjusting the models
and dimensionless numbers. However, further investigation is needed in parameter determination,
modeling, and utilization of a living library. The parameter determination, especially in isotherm and
kinetic parameters, is challenged by competitive adsorption processes, low entity concentration, and
the possible failure even by a sufficient error minimization fit. Given a profound analysis of the correct
modeling parameter would facilitate a better and faster scale transfer reducing the experimental
effort further. The applied models presented simplifications in fluid dynamics and mass transfer. In
radial devices, the axial dispersion coefficient was kept constant while the velocity changed with the
radius. In addition, the MA applied consists of a hydrogel volume which changes with the salt and pH
value. These effects should be evaluated regarding significance for the scale transfer. Furthermore,
the hydrogel volume change might also imply adsorptive or steric changes that need to be investigated.
Given these examples in model simplification, new materials and devices should also be sufficiently
represented by a model to be included in the living library. Regarding the living library utilization,
general approaches should be developed to structure, organize, and add the obtained process and
molecule information. Furthermore, recent developments in molecular modeling should be included
as well.
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10 Appendix

10.1 HTS setup of a Scale-down Device for Membrane Chromatography - Aggregate
Removal of Monoclonal Antibodies

The supplementary material for Chapter 3 is presented below, additional HTS information.
10.1.1 HTS set-up development of a scale-down device

The HTS set-up development included the development of the SDD and additional parts to facilitate
the dedicated chromatographic processing mimic. Figure 10.1 presents one HTS set-up consisting of
the pipetting arm, buffer stock, shaker and interim storage for well-plates already used, the rack stock,
and a UV well plate reader. Initially, the Gripper arm will adjust the moveable SDD well plate holder
and place four well plates on it. Thereafter, the moveable SDD well plate holder will be moved to the
operation position. Next, the pipetting arm will perform all liquid supplies taken by the buffer stock,
which can either be a 50 mL or 15 mL falcon tube holder. Following the liquid uptake, the pipetting
arm will dispense the liquid through the SDD injection port. Afterward, the gripper arm will move the
SDD well plate holder and repeat the liquid handling according to the programmed recipe. For example,
if four pipetting steps were performed, the well plates were moved to the shaker and interim well
plate storage. The procedure is repeated until the method is completed. Thereafter, the gripper sorts
the well plate according to its pipetting steps, completing the chromatographic method. The robotic
platform can then be changed to support the analytical preparation by mounting an HPLC vial holder.
Furthermore, the well plate fractions are automatically mixed by liquid aspiration, dispensing, and
transferred to the HPLC vials. Finally, the HPLC vials are capped and transferred to the SEC.

i

**‘1 Gripper arm
s g

terim storage

Figure 10.1: Overview of the robotic platform

The above-mentioned chromatographic process is performed in Figure 10.2 presented SDD. The SDD
parts are specified in Table 10.1. Specifically, the SDD consists of a base frame (3) added by a small-
scale lab module holder (1) that supports the 3D printed and optimized small-scale device.
Furthermore, the well plates (4) are held and positioned by the moveable slide in the well plate holder
and positioner (5) sliding in the rail (2). The slide-in well plate holder nose (6) allows the gripper to
move the well plate holder and enable the fractionation between the pipetting steps.
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Figure 10.2: Schematic HTS set-up

Table 10.1: HTS parts description

and holds the well plates.
The bending provides the
movement by the robotic
arm

Part Number Exemplary design Description

Lab module holder 1 - Holder for lab module

Guiding rail 2.1 Guiding rail for the slide-in
module, enables movement
and thus fractionation

Cover guiding rail 2.2 \ Holds the slide-in module
horizontal

Stopper 2.3 Prevents the slide-in
module from leaving the
guiding rail

Base frame 3 H Frame for the HTS set up

Well plate 4 - Contains fractions of the
experiments

Glue elbow 5 l Exact positioning of the well
plates and thus preventing
misalignment between the
lab module outlet and the
well plate fraction position.

Slide-in module 6 * Enables the fractionation

The additional robotic platform parts for more buffer supply and HPLC analytic preparation are
presented in Figure 10.3 A) and B). respectively.

A)

8)

Figure 10.3: In A) the 15 mL falcon tube holder for buffers and in B) the HPLC holder for automated probe preparation are presented.
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10.1.2 Robotic parameters

he liquid handling parameter is subdivided into component properties and volume correction
parameters. In the typical range of 0-6 g/L protein content and 0-0.3 M buffer salt content, no
significant effect was observed on the viscosity and density of the total solution. The viscosity and
density were measured in the range of 0-6 g/L absolute protein concentration, pH 4-7, and 0-1 molar
sodium chloride concentration in PBS. Additionally, KPi buffer was investigated in a range of 0-6 g/L
absolute protein concentration and 0-1 molar sodium chloride concentration. Density measurement
was performed by a DMA 38 from Anton Paar GmbH, and the viscosity was measured by an Ubbelohde
capillary type 50110 viscometer from S| Analytics GmbH. All measurements were tempered by 20 °C.
Comparing the density results in Table 10.2 with water (0.9982 g/cm3, 1.03 mPa-s) presents a deviation
below 6 % for the density and below 16 % in viscosity.

Furthermore, the deviation between density and viscosity of the PBS and KPi buffer is below 5 % and
14 %, respectively. The maximum deviation between the experimental replicas was 2 %. The maximum
viscosity change can be compared to the viscosity of ethanol. The deviation for dispensed volumes
equal to or above 200 uL was in the calibration error noise.

Table 10.2: Overview of density and viscosity results for PBS and KPi buffer

Density [g/cm?] Viscosity [mPa-s]

PBS Buffer pH-value [-] Salt c[?rrllgia/rllf]ration pH-vz]llue [- Salt c[?rrll(c)ia/lllj]ration
4 7 0 1 4 7 0 1
Protein 0| 1.0081 1.0053 1.0049 1.0438 | 1.05 1.03 1.03 1.11
[g/L] 6| 1.0083 1.0084 1.0064 1.0346 | 1.08 1.1 1.08 1.15
KPI Buffer
Protein 0 - - 1.0114 1.0494 | - - 1.07 1.15
[¢/L] 6 - - 1.0110 1.0387 | - - 1.13 1.19

Accordingly, the HTS component liquid handling parameters were kept constants for all runs. The
volume correction factors were adjusted if the accuracy of the dispensed volume at 500 pL/s was
greater than 3%, see Figure 10.4. In addition, deviations above 10% were used to identify mechanical
inadequacies such as defective needles or pump gaskets. The calibration procedure was automated
by writing a procedure in the internal provided “Calibration worker” program in Figure 10.5.
Furthermore, the connection to the weighing device was facilitated. Thereafter, the HTS method
pipetting interval, number of checked syringes, number of measurements, and lower limit to acquire
weight entered. Based on the pipetting interval, the weight change was checked each 10th of an
interval time, and if it exceeds the lower limit to acquire, the weight is taken when constant. Direct
integration of a weighing device was not possible at the used robotic set-up.
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Figure 10.4: Exemplary calibration routine. All dispensing steps show a deviation of less than 3% from the specified values. The volume
correction factors remain unchanged.

i Calibration Worker

Open interface

Serial port: || v|

Baudrate: |QGDD v|

Databits: |8 v|

Parity: Odd ~

Stopbits: One =

Handshake: None bl
Open

0,00000 3

Figure 10.5: User Interface for the developed pipetting calibration procedure by a weighing device.

The aspiring and dispensing speed can influence the pipetted volume and binding capacity. Following
this, we conducted the calibration routine and IgG SDD — HTS bind and elute experiments with IgG at
100 and 500 plL/s. The calibration routine showed no significant differences between the two
investigated velocities. The corresponding IgG bind and elute experiments show deviations of 1.7%
and 8.6% for the monomer and dimer binding capacity; these deviations are supposed to be negligible.
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10.2 Appendix - Full train product development from lab 2 production procedure —
incorporating a living library with mechanistic modeling - from HTS Scale to pilot
scale of Membrane Chromatography in aggregate Removal of Monoclonal
Antibodies

The supplementary material for Chapter 6 is presented below, additional modeling information.
10.2.1 Mechanistic modeling

In Table 10.3, the apparent isotherm parameter along with the Peclet numbers are presented. The
apparent isotherm parameter was used in chapter 6 to assess the kinetic parameter. Thereafter,
mechanistic modeling applied the Peclet number to facilitate the scale-up.

Table 10.3: Applied SMA isotherm parameters

IgG HMWS
Kkin 0.07 0.74
Keaq 26.34 36.02
v 3.20 3.32
o} 459.28 10556.80
Pe 95.4 8.6

Table 10.4 notes the applied models for the system description. Subsequent to the device
optimization, the HTS set-up presented itself with no significant influence on the separation. This was
shown by the comparison of HTS and benchtop results in chapter 3. The benchtop systems used were
all characterized by PFR models. Unlike small-scale systems, the pilot scale model development
presented itself as more complex. The system was split into five sections: two pump lines, system until
UV detector pre-MA, MA Pipes and System until post-MA. All sections were investigated by acetone
and salt tracer at different flow rates (45, 80, and 150 L/h). In addition, the pump regulation parameter
interference with the accurate model building. Therefore, the pump work — output per time — was
measured. Following this, the determined pump work correlation was used to calculate the resulting
switch from one pump to the second. The received pump transition profile presented the buffer to
tracer/protein transition when switching from one pump to another. The difference between the ramp
on and ramp off profile was investigated, and the pump work correlation was assessed. Finally, a
sufficient model quality was achieved.
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Appendix

Table 10.4: Applied System models

System Model Identifier Model
Device PFR
HTS MA Equilibrium dispersive
Elution Buffer PFR
Buffer & Feed PFR
Benchtop Device PFR
MA Equilibrium dispersive
Pump line | PFR
Pump line Il PFR
UV Pre MA PFR
Pilot Scale MA Pipes PFR
Device PFR
MA Equilibrium dispersive
UV Post MA PFR
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