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Summary

The biopharmaceutical industry is moving from a batch to a continuous mode of
manufacturing. This shift promises to reduce costs and manufacturing footprint while
improving productivity and consistency of the product. This thesis implements
miniaturized and automated high-throughput screening techniques alongside a
mathematical chromatography model for the development of an integrated continuous
chromatography process. The model is used for zn-sifico optimization of a capture and
polishing step of a monoclonal antibody (mAb). The optimization focusses on
chromatographic processes that would have to deal with higher titer solutions.

The transition to Integrated Continuous Biomanufacturing (ICB) is welcomed by
industry and regulatory agencies, which are working together to accomplish this shift.
Process development plays a crucial role in defining new processes or adapting existing
processes to different modes of operation. High-Throughput Process Development
(HTPD) has been used in the biopharmaceutical industry to accelerate and reduce costs
of process development, by using miniaturized assays and performing computer-aided
studies. However, the industry experiences gaps and sees opportunities for improvement
in the HTPD tools that can help the transition to ICB. These gaps, together with a state-
of-the-art of HTPD for ICB are presented in Chapter 2. Experts in the field identified
microfluidics and modeling to be the most promising technologies to fill in the gaps in

process development for ICB.

Subsequently, an overview on the state-of-the-art of automation and miniaturization for
biopharmaceutical process development is given in Chapter 3. The focus is on different
degrees of miniaturization and automation of the technologies for process development,
for both Upstream and Downstream processing (USP and DSP, respectively). Liquid-
Handling Stations (LHS) are the epitome of automation for process development, and
have seen great adoption for the past decades. Examples of the use of this tool for USP
and DSP process development are provided. A greater emphasis is placed on the often
overlooked microfluidics and how it can also be used as a screening tool, and a SWOT

analysis on LHS and microfluidics as potential process development tools is provided.

Further comparison between HTS tools for chromatographic process development is
needed, since process development efforts for chromatography mostly rely on LHS-
based experiments. Three methodologies are selected for this comparison: LHS,
microfluidics, and Eppendorf tubes (Chapter 4). To achieve this, protein equilibrium
adsorption isotherms are determined with each of the aforementioned methodologies.
The microfluidics chip produced in-house provides a platform for resin screening that

achieves liquid and resin volume reductions of 15- and up-to 200-fold, respectively.
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Accurate resin volume determination is ensured with an image analysis software, and
resin consumption is as high as 200 nl in the microfluidics system. After validating the
HTS methodologies, a cost consideration study aims at fairly comparing the three
methodologies for their chromatographic process development potential. Although at a
lower Technology Readiness Level, microfluidics can be a viable alternative tool when
the protein to be studied is vety expensive or scarce (such as in early stages of process
development), due to the high degree of miniaturization. Furthermore, it is discussed
what would be the possible applications of the different methodologies in

chromatographic process development.

The HTS methodologies developed paved the way for the implementation of a HTPD
approach for the study and optimization of continuous chromatography (Chapters 5
and 6). A large database on the adsorption equilibrium isotherms of mAbs to different
protein A (ProA) and Cation-Exchange (CEX) resins is generated from experiments
with a LHS. This database is then used to further reduce resin candidates to be used in
subsequent experiments. Four resin candidates are used to study the equilibrium
adsorption isotherms of mAb to ProA ligands with a clarified cell culture supernatant
(harvest). It is shown that pure mAb experiments reflect the same adsorption behavior
as harvest experiments for all resin candidates, reducing the need to duplicate
experiments in the future. The parameters determined are further used in a mechanistic
Lumped Kinetic Model (LKM), used for the ##-silico study of column chromatography
(Chapter 5). The LKM uses a lumped overall mass transfer parameter that is linearly
dependent on feed concentration, in line with mass transfer theory. The hybrid approach
to HTPD emphasizes the importance of computational, experimental, and decision-

making stages in chromatographic process development.

The LKM model described is further developed for the study of continuous
chromatography. The continuous model is used for the ##-silico optimization of a 3-
Column Periodic Counter-current Chromatography (3C-PCC) capture and polishing
step, for the purification of mAbs from high-titer solutions (Chapter 6). The model
maximizes Productivity and Capacity Utilization (CU) keeping the yield high (99%) and
having the flow rate and the percentage of breakthrough achieved in the interconnected
phase as constraints. The shape of the breakthrough curve plays an important role in the
optimization of continuous chromatography. The optimization results are validated for
three different ProA resins, from which the best resin candidate is selected to
continuously capture mAb from a harvest solution. The eluates of this operation are
pooled and used as input for the continuous CEX step. The experimental results show
very good agreement with model’s predictions (lower than 7% deviation) and the
proposed methodology helps to develop and optimize a continuous chromatography

process in a short amount of time.



In summary, this thesis presents the exciting journey of process development for
continuous chromatography, from conceptualization and selection of screening
techniques until the end result of performing an optimized continuous chromatographic

step for the successful capture and polishing of a mAb.



Samenvatting

De biofarmaceutische industrie bevindt zich midden in de transitie van batch productie
naar continue productie. Deze verandering in de manier van produceren heeft de belofte
in zich om productickosten te verlagen en de milieu-impact te verkleinen, met een
gelijktijdige verbetering van de productiviteit en productconsistentie. Dit proefschrift
beschrijft de implementatie van geminiaturiseerde en geautomatiseerde experimentele
technieken, genaamd “high-throughput  screening” (HTS), dat tezamen met een
mathematisch chromatografisch model gebruikt wordt voor de ontwikkeling van een
geintegreerd en continu chromatografisch zuiveringsproces. Het model wordt gebruikt
in computer simulaties voor de optimalisatiec van de zuivering van een monoklonaal
antilichaam (mAb) in twee achtereenvolgende chromatografie stappen. Deze
optimalisatie richt zich op chromatografische zuiveringsprocessen van geconcentreerde

celkweek producten.

Deze transitie naar geintegreerde continue productie van biologische materialen
(“Integrated Continnons Biomannfacturing’- 1CB) wordt door de biofarmaceutische industrie
en regelgevende instanties gezamenlijk opgepakt. Procesontwikkeling speelt daarbij een
belangrijke rol. Zowel bij het ontwerpen van geheel nieuwe processen als bij het
aanpassen van bestaande processen aan verschillende manieren van productie. “High-
Throughput Process Development” (HTPD) wordt in de biofarmaceutische industrie gebruikt
om deze procesontwikkeling te versnellen en de daaraan gekoppelde kosten te verlagen.
Dit gebeurd met een combinatie van (een veelvoud aan) geminiaturiseerde analyses en
computersimulaties. De stand van zaken en mogelijke manieren voor verbetering van
HTPD voor ICB wordt gepresenteerd in Hoofdstuk 2. Microfluidica en uitbreiden van
modellering technieken worden gepresenteerd als veelbelovende technologieén om

hiaten in de huidige manier van procesontwikkeling voor ICB op te vullen.

Hoofdstuk 3 geeft vervolgens een overzicht van de stand van zaken op het gebied van
automatisering en miniaturisatie voor biofarmaceutische procesontwikkeling. De nadruk
ligt op verschillende gradaties van miniaturisering en automatisering van
procesontwikkeling technologieén zowel voor celkweek/fermentatie (“Upstream
Processing™ als productopwerking en zuivering (“Downstream Processing”) (USP en DSP
respectievelijk). Een gerobotiseerd systeem voor het uitvoeren van een veelheid aan
experimenten, de zgn. “Liguid-Handling Station” (LHS) is de belichaming van
automatisering voor procesontwikkeling en uitvoerig gebruikt de afgelopen decennia.
Voorbeelden van het gebruik van deze “#0/” voor USP- en DSP-procesontwikkeling

worden gegeven. Aandacht wordt besteed aan microfluidica (chiptechnologie) als een



“screeningtool”. Tevens wordt een SWOT-analyse (“Strength Weakness Opportunity Threa?”)

gepresenteerd van LHS en microfluidica als potenti€le #o0/s voor procesontwikkeling.

Het gebruik van verschillende HTS-#00/s voor chromatografische procesontwikkeling
wordt vergeleken in Hoofdstuk 4. Drie methoden/manietren zijn geselecteerd voor deze
vergelijking: de LHS, microchips en Eppendorf-testbuisjes. Eiwit adsorptie-isothermen
worden bepaald met deze drie methoden. De in dit promoticonderzoek geproduceerde
microchip verlaagt het gebruik van vloeistof en chromatografische adsorptiematerialen
(hars) respectievelijk 15 en 200 maal. Nauwkeurige bepaling van het harsvolume (slechts
200 nl) gaat met behulp van beeldanalyse-software. Na validatie van de verschillende
HTS-methoden volgt een analyse van de kosten om deze drie methoden op een eerlijke
manier te vergelijken. De microchip blijkt een goed alternatief voor de bestudering van
dure en/of schaarse eiwitten in het vroege stadium van procesontwikkeling. Als laatste
wordt besproken wat de mogelijke toepassingen zouden kunnen zijn van de

verschillende methoden in chromatografische procesontwikkeling.

De ontwikkelde HTS-methoden kunnen worden gebruikt in een HTPD gebaseerde
optimalisatie van continue chromatografie (Hoofdstukken 5 en 6). Een grote database
van mAb adsorptie isothermen van verschillende affiniteits- (protein A — ProA) en
kationenuitwisselings- (cation exchange — CEX) harsen wordt gegenereerd via LHS
experimenten. Deze database wordt vervolgens gebruikt om een keuze te maken voor
enkele harsen voor gebruik in latere experimenten. Vier ProA harsen worden gebruikt
om mAb adsorptie-isothermen te genereren met een geklaard celkweek supernatant
(oogst). Zuivere mAb-oplossingen blijken hetzelfde adsorptiegedrag te vertonen als het
onzuivere supernatant bij alle bestudeerde harsen. De gemeten adsorptieparameters
worden gebruikt in een mechanistisch kinetisch model (Luzped Kinetic Mode! — I.KM) in
mathematische simulaties voor kolomchromatografie (Hoofdstuk 5). Het LKM
gebruikt een samengevoegde massaoverdracht parameter die lineair athankelijk blijkt van
de productconcentratie in de ingaande vloeistofstroom tijdens chromatografie (in lijn
met massaoverdracht theorie). Deze gepresenteerde hybride aanpak voor HTPD
onderstreept het belang van computationele, experimentele en besluitvormingsfasen in

chromatografische procesontwikkeling.

Het beschreven LKM-model wordt vervolgens gebruikt voor de ontwikkeling van een
continue chromatografie proces. Een Periodieke Tegenstroom Chromatografie systeem
bestaande uit 3-kolommen (3 Colunn Counter-current Continnons Chromatography - 3C-PCC)
wordt geoptimaliseerd voor een 2 staps zuivering van mAbs uit oplossingen met een
hoge titer (Hoofdstuk 6). Het model maximaliseert de productiviteit en
capaciteitsbenutting (CB), bij een hoge opbrengst (99%), met de stroomsnelheid en het
percentage doorbraak in de onderling verbonden fase tussen twee kolommen als

randvoorwaarden. De vorm van de doorbraakcurve speelt een belangrijke rol in de
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optimalisatie van continue chromatogratie. De optimalisatieresultaten worden
gevalideerd voor drie verschillende ProA-harsen, waaruit de beste hars wordt
geselecteerd om continu mAb uit een oogstoplossing op te vangen. De eluaten van deze
operatie worden samengevoegd en gebruikt als input voor de continue CEX-stap. De
experimentele  resultaten vertonen zeer goede overeenstemming met de
modelvoorspellingen (minder dan 7% afwijking). De voorgestelde methodologie blijkt
in staat om een continu chromatografie proces in korte tijd te ontwikkelen en te

optimaliseren.

Samengevat presenteert dit proefschrift de spannende reis van procesontwikkeling voor
continue chromatografie; van conceptualisering en selectie van screeningtechnieken tot
het uiteindelijke resultaat van het uitvoeren van een geoptimaliseerd continue
chromatografische proces voor de succesvolle zuivering van een mAb met twee

gekoppelde chromatografische stappen.
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Resumo

A industria biofarmacéutica esta a transitar o seu modo de producio de batch para
continuo, reduzindo custos e a pegada de fabricacio, enquanto melhora a produtividade
do processo e coeréncia do produto. Nesta tese, técnicas miniaturizadas e automatizadas
de rastreio de alta capacidade (High-thronghput Screening— HTS), juntamente com modelos
matematicos de cromatografia, sio implementadas para o desenvolvimento de um
processo de cromatografia integrado e em continuo. O modelo é usado para a
optimizagao in-silico dos processos cromatograficos de afinidade (primeira purificagdo —
capture) e finais (polishing), para a purifica¢do de anticorpos monoclonais (mAb) a partir

de solu¢des com altos titulos de proteina.

A transi¢do para Biomanufactura Continua Integrada (BCI) é bem recebida tanto pela
industria como pelas agéncias reguladoras, que estdo a trabalhar em conjunto para
concretizar esta mudanca. O desenvolvimento de processos tem um papel crucial na
criacdo de novos processos ou na adaptacio de processos existentes a diferentes modos
de operacio. O desenvolvimento de processos de alta capacidade (High-Throughput Process
Development — HTPD) tem sido usado na industria biofarmacéutica para reduzir custos e
acelerar o desenvolvimento dos mesmos, recorrendo a miniaturizacio de ensaios ¢ a
estudos computacionais. No entanto, a industria ainda reconhece varias lacunas e
oportunidades para melhorar as existentes ferramentas de HIPD de forma a auxiliar a
transi¢ao para BCI. Estas lacunas e a tecnologia de ultima geracio de HTPD para BCI
sao discutidas em promenor no Capitulo 2. A microfluidica e a modelagio
computacional foram consideradas por varios especialistas em BCI como as tecnologias

mais promissoras para colmatar estas lacunas no desenvolvimento de processos para
BCL

Posteriormente, um resumo da tecnologia de dltima geracio de automatizacio e
miniaturizagao para o desenvolvimento de processos biofarmacéuticos é apresentado no
Capitulo 3, com énfase nos diferentes graus de miniaturizagdo e automatizagao das
tecnologias para desenvolvimento de processos, tanto para os processos de Upstream
(cultura celular/fermentagio) como para Downstream (putificagio) (USP e DSP,
respectivamente). As estacoes de manuseamento de liquidos (Liguid-Handling Stations -
LHS) sdo consideradas o apogeu de automatizacio no desenvolvimento de processos e
tém sido amplamente utilizadas nas ultimas décadas, com exemplos do uso desta
ferramenta para USP e DSP discutidos neste capitulo. A microfluidica, habitualmente
esquecida, também pode ser utilizada como ferramenta de rastreio, sendo discutida e
comparada as LHS, recorrendo a uma analise SWOT (Forcas — Strengths, Fraquezas —
Weaknesses, Oportunidades — Opportunities, Ameagas — Threats).
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Uma comparagdo mais detalhada entre as diferentes ferramentas de HTS para o
desenvolvimento de processos cromatograficos é entdo necessaria, visto que a maioria
do desenvolvimento de processos para cromatografia é feito com LHS. Trés
metodologias foram seleccionadas para esta comparagdao: LHS, microfluidica, e tubos
Eppendotf (Capitulo 4). Para esta compatagio, isotérmicas de adsor¢do em equilibrio
de diferentes proteinas sio determinadas com as diferentes metodologias. O ¢hip de
microfluidica, produzido na TU Delft, ¢ utilizado como plataforma para o rastreio de
resinas, permitindo a reduco de liquido em 15 vezes e a reducio de resina até 200 vezes.
A determinacio precisa do volume de resina é garantida com um soffware de analise de
imagem, com o consumo de resina a representar um maximo de 200 nl. com o chip
microfluidico. Ap6s a validagdo das metodologias de HTS, realiza-se um estudo relativo
aos custos da utilizacdo de cada metodologia para o desenvolvimento de processos
cromatograficos, avaliando o seu potencial. Apesar de apresentar um nivel de prontiddo
tecnologico inferior, a microfluidica pode ser uma alternativa viavel quando a proteina a
ser estudada é de preco elevado ou esta disponivel em pequenas quantidades (como é o
caso das fases iniciais de desenvolvimento de processo), devido ao elevado nivel de
miniaturizacdo. Além disso, as possiveis aplicacdes das diferentes metodologias para o

desenvolvimento de processos cromatograficos sio discutidas.

As metodologias de HTS abriram caminho a implementagio do método HTPD para
estudar e optimizar cromatografia em continuo (Capitulos 5 e 6). Recorrendo a LHS,
gerou-se uma extensa base de dados de isotérmicas de adsor¢ao em equilibrio de mAbs
com diferentes resinas de proteina A (ProA) e troca catidnica (Cation-Exchange — CEX).
Esta base de dados ¢ entdo usada para reduzir o nimero de resinas a utilizar em futuras
experiéncias. Quatro resinas sdo seleccionadas para estudar as isotérmicas de adsor¢io
em equilibrio de mAb a ligandos de ProA com uma solu¢io de sobrenadante de cultura
celular (barvess). A amostra pura de mAb apresenta o mesmo comportamento de
adsorgdo que o sobrenadante para todas as resinas testadas, diminuindo a necessidade
de duplicar experiéncias no futuro. Os parametros determinados sdao utilizados num
Modelo Cinético Englobado (Lumped Kinetic Model — I.LKM), usado para o estudo de
cromatografia in-silico (Capitulo 5). O LKM utiliza um parimetro para a transferéncia
de massa global que ¢ linearmente dependente da concentragdo da amostra, e estd de
acordo com a teoria de transferéncia de massa. Esta abordagem hibrida com HTPD
demonstra a importincia das fases computacionais, experimentais, ¢ de tomada de

decisdo no desenvolvimento de processos cromatograficos.

O LKM foi desenvolvido para estudar cromatografia em continuo. O modelo em
continuo é usado na optimizagio i#-silico de uma Cromatografia em Contracorrente
Periddica de 3 colunas (3-Colummn Counter-current Chromatography — 3C-PCC) para os passos

de capture e polishing, para a purificacdlo de mAbs de solugbes com titulo elevado
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(Capitulo 6). O modelo maximiza a Produtividade e Capacidade Utilizada (CU)
enquanto mantém um rendimento elevado (99%), tendo como condicionantes o caudal
volumétrico e a percentagem de anticorpo que elui da coluna (percentagem de
breakthrongh) na fase de injecgdo interconectada. A forma da curva de breakthrongh tem
um papel vital na optimizagdo de cromatografia em continuo. Os resultados da
optimiza¢do foram validados com trés resinas de ProA, com a resina com melhor
desempenho a ser seleccionada para a captura em continuo de mAb a partir de uma
solucdo de sobrenadante. As fracdes eluidas desta operagdo foram colectadas e
agrupadas sendo posteriormente usadas num passo de CEX em continuo. Os resultados
mostram boa correlacio com as previsdes do modelo (desvio inferior a 7%) e a
metodologia proposta auxilia a desenvolver e optimizar rapida e eficientemente um

processo de cromatografia em continuo.

Em suma, esta tese apresenta o caminho emocionante do desenvolvimento de um
processo de cromatografia em continuo, desde a conceptualizacio e seleccio das
técnicas de rastreio, até ao resultado final de execucdo de um passo optimizado de

cromatografia em continuo para a captura e polishing de um anticorpo monoclonal.
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“In philosophy, or religion, or ethics, or politics, two and two might make five, but

when one was designing a gun or an aeroplane they had to make four.”

George Orwell — 7984






Chapter 1

Introduction

1.1. Biopharmaceuticals and the mAb market

The definition of biopharmaceuticals has changed over the years and depends on the
author. While some people use the “biopharmaceutical” term to describe all
biosynthesized products (traditional pharmaceutical products produced biologically and
products based on recombinant molecular-biology techniques), in this thesis the term
“biopharmaceutical” will be used to describe products produced by molecular biology
methods (e.g., recombinant proteins, nucleic acid products, among others), as described
by Walsh [1]. Biopharmaceuticals can be used to treat a plethora of conditions, ranging
from different types of cancer, to different autoimmune diseases or diabetes [2].
Monoclonal antibodies (mAb) are therapeutic proteins that can be produced to target
different diseases, with each mAb targeting different conditions, and are widely used to
treat different types of cancer [3]. MAbs have seen an increase in sales over the past
decade, reaching several billion dollars in sales and with increasing market every
year [4, 5].

Patent expiry of mAbs has paved the way for the emergence of biosimilars. These are
molecules that are very similar to the originator therapeutic (mAb, other recombinant
protein, etc.), but are sold at a fraction of the price (as much as 70% reduction).
Companies try to stay ahead of the curve by either finding different applications for their
available drugs [4], or by developing new drugs from their available products, such as
Antibody Drug Conjugates (ADC), which are new therapeutics that only recently saw
their first approvals by FDA [3]. Nonetheless, biosimilars are an excellent alternative to
the original mAb molecules, and have allowed the democratization of medicine, with
more affordable products reaching a larger audience. Although biosimilars are sold at a
fraction of the price, these are still expensive molecules and are often in the range of
several thousands of euros per gram. This high price is directly related to the costs

associated with the production process of such molecules.

Biosimilars are still falling short on their promise for widespread adoption, since the
introduction of the first biosimilar in 2014 |2]. Predictions pointed to a much faster
adoption of these therapeutics that would lead to a fast decrease in market share of the
originator molecules. However, recent reports suggest that the market penetration, while
still not as high as initially thought, is becoming faster and faster in recent years, both in
the US and EU [5]. Biosimilars have been reported to save €5.7 billion in Europe in 2021
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and $6.5 billion in the US in 2020 [5]. These savings look significant, however, it is
important to put in perspective how much this represents in the total biopharmaceutical
market and healthcare expenditure. Healthcare expenditure in EU was as high as €1 179
billion in 2021 [6], making these savings only 0.48% of the total EU healthcare
expenditure. Even comparing to the health expenditure in the Netherlands, which was
€126.2 billion in 2021 [7], the savings would only represent 4.52% of the total Dutch

healthcare expenditure.

Total Reported 2021 biopharmaceuticals Sales of top-20 best-selling Biopharmaceuticals in 2021 and 2017
global sales ($billion) by product type
[ sales 2021 [ Sales 2017
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Figure 1.1 - Biopharmaceutical and mAb market analysis (2017 and 2021). A — Total reported 2021
biopharmaceutical global sales ($ billion) by product type; B — Sales of top-20 best-selling
Biopharmaceuticals in 2021 and 2017; C — Sales of best-selling mAbs (non-covid) in top-20 in 2021 and
2017. Based on data from [5, 8].

Between January 2018 and June 2022, a total of 180 biopharmaceuticals entered the US
and/or EU market, with more than half of the approvals pertaining to mAbs (97
approved mAbs in this period) [5]. This follows the trend where mAbs are the main
biopharmaceutical approved every year for commercialization in EU and US markets.

The sales in the biopharmaceutical market have increased year after year, registering a
total of 343.3 $billion in 2021 [5]. Figure 1.1 A shows the share that each product type
had in the sales, with mAbs reporting 217.3 $billion, almost two-thirds of the total sales.

This value is far superior even to the optimistic sales predictions by other authors, which
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had projected mAb sales in 2021 to be at most of around 170 $billion [4]. Figure 1.1 B
shows the top-20 best-selling biopharmaceuticals for the years of 2021 and 2017. The
top-20 of 2021 was affected by the pandemic (Comirnaty, Spikevax, and Regen-Cov are
all for treating Covid-19), but most of the products in both top-20 are mAbs (13 out of
20 for 2021 and 2017). Figure 1.1 C provides a better insight to this comparison if Covid
products are not considered, since it is expected that pandemic years are outliers. In this
figure, the non-Covid related therapeutic mAbs from the top-20 best-sellers of 2021 and
2017 are compared. The ones that remained in the top-20 from 2017 to 2021 all
increased their sales, with Keytruda registering an impressive 451% increase in sales.
Figure 1.1 provides insight into the market of biopharmaceuticals and especially the role
that mAbs have in this, showing that it is not only a growing market, but one that attracts

enough attention and investment from companies and countries.

The selling price of biopharmaceuticals is dependent on a variety of factors. The
production costs play a role in the selling price, but these only dictate what would be the
minimum selling price of the molecules. This is, in general, a fairly good indication for
biosimilars. However, when discussing this for proprietary molecules, more things need
to be considered. Recent years have seen a decrease in drugs approved by billion dollar
investment [2], highlighting the ferocity of the market. The selling price of the molecules
is, therefore, a balance between what is invested by the companies and the profit goals.
Besides the expenditure with R&D, there is also a significant investment needed for each
stage of the clinical trials and the marketing of the products. Last, but not least, the
revenues obtained from the new drugs need to compensate the money spent in the

development of drugs that end up not being approved.

1.2. Production and Process Development

MADbs are recombinant proteins that are produced by cell culture, where cells are grown
in suspension and (for the most part) secrete the desired product to the cell culture
supernatant [9]. Even though there are plenty hosts that can be used for this effect,
Chinese Hamster Ovary (CHO) cells are the most used host [5, 9, 10]. The production
process of therapeutic proteins through any biological method is defined as Upstream
Processing (USP). The development stages for USP include (but are not limited to) cell
line engineering and cell culture media development [2]. There are also different modes
of operation of the USP process: batch, fed-batch, and perfusion. Batch operation is
characterized by a system where the inoculum and all components necessary to the
operation are added at the beginning of the cell culture and the process is run until
specific target values are achieved (only exception are gases, that are continuously
added). Batch processes are the shortest of the three, with durations up to 7 days. Fed-

batch operation is similar to batch, with the inoculum and essential components being
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added in the beginning, but in this mode of operation there is gradual feed of fresh
nutrients during the culture. This process has been shown to run for 14-25 days. This
mode of operation has the ability to prolong the growth phase and has increased
productivities. Perfusion is the only truly continuous process of the three. It is
characterized by constant volume where there is a continuous feed of fresh culture
medium and a continuous removal of the medium in the bioreactor. The cells in
suspension are kept in the reactor by a cell retention device, which traps the cells and
recirculates them back into the bioreactor and allows the collection of the culture media,
that contains the product and other contaminants. This mode of operation is
characterized by very long cell cultures, where 90 day cell cultures are common but there
have also been reports of 6 months processes. Perfusion processes also allow to keep

the metabolites level within an acceptable value for cells to keep thriving [2].

After the cell culture has reached its end, the bioreactors are harvested and the clarified
cell culture supernatant (also known as harvest) is collected to be further processed (in
the case of perfusion reactors, this is a continuous operation). The harvest has a plethora
of components: our product of interest (e.g. mAbs), host cell proteins (HCPs), genetic
material from the host, viruses, metabolites, etc. In order to administrate the mAbs to
the patients, these need to be separated from all the other components in the harvest
mixture (purified) and often concentrated. The sequence of unit operations used for this
effect is known as Downstream Processing (DSP). For the CHO cell case, where mAbs
are secreted to the supernatant, this starts by having a cell retention device, allowing us
to retain the cells and keep the supernatant. The unit operations that follow differ from
process to process. However, there are already platform DSP processes for the
purification of mAbs, which use chromatographic steps in sequence [11]. Alternative
processes to chromatography have also been proposed [12, 13], however with little
adoption by industry. The first step is usually an affinity chromatography step with a
protein A (ProA) ligand, which is highly specific for antibodies, with this step being often
coined “Capture step”. In this step, there is the removal of most of the impurities from
the mixture, with purities after this step often surpassing 90% [2]. The following steps
are usually a combination of Ion Exchange (IEX) steps (can be cation — CEX — or anion
— AEX) and/or Hydrophobic Interaction Chromatography (HIC). The choice of the
combination of the steps mainly depends on the molecules and the remaining impurities,
which differ from process to process and also depends on the target molecule. These
chromatography steps are often coined “Polishing steps”, since the goal is to further
polish an already highly pure sample. After the chromatographic steps there are
commonly filtration steps for final formulation. DSP unit operations for the
biopharmaceutical industry have often been processed in batch mode, mainly due to the

discrete nature of chromatography, when operated in Bind and Elute mode.
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MAD titers have changed drastically over the past three decades. The first processes had
reported titers in the order of hundreds of milligrams per liter and nowadays it is
common to have titers in the 5 g/L range, representing a 10-fold increase [14], with even
some reported values in the order of tenths grams per liter. Initially, the main
manufacturing costs associated with the production of mAbs were attributed to cell
culture media, since the media components have a hefty price tag. However, with the
tremendous increase in titers, the cost of these components per gram of product has
increasingly reduced, shifting the cost pressure to DSP, with costs of DSP amounting
up to 80% of the total production costs [15]. Of all unit operations in the DSP train,
chromatography is the most expensive. This is due to the fact that there are often three
chromatographic steps in sequence and the resin prices, with the ProA affinity ligand

being responsible for a great portion of these costs.

Process development is an essential part of any biopharmaceutical company. There ate
different stages of process development, with early stages focusing on Research &
Development (R&D) of the target molecule, which can range from trying to find or
engineer a molecule for a specific target, to building a mutant library for the expression
of the target molecule, among other things. Once the target has been identified, it is
necessary to build a process that is able to produce it, and a process that can purify it.
When the final process is achieved, there is still room for process development, with
improvements in specific unit operations or support systems to manufacturing being
possible throughout the lifetime of the process. Therefore, it is not possible to create or
maintain a process for the manufacturing of a mAb without process development. While
process development is an essential part of producing a mAb, it can also be a time and
resource consuming effort. Furthermore, process development typically relied on purely
experimental work to achieve its endeavors. Technological advances in the past 30 years
paved the way for High-throughput Screening (HTS), which enabled the automation
and miniaturization of experiments, generating results fast and reliably, at a fraction of
the time and cost [16]. Parallel developments in the computational power allowed
researchers to develop more powerful and accurate mathematical models to describe
physical phenomena (mechanistic models). High-Throughput Process Development
(HTPD) merged HTS with a greater mechanistic understanding of the process and
computational abilities, allowing to fast-forward process development efforts [17]. There
are many evidence of the successful application of HTPD for USP and DSP
alike [18-21].

Continuous manufacturing has been implemented in many different industries, such as
food, chemical, and pharmaceutical. While the biopharmaceutical industry has
historically been operated in batch mode, the shift to Integrated Continuous
Biomanufacturing (ICB) is welcomed by industry and regulatory agencies [22, 23]. It is
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often associated with a reduction in the footprint and costs of the process and with a
more streamlined product output [24, 25]. Process economics can improve drastically
with the implementation of continuous manufacturing platforms, with cost reductions
being as high as 55% [26]. Although the driving force for change is in place, there are
some engineering considerations before implementing this mode of operation [27].
Several continuous chromatography systems have been proposed throughout the yeats:
Annular chromatography [28], Simulated Moving Bed (SMB) [29], Multicolumn
Countercurrent Solvent Gradient Purification (MCSGP) [30], Periodic Counter-current
Chromatography (PCC) [29], just to name a few. Unfortunately, when chromatography
is operated in a bind and elute mode in a packed bed, the operation intrinsically becomes
a batch mode of operation. Strategies to overcome this limitation have been proposed

and will be elaborated further in this dissertation.

1.3. Motivation and aim of the thesis

The motivation for this thesis is to improve the production process of monoclonal
antibodies with respect to productivity, yield and costs, and proposing a strategy for
faster, less time and resource expensive process development. The final goal of achieving
a continuous process helps to reduce operational costs while improving the sustainability
of the mAb production processes. Therefore, the aim of this thesis is to evaluate
different HTS techniques for fast and efficient HTPD of continuous chromatography
for the purification of high titers monoclonal antibodies, preparing for the future needs
of biomanufacturing. The development of a novel microfluidic chip and the use of
advanced HTS equipment allows to build the necessary database to feed a mechanistic
model used in process development for continuous chromatography. Using this model,
an sn-silico optimization tool is developed for the optimization of different Key

Performance Indicators (IKKPIs) in the continuous chromatography operation.

1.4. CODOBIO project

The thesis is part of the project Continnous Downstream Processing of Biologics (CODOBIO),
which was established in the framework of European Union’s Horizon 2020 research
and innovation program (codobio.eu). Different research institutions and companies
collaborated to find answers to the challenges that the future transition to continuous
biomanufacturing pose. By pooling together a consortium with expertise in different
fields such as process control, statistical modelling, high end protein analytics, and
process engineering, the most urgent questions in continuous downstream

bioprocessing were addressed:

- Process control and modelling of continuous downstream processes.

- Miniaturization, scale-up and scale-down of continuous downstream processes.
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- Process design and development of integrated continuous downstream processes.

1.5. Thesis outline

An overview of the contents of the thesis is provided in Figure 1.2.
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Figure 1.2 - Overview of the contents of the thesis. ICB — Integrated Continuous
Biomanufacturing; HTS — High-Throughput Screening.
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The introduction chapter of this thesis (Chapter 1) presents the background on the
production and purification processes of biopharmaceuticals, focusing on the case of

monoclonal antibodies, and defines the scope of this thesis.

Integrated continuous biomanufacturing can only be achieved with a joint effort
between academia, industry, and regulatory agencies. Chapter 2 provides information
on what the leading experts in the biomanufacturing field perceive as needs and gaps for
a smooth shift to continuous biomanufacturing, with information obtained from
workshops during the Integrated Continuous Biomanufacturing IV (ICB 1V)
conference. It also presents the state-of-the-art in continuous biomanufacturing and

discusses which technologies can fulfill the gaps identified.

One of the highlighted gaps of the previous chapter is in high-throughput technologies
for different unit operations. Chapter 3 provides an overview of different technologies
used in the HTPD in continuous biomanufacturing. The important roles of automation
and miniaturization are discussed, and a thorough overview of technologies is presented.
In this chapter, there is also a summary of typical workflows for process development
with different HTS techniques and a SWOT analysis of the two most widely used HTS
techniques (liquid-handling stations and microfluidics).

The work developed in this thesis focuses on process development for chromatography
steps for the purification of a monoclonal antibody. In Chapter 4 a microfluidic
platform for the determination of protein adsorption isotherms is presented. The
microfluidic chip is developed in-house and is compared to the state-of-the-art HTS
method (liquid-handling stations) and another screening method (Eppendorf tubes). A
study on the cost considerations of using either one of the three techniques is conducted,
with the goal of providing researchers in the academic and industrial field a more rational

choice for the type of technique to employ, depending on the desired goal.

The work developed in Chapter 4 allows to establish a methodology for the
determination of protein adsorption isotherms, which provides relevant information on
adsorption behavior of monoclonal antibodies to different resins. This serves as a
database for the development of a mechanistic model, used to study the
chromatographic behavior of this protein, by screening 13 protein A and 16 CEX resins
(Chapter 5). In this chapter, the influence that components present in the supernatant
have on the adsorption behavior of monoclonal antibodies is also discussed.
Furthermore, this chapter also presents a rationale for the use of lumped kinetic models
to describe chromatographic behavior and how feed concentration influences the overall

mass transfer coefficient.

The mechanistic model developed in Chapter 5 is used as a basis for the continuous

chromatography model used in the work in Chapter 6. In this chapter, a continuous
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chromatography model is developed and used for the optimization of a capture and
polishing step for monoclonal antibodies. The optimization focuses on high titers to
help researchers prepare for what is expected to be achieved in the (near) future. The
model results are validated experimentally for three different protein A resins and the
best petforming resin is used for the continuous capture of mAb from a hatrvest solution.
A subsequent continuous polishing step with CEX resin is performed using as feed the

eluates from the capture step from the harvest.

Finally, Chapter 7 summarizes the key findings of this thesis and provides an outlook

for future research.
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Chapter 2

White Paper on High Throughput Process
Development for Integrated Continuous

Biomanufacturing

Abstract

Continuous manufacturing is an indicator of a maturing industry, as can be seen by the
example of the petrochemical industry. Patent expiry promotes a price competition
between manufacturing companies, and more efficient and cheaper processes are needed
to achieve lower production costs. Over the last decade, continuous biomanufacturing
has had significant breakthroughs, with regulatory agencies encouraging the industry to
implement this processing mode. Process development is resource and time consuming
and, although it is increasingly be-coming less expensive and faster through high-
throughput process development (HTPD) implementation, reliable HTPD technology
for integrated and continuous biomanufacturing is still lacking and is considered to be
an emerging field. There-fore, this paper aims to illustrate the major gaps in HTPD and
to discuss the major needs and possible solutions to achieve an end-to-end Integrated
Continuous Biomanufacturing, as discussed in the context of the 2019 Integrated
Continuous Biomanufacturing conference. The current HTPD state-of-the-art for
several unit operations is discussed, as well as the emerging technologies which will
expedite a shift to continuous biomanufacturing.
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Chapter 2

2.1. Introduction

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

operation runs [2].

Many manufacturing sectors, such as chemical, food and pharmaceutical have long
adopted continuous manufacturing, but its implementation in biotechnology
manufacturing, particularly of biotherapeutics, is still behind [2, 4]. However, Walther,
Godawat, Hwang, Abe, Sinclair and Konstantinov [5] conducted an economic analysis
into an integrated continuous biomanufacturing platform, and concluded that it would
allow to reduce costs by 55% relative to conventional batch processing, demonstrating
the promise of implementing a continuous bioprocess for the manufacturing of
recombinant proteins. Therefore, there is a growing interest, from both academia and
industrial researches, to develop continuous processing systems [6]. An example is the
ongoing project Continuous Downstream Processing of Biologics - CODOBIO [7], a
research program with the main goal of facing the future transition challenges to a
continuous downstream process, implementing innovative integrated continuous

manufacturing in the bio-industry.

The Integrated Continuous Biomanufacturing (ICB) conference aims to bring together
academia and industry peers in order to shed some light on the recent advances and
discoveries on bioprocesses, which could help to achieve the “holy grail” of a continuous
end-to-end process and real time release. Within the fourth edition of the conference
(ICB 1V), held in Cape Cod (Massachusetts, USA) in 2019, a workshop entitled “High-
Throughput Methodologies for ICB” brought together participants with different
backgrounds (Figure 2.1). The workshop aimed to trigger the discussion on which atre
the perceived gaps in high-throughput (HT) technologies for process development, what
are the current needs for ICB, the major problems and the correspondent expected
solutions and what is currently being done in research to achieve this continuous
biomanufacturing. With a total of 73 participants (from which the vast majority
belonging to industry), the workshop aimed to collect relevant and up-to-date data on
what is the view regarding the shift to continuous manufacturing in the
biopharmaceutical realm, and what still needs to be done in order to put this industry
closer to this objective. The attendees were asked to split and mix with their peers from
different background and affiliation. This aimed to achieve a more diverse discussion

between the groups and promote a greater need for consensus when posting an answer.
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Opverall, six out of the eight groups were mixed in terms of affiliation and a good mix of
backgrounds was also possible to achieve (Figure 2.1C).

Although current trends in the production of biopharmaceuticals are to gradually move
from batch processes to integrated continuous processing strategies, in order to perform
the process in a continuous mode, an integration of the different unit operations in one
single production and purification train is the ultimate goal, adding to each unit operation
the capacity of recycling streams and the ability to purge impurities as required by the
process [2]. Furthermore, analytical techniques must provide real-time information of
each biomanufacturing step in order to gain knowledge and control over the overall
process. Therefore, this white paper will discuss the major gaps in HTPD for the
different unit operations, the integration problems present in a continuous
manufacturing of biopharmaceuticals and the already available tools to overcome these
challenges. By covering what is the state of the art for several established technologies,
the paper aims to shed some light on the emerging tools for process development to

enable and accelerate the shift to a continuous process.
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Figure 2.1 — Workshop participants background: (a) Area where the participants work in: Industry,
academia, or regulatory agencies;(b) Function/Depattment where the participants work in: USP, upstream
processing; DSP, downstream processing; process development, which implicates both USP and DSP
function; and analytics. (c) Descriptive constitution of each of the eight groups formed during the workshop,
according to the area/function of each patticipant.
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2.2. Outcome of the workshop

After identifying the state of the art in HTPD, it was possible to pinpoint the gaps in
HTPD for continuous biomanufacturing. In Figure 2.2, the unit opetrations/system
components perceived by the participants as having a major gap for high-throughput
process development are presented: cell culture was unanimously identified by every
group, followed by the filtration unit operation and the current analytical tools for a
continuous process. Some groups also pointed out potential gaps regarding cell media
development, viral inactivation, chromatography and other unit operations, such as

centrifugation and aqueous two-phase extraction.
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Figure 2.2 — Major gaps indicated for high-throughput (HT)development in integrated continuous
biomanufacturing (ICB) by the participants in the workshop.

Cell culture has had the industry’s attention for several years, with higher titer producing
strains being developed. There is already equipment available for the HTPD of cell
culture, still such systems come at a high price, as will be discussed further, which make

it to be perceived by all groups as being an area where a significant gap is present.

On the other hand, filtration has been an overlooked unit operation when it comes to
HTPD. When many researchers focused efforts in the optimization of chromatography,

most likely due to being one of the most expensive unit operations, filtration steps have
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stayed behind when it comes to HT alternatives. Although a batch filtration step can
easily be implemented in a continuous process, the optimization of such step can
become costly, as scale-down models are lacking, with a large investment to find optimal
operating conditions needed. Therefore, there usually exists a compromise between
oversizing the equipment or spending a considerable amount for the optimization of
this unit operation. However, recent studies developed by Fernandez-Cerezo, Rayat,
Chatel, Pollard, Lye and Hoare [8] used a downscale method for a filtration unit resorting
to using a combination of critical flow regime analysis, modelling and experimentation
to predict the performance of a pilot-scale system, therefore showing a possible HT tool

for future conditions studies in this unit operation.

On the other hand, filtration has been an overlooked unit operation when it comes to
HTPD. When many researchers focused efforts in the optimization of chromatography,
most likely due to being one of the most expensive unit operations, filtration steps have
stayed behind when it comes to HT alternatives. Although a batch filtration step can
easily be implemented in a continuous process, the optimization of such step can
become costly, as scale-down models are lacking, with a large investment to find optimal
operating conditions needed. Therefore, there usually exists a compromise between
oversizing the equipment or spending a considerable amount for the optimization of
this unit operation. However, recent studies developed by Fernandez-Cerezo, Rayat,
Chatel, Pollard, Lye and Hoare [8] used a downscale method for a filtration unit resorting
to using a combination of critical flow regime analysis, modelling and experimentation
to predict the performance of a pilot-scale system, therefore showing a possible HT tool

for future conditions studies in this unit operation.

Regarding the analytical tools needed for implementation in a continuous process, the
major gaps indicated are related to the quantity of samples and different techniques
necessary to obtain information on the overall process. Furthermore, there are still great
limitations in the available HT analytical tools used in ICB, highlighted by the limited
number of techniques which were able to be integrated in HT platforms. A possible
explanation for this limitation is related to the lengthy analysis times of each technique,
which can make it difficult to employ for process monitoring and control. The current
trend to tackle these analytical shortcomings is the creation of at-line sensors, which can
provide a real-time measurement and data on a continuous process, titled Process

Analytical Techniques (PAT), and will be further discussed in this paper.

2.3. State-of-the-Art in Continuous Biomanufacturing

The workshop participants were tasked to come up with HT technologies that are
cutrrently in use in process development for continuous biomanufacturing. Although

some unit operations got more attention than others, the main goal of this activity was
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to understand what are the mainly used equipment and tools involved in the

development of processes for the desired successful shift to a continuous operation. The

main tools already in place are the automated systems for liquid-handling, where there

is the possibility to use tailored equipment for a specific unit operation or an equipment

with a broader capability that can have minor adaptions for different uses. In Table 2.1,

the state of the art of HTPD tools for the development of different unit operations ate

summarized.

Table 2.1 - State of the art in the integrated continuous biomanufacturing field; (*) Mainly a description of

what is being done in the scope of ICB and not completely related to HT; (**¥) Few groups answered this

question: either they had some struggles to find an answer or didn't consider this technology to be a

bottleneck.
Technology Answers References from literature
Ambr® 15/250/P [11,12]
Cell Line / Media Liquid Handling Systems (Tecan) [13]
Development Beacon® [14]
Spin Tubes [15]
Cell culture Ambr® 15/250/P [11,12]
(Bioreactor) Small Scale Bioreactors [16]
Pendotech [17,18]
Filtration Skids [19]
( Clgreigcc;tlizu;)e * Acoustic Wave [20, 21]
ATF/TFF [18,19]
Centrifugation [22, 23]
Tecan [24, 25]
Predictor Plates [26]
RoboColumns [10, 27]
Chromatography Mechanistic Understanding using HT [28-30]
AKTAT™ [27]
Multi Column Chromatography (MCC) [31]
SPTFF [8, 32]
Filtration (¥) (**) UF Membranes [33]
96-Well Plate [34]
Low pH/Mixing [35-38]
Solvents/Detergents [39, 40]
Filters [34, 41]
Viral (i%agi\)zation Temperature [35]
Purification Steps [42]
Tubular Reactor [35, 36, 38]
Two Chambers (not continuous) [42]
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Table 2.1 (cont.) - State of the art in the integrated continuous biomanufacturing field; (*) Mainly a
description of what is being done in the scope of ICB and not completely related to HT; (**) Few groups
answered this question: either they had some struggles to find an answer or didn't consider this technology
to be a bottleneck.

Technology Answers References from literature
uv [43, 44]
pH [35, 45]
Conductivity [45]
Analytical Tools (¥) Raman Spectroscopy [46-48]
% NIR/MIR Spectroscopy [49-52
MALS [53, 54]
Online LC [55-57]
Mass Spectrometry [58-60]

The use of liquid-handling stations for the determination of best operating conditions
for cell media development and antibody purification has gained popularity over the past
years [60]. The work developed by Schmidt, Abdo, Butcher, Yap, Scotney, Ramunno,
Martin-Roussety, Owczarek, Hardy and Chen [25] shows an improvement of previous
studies where a platform for the purification of an antibody in an automated two-step
chromatography purification was developed. The HT system showed limitations in the
flow rate that could be used in the RoboColumns, which affected the value for the
Dynamic Binding Capacity (DBC) that could be obtained, but the results were
comparable to the previously used AKTA™ systems. This platform process allows for
the purification of hundreds of monoclonal antibodies per week, even at low feed

concentrations..

In terms of available HTPD tools for viral inactivation and viral clearance, even though
the participants indicated to be a considerable gap in development, recent studies have
been published demonstrating the potential of developing a virus filter micro-scale
HTPD model. Tang, Ramos, Newell and Stewart [33] used, in combination with an
automated liquid handling system, a 96-well filter plate to assess its suitability to be a
novel micro-scale HTPD scale-down model. With these types of tools, HT virus
filtration optimization is now an option, enabling rapid process development for the
continuous biomanufacturing. Additionally, in order to make this important step
continuous, several lab-scale models of viral inactivation system have been simulated,
designed and built: for example, Gillespie, Holstein, Mullin, Cotoni, Tuccelli, Caulmare
and Greenhalgh [34] tested multiple incubation chamber designs to allow narrow
residence time distributions; whereas Parker, Amarikwa, Vehar, Orozco, Godfrey,
Coffman, Shamlou and Bardliving [35] used a comprehensive Computational Fluid

Dynamics (CFD) model to create a laminar flow tubular reactor.
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2.4. Current Needs in the Integrated Continuous Bioprocessing

From the information gathered during the workshop, the major challenges pointed out
by the participants in HTPD for the implementation of continuous bioprocessing are
presented in Table 2.2. Furthermore, it was requested to the patticipants to propose
possible solutions for each of the challenges discussed. Modelling and
micro/nanofluidics were the main suggestions for the fields to further invest/ptiotitize
to make an easier and smoother transition to continuous biomanufacturing. These
proposed solutions and other current needs in ICB will be further discussed, with a
particular focus given to PAT tools and unit operation connection.

Table 2.2 - (a) Major problems indicated by the participants of the workshop, with the proposed
solutions/fields to invest/prioritize for ICB process development; (b) Summary of the suggested tools by

the participants (only six groups answeted this question) as solutions for curtent gaps/problems with HTPD
in ICB

(a) Major Problem Suggested Solution
Scale Down of Filtration Processes Microfluidics
Microfluidics
USP-DSP Integration
Modelling
Low-throughput Cell Line and Media Development Integrate robotics into existing systems
Cell culture development (bioreactor/cell retention Big Data / Smart HTPD
device) is not mechanistic (Artificial Intelligence / Mechanistic Modelling)
Process development for Cell Culture Microfluidics
Scalability of mini-columns (done in batch mode) Modelling
Integration of chromatographic steps Modelling
(b) Summary of suggested tools as solutions for current gaps/problems
Modelling
6

Big Data Micro/Nanofluidics

Automation and Robotics HTPD for membranes

2.4.1. Process Analytical Technique (PAT)

PAT was defined as “a system for designing, analysing, and controlling manufacturing

through timely measurements (z.e., during processing) of critical quality and performance
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attributes of raw and in-process materials and processes, with the goal of ensuring final
product quality” [61]. The ultimate goal of implementing PAT in the biopharmaceutical
industry is to design and develop well-understood processes that will reliably ensure a
predefined quality in the final product by either monitoring the raw material or in-
process product attributes in real-time to control the process, the critical quality
attributes (CQAs) [62, 63]. The clear process control and understanding provided by the
PAT framework supportts as well the Quality by Design (QbD) approach adopted by the
biopharmaceutical industry. QbD was defined as “a systematic approach to development
that begins with predefined objectives and emphasizes product and process
understanding and process control, based on sound science and quality risk
management” [64]. Hence, PAT implementation will aid this systematic process
development method, QbD, by providing a better understanding of the products and

design processes that will ensure consistent product quality.

The crucial element for PAT applications in a continuous process is to be able to gather
CQA information for the process and elicit a timely response to facilitate control. It is
necessary for the analytical measurements to be available in the time-frame necessary to
facilitate real-time decision making [62]. Additionally, to easily implement a PAT tool,
the cost required for the instrumentation should not be high, at least until it does not
drastically increase the biopharmaceutical production cost. Furthermore, the chosen
analytical technique has to be precise, accurate and robust [65]. Although a continuous
process has a lot of gain from PAT implementation, these types of tools have been fairly
unexplored [56, 62] and for the advancement of continuous processes, important

improvements in sensor technology, configuration, and robustness are still required [66].

Regarding the upstream processing, classical process sensors provide information on
process variables such as temperature, pH, dissolved gases, and foam levels [60].
However, more robust techniques, involving spectrometric sensors, have been
successfully implemented for process monitoring. For example, near infrared (NIR)
spectroscopy has been most extensively studied to determine the concentration of
individual components in cell culture broth, as demonstrated by Arnold, Gaensakoo,
Harvey and McNeil [67]. Furthermore, Raman spectroscopy can be used not only to
analyse broth component profiles as well as to monitor structural/chemical changes in
proteins, of particular interest to on-line monitor aggregate formation [68] or quality
attributes such as glycosylation [47]. Recently, liquid chromatography-mass spectrometry
(LC-MS) based multiattribute methods (MAM) has emerged as an important PAT,
allowing for a simultaneous monitoring of the product quality attributes such as glycan
profile, charge variants, and purity of biotherapeutics [64]. By developing a platform with
the collection of cell-free samples from bioreactors, followed by automated HT

purification using an automated liquid handling system, Dong, Migliore, Mehrman,
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Cunningham, Lewis and Hu [59] demonstrated that it was possible to produce a “near-
real-time” measurement, laying out a solid foundation towards using this technique to

monitor multiple CQAs during the entire biomanufacturing process.

For the downstream processing, PAT implementation is still fairly limited due to, in part,
a lack of sensor options: pH, conductivity, absotbance and pressure sensors do not
actually measure quality attributes of the biomolecule, such as protein aggregation.
However, Kamga, Woo Lee, Liu and Yoon [43] employed multiwave UV spectra to
effectively determine the concentration of individual components in a protein mixture,
accurately predicting aggregate concentration relative to the protein of interest.
Additionally, for the chromatography steps, implementing PAT can be challenging
because of the typical short process times of these unit operations [62]. Sharma, Chilin
and Rathore [56] demonstrated that, with on-line analytical liquid chromatography,
continuous monitoring of the chromatography step for ageregate peaks can be achieved.
An on-line HPLC system was used to investigate the real-time pooling of a process
chromatography column and it was programmed to stop collecting when the aggregate
peak starts, showing the feasibility of using PAT in order to facilitate real-time decisions

for column pooling based on product quality attributes.

Therefore, in a continuous process, a PAT tool must provide decisive information for
subsequent process steps on-line, making continuity of processing possible [65]. In the
future, the development and implementation of these PAT will allow for the design of
a manufacturing process that will deliver a consistent, well-defined quality product and
improve process efficiency. Foreseeable challenges include implementing non-invasive
process monitoring techniques and incorporating advanced sensors into automated

process control strategies [66].

2.4.2. Data Collection/Modeling

The biological processes in the biotechnology industry present many challenges and are
usually, if not always, less straightforward than in other industries. The complexity of
the operations, especially fermentation, drove the industry to a trial-and-error mode of
optimization for years. However, in recent years with the application of QbD and PAT
initiatives [69, 70], there has been a greater push for better understanding of the process.
This has empowered scientists and engineers to have greater knowledge and details of

each operation and not treat processes purely as black boxes.

The ability to translate a process, whether it is a relatively complex process, such as a
fermentation, or a simpler process, such as a mixing tank, into a mathematical model has
not only allowed a greater process understanding but also a reduction in time and
experiments needed for optimization [71, 72]. Mechanistic models (MM) aim to

accurately describe the physico-chemical phenomena of the system to be described, and
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several examples of such models have been published for bioprocesses [27, 28, 73, 74].
Besides models that are purely mechanistic, hybrid approaches using MM and machine
learning, like Artificial Neural Networks (ANNs), can help to ease up the computational
load on the computer, e.g. by using data sets for the determination of certain parameters
and then use these as input to the models. This accelerates the process development and
provides faster results, as has been shown in literature, for estimation of process
parameters [75] and optimization of full downstream processes [76]. Once such models
are tuned and trained, the output of these computations will provide valuable insight on
the processes. It is clear that models are of great importance for the leap into integrated
continuous biomanufacturing, both in the process development stage and also once such
processes are implemented in the production facilities. Modelling cannot, however, be
completely detached from the experimental work and data. It needs data to estimate
parameters, to train models and ultimately to validate them. Moreover, mathematical
models are important for the implementation and realization of much needed control
strategies, which are crucial for ensuring the proper functioning of such a complex

production train.

The use of models is now widely accepted by industry and is certainly a critical feature
of the future continuous processes. The ability to make decisions on the fly depending
on unexpected changes to the process based on an accurately described model is
something the industry requires. This also raises the need for a reliable and accurate data
collection. Coupled to increasingly improved sensors, there is a great need to have very
fast and accurate analytics in order to not only collect data on the process’s behaviour in
order for fast action to take place, but also to be able to monitor and control the CQAs
and maintain the final product quality. Considering all the unit operations and processes
taking place in a production facility, the amount of data generated at once can be
overwhelming. While this generation of large amounts of data is of paramount
importance for the process understanding and monitoring, automation of the analyses
of the data is crucial [77]. The integrated continuous biomanufacturing initiatives are
longing for ways to accommodate and make good use of all the generated data, whether

it is destined to process control, process overview or process development.

2.4.3. Upstream/Downstream Processing Connection (& Unit Operations)

For a truly integrated continuous biomanufacturing, the uninterrupted connection of
continuous unit operations (upstream and downstream) is necessary, with no or minimal

isolated intermediate or hold steps occurring between them.

Several examples of integrating a continuous upstream process with immediate capture
have been established [78, 79], with the use of perfusion culture to continuously remove

media and extracellular material from the bioreactor. A major challenge with integrating
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both processes is synchronizing the upstream perfusion flow rate with the downstream
purification flow rate [66]. Synchronized control systems between upstream and
downstream systems are also lacking. Therefore, a deviation in the upstream process will
not be detected by downstream systems (feedforward control) or vice versa (feedback
control). This type of system needs to be developed and implemented since several
upstream parameters can impact subsequent downstream operations. Karst, Steinebach,
Soos and Morbidelli [79] demonstrated the possibility of implementing feedback control
with the installation of an at-line HPLC to provide titer data on bioreactor harvest to
modulate the operating conditions of the capture step and regulate the continuous

volumetric flow rate by using control loops.

While continuous upstream bioprocessing is reasonably well established, the integration
of a full continuous downstream processing is still a developing field. For a continuous
capture and polishing chromatography, two main systems can be applied: periodic
counter-cutrent chromatography (PCC) and simulated moving bed (SMB)
chromatography. In a truly integrated continuous chromatography platform, process
synchronization can be achieved by enforcing the residence time in a column to exceed
the successive column steps. To ensure that poor quality eluent material from one
column is not pooled with material to next functioning column, real-time monitoring
and feedback control is necessary. The pooling between columns might also introduce
the risk of cross-contamination, which this feedback control strategy might be able to
detect and divert the effluent away from the second column [66]. At a small scale, the
connection between different chromatography columns and an ultrafiltration unit for
the purification of a recombinant protein was developed by Gomis-Fons, Lofgren,
Andersson, Nilsson, Berghard and Wood [80]. An external controller, Orbit, was used
to make the system automated and open and closed-loop control strategies were applied:
UV was monitored in-line and used for automatic product pooling based on cut-off
absorbance levels, for example. Furthermore, in an integrated continuous downstream
process, a significant reduction in consumable needs, such as chromatography media
and buffer consumption, will lead to a drastic reduction in operating and costs. Gjoka,
Gantier and Schofield [41] converted four purification unit operations into a continuous
process, reducing the resin volume and buffer requited by more than 95% and 44%
compared to the corresponding batch process, respectively, and significantly decreasing

consumables consumption.

Therefore, a fully integrated continuous process has potential to improve quality, cost,
speed, and flexibility, with the most urgent challenge to be tackled being the creation of
a global monitoring and control strategy for the entire biomanufacturing process. This
would entail not only the monitoring and control of continuous measurements at all inlet

and outlet streams (PAT framework), but also a realistic feedback and feedforward
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control strategy to ensure the final product quality. Thus far, to the author’s knowledge,
a complete end-to-end integration in manufacturing processes has still to be reported.
However, Godawat, Konstantinov, Rohani and Warikoo [81] was able to combined a
perfusion bioreactor with two periodic PCC units for initial capture and successive ion-
exchange steps, showing it is feasible to fully create and integrate an end-to-end
continuous bioprocessing platform. More recently, Coolbaugh et al. (2021) have
demonstrated such end-to-end continuous processes are scalable by showing a

successful proof-of-concept at pilot-scale.

2.4.4. Other Needs

The aforementioned needs represent three big realms where further development is
needed. However, there are also some needs that are missing and others that despite not
being totally missing still lack the practicality and/or affordability in order to be reliable
solutions. The increased democratization of High-Throughput Screening (HTS) has led

facilities around the world to more automated labs and miniaturized assays.

The use of automated liquid-handling systems has long been established as the standard
for HTPD in downstream (mainly chromatography), as methods for the determination
of adsorption isotherms and even full chromatographic runs have been described [82-
85]. The use of such equipment allows for the automation of the assays while keeping
the used volumes low, yielding a faster and more cost-effective analysis. For upstream,
there have been solutions for HTPD, however these usually come with a very high price
tag such as the Ambtr® systems [10], which can discourage scientists and companies
from investing. Industry is therefore calling for affordable alternatives and sees in
microfluidics a good opportunity to fill this need. When it comes to cell line
development, the current state-of-the-art for companies without the Ambr® system is
to take the better performing strains in batch mode and then test it in perfusion mode.
There is therefore a need for deeper understanding on cell biology which will ultimately
lead to the development of better cell lines at affordable prices, and microfluidics steps
up to offer that [86].

Microfluidics has already shown to be a powerful scale-down model of equipment
capable of mimicking several unit operations with the advantage of using less sample
volume and achieving faster assays. These devices are still paving their way into the
repertoire of process development but have already shown promising results for
different unit operations such as crystallization [87], chromatography [88], cell culture
[89], aqueous two-phase systems [90], biocatalysis [91] and as a promising scale-down
model for HTS equipment, where parallel assays at a manifold volume and time
reduction has been previously demonstrated [92]. However, filtration have lacked a

scale-down model that would allow for HTPD of the specific unit operations.
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Membrane filtration is also not widely used in microfluidics, with both inertial and
membrane filtration being reported as alternatives [93, 94]|. The adaption of liquid-
handling stations to the HTPD of such unit operation is still in very early stages.
Filtration process development usually needs a large amount of materials and time-
consuming work. The use of a HTS equipment for such system emphasizes on reducing
reagent consumption in process development while avoiding the oversizing of

equipment, consequence of a poorer process knowledge [33].

2.5. Conclusions

The change to continuous processing is a natural path for a maturing industry, and
biopharmaceutical industries are following it, with technological advancements
empowering this shift more and more. The advantages of this technology are great and
well demonstrated, and it has been evidenced that it allows for process cost reductions
at different scales, even when compared to the most established batch processing modes

and different production scales [95].

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

guarantee product quality.

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

the product variance in meeting CQA’s.

Recent advances in both upstream and downstream processing research allowed to
achieve competitive unit operations running in continuous mode, allowing these new
processes to outperform the previously established ones. As the upstream and

downstream processing have been developed separately throughout the years, the
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challenge now relies on integrating all these continuous unit operations into a continuous
end-to-end manufacturing process [96]. The integration of software and hardware is
important to achieve a fully continuous process, as well as process control, both
feedforward and feedback, so that faster decisions are made according to what is
happening in other unit operations. The further development of PAT and a
synchronization of control systems will be the key enablers of the shift to an end-to-end

continuous process in the biopharmaceutical industry [66].

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

companies to compete with major players.
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Chapter 3

Automation and miniaturization: enabling tools
for fast, high-throughput process development
in integrated continuous biomanufacturing

Abstract

Process development in the biotech industry leads to investments around hundred of
millions of dollars. It is important to mitigate costs without neglecting the quality of
process development. Biopharmaceutical process development is important for
companies to develop new processes and be first to market, improve a pre-established
process, or start manufacturing a product available by patent expiry (biosimilars).
Laboratory automation enables methodical and standardized process development.
Miniaturization and parallelization empower laboratories to screen several experimental
conditions and define operating windows for purification processes, improving process
robustness. Together, they allow for fast and accurate process development in a fraction
of the time and cost of nonminiaturized/nonparallel process development approaches.
The most widely used High-Throughput Screening technique is a liquid-handling station
and microfluidics is taking its first steps in process development. Both are attractive
scale-down tools for the characterization of bioprocesses and allow thousands of
experiments to be performed per day. High-Throughput Process Development (HTPD)
has helped to achieve major breakthroughs in process optimization, both for upstream
and downstream processing. Continuous processing is the next step in process
development which leads to cost reduction, higher productivity and better quality
control; the integration of upstream and downstream processes is seen as a major
challenge. In this review, we will focus on the state-of-the-art of miniaturized techniques
for process development in the biotechnology industry, and how automation and
miniaturization drive process development. A comparison between liquid-handling
stations and microfluidics is made and an indication is given of which tools are still
lacking for HTPD in the context of Integrated Continuous Biomanufacturing.

Keywords: Automation; Miniaturization; Integrated Continuous Biomanufacturing;
High-Throughput Process Development; Microfluidics; Liquid-Handling Stations.
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Chapter 3

3.1. Introduction

In recent years, an evolution in medicine and available treatments has taken place. The
available drugs for different therapies keep increasing and competition grows fiercely
with patent expiry. Companies that want to remain competitive need fast and

inexpensive process development for new products.

With patent expiry, competition rises and consumers profit, as prices go down. One
example of heavy market competition is the monoclonal antibody (mAb) market, where
the expiry of patents held by major players in USA and Europe allowed the emergence
of the so-called biosimilars — molecules similar to the therapeutic mAbs available at a
fraction of the price - with the first mAb biosimilar (infliximab) registering a decrease of
up to 72% of the original molecule price [1]. Companies have tried to counteract the
emergence of similar drugs through the discovery of new applications for already

available drugs [2].

R&D represents a considerable slice of the budget of (bio)pharma companies, but it is
also what allows them to differentiate. The challenge in obtaining novel products with
profitable processes has led to a decrease of drugs available in the market. In the last 70
years we have seen a reduction of about 80 times of drugs approved per billion-dollar
R&D investment [3].

High-throughput screening (HTS) methods make use of developments in several
scientific fields and combine automation and miniaturization to test and screen products,
processes, and conditions inherent to these processes. The use of HTS caught the eye
of (Bio)Pharma companies, that soon shifted to this technology to test and generate data
in the order of tens and hundreds of thousands of data points per day [4]. Fast
experimentation, low sample consumption and reliable data makes HTS attractive for

both companies and academia peers.

The true impact of HTS started more than 20 years ago, with a shift being made in early-
stage screening. The evolution of this field equipped researchers with powerful tools that
allowed for fast screening and generation of genetic libraries of mutants[5] and products
[6]. The optimization of microorganisms and the increasing product titers achieved
drifted the attention of HTS from upstream to downstream processing (USP/DSP), that
needs to be able to deliver the final product as quickly and robustly as possible
(Table 3.1) [7].

Process development techniques evolved greatly as they need to adapt to an ever-
changing market and capitalize on the availability of cutting-edge technologies. The
evolution of the available tools and the introduction of initiatives like Quality by Design
and Process Analytical Tools pushed for the need to have better understanding of the
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process and clear definition of the design space [8]. The increasing computational power
enabled researchers to use more complex modelling tools, freeing them from the
heuristic modelling chains, that although useful rarely allow for extrapolation and don’t
promote process understanding. As the industry matured, high-throughput process
development (HTPD) combined HTS, a greater mechanistic understanding of
processes, and a higher computational capability for smarter process development,
which helped to guide experiments in order to achieve better performing processes faster

at a lower cost [9].

Initial evidence of HTS in the biotechnology field started with the appearance of 96-well
microtiter plates. These were used to screen chemical compounds and widespread use
by the pharmaceutical industry was adopted. Later, with increasing pipetting precision,
it was introduced the 384 and 1536-well microtiter plates [4]. There is also another option
for HTS. Microfluidics started more than 20 years ago, getting traction over the years.
These systems are known for the handling of very small amounts of liquids and allow
for sample saving, taking this one step further. Their small size often allows for the
analysis to occur faster than conventional tests, saving time and allowing for multiple

data points to be generated with low lab space utilization [10].

Turning processes that are composed of discrete unit operations (UO) into one end-to-
end continuous process is a sign of a maturing industry. Operating in steady-state, better
equipment utilization, better control and quality, better productivities are some of the
advantages of having a continuous process [11]. Biopharmaceutical industries are
pushing for this shift which is welcomed by regulatory agencies [12]. All these advantages
culminate in lower cost of goods making this shift ever more necessary and attractive

[13].

The shift of processes from discrete operation to continuous is also achieved through
HTPD. This is a key tool for today’s process development and by making use of HTPD,
researchers aim to achieve continuous processes faster, resulting in Integrated
Continuous Biomanufacturing (ICB). To do this, classical HTS methods are used.
Although HTS is the cheapest and fastest alternative for process development, the
needed equipment is expensive. A paradigm shift is needed to achieve lower costs of
HTPD tools, together with more adequate analytical tools [14]. Furthermore, some unit
operations still lack proper scale-down models and, for the ones already in place, the

translation of the results obtained to manufacturing scale needs to be investigated [15].

This article aims to shed a light on the evolution of high-throughput experimentation
(HTE) and the evolution in the role this approach has gained over the years, providing
an overview on the automation and miniaturization and how it has influenced the

biopharmaceutical and food industries for the development of continuous processes.
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Table 3.1 - Examples of HTS applicability in different stages of process development. The three process
stages included are Pre-Process Screening, Upstream Processing and Downstream Processing [9, 16]. HTS
can also be used to study formulation which was discussed in other publications [17, 18].

Preliminary Screening Upstream Processing Downstream Processing
Screening for molecular Build mutant library - titer
. . Development of complete
properties that can help and host organisms are
. . . downstream process [9]
determine processing steps important
Determination of Critical Screen for best producing Definition of UO based on

Quality Attributes (CQAs) | strains (usually highest titer) | separation efficiency and yield

Optimize purification train for
minimal number of UO at
highest possible yield -
expensive steps are usually the
ones getting tackled first (e.g.

Optimize bioreactor design

chromatography)
Define best operating Test new UO for already
conditions for fermentation established processes (e.g,
and to test in scale-up setup | ATPS for mAb purification)
[19] [20]
Toxicity testing for Define window of operation
producing strains for different UO [21]

Test processing mode (Batch vs Continuous)

Establish KPI for the processes

3.2. Microplates and microfluidics: automation and miniaturization

Bioindustries soon captured the advantages of miniaturization of assays for process
development, which allows for faster processing using less samples. With a smaller
footprint needed for the performance of assays, the parallelization of such assays arose
innately. This translates to a reduction in cost and time. The technological advances in
mechanical engineering in the second half of the 20 century allowed for an ever-
increasing level of automation that benefits process development, analytics, quality
control and quality assurance. Automation enabled the use of automatic equipment for
the processing of samples, and the first evidence of automation in the drug discovery
industry can be traced back to Japan [22, 23], where the first automated tasks were the
transport of samples throughout the laboratory. Shortly after, the technology started
making its way to the mainstream and equipment that combines automation and

miniaturization arose, allowing for the first HTS, through microtiter plates [4].

Microfluidics is the area that studies systems that allow for fluid handling in small
dimension channels, in the micrometer range, allowing for handling liquids even in the

nanoliter range [10]. With the development of technology, microfluidics also has its own
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sub-disciplines like, among others, droplet microfluidics [24]. Liquid-handling stations
(LHS) also allow for the miniaturization of experiments and empowered researchers to
have automated systems that could perform trials in the microliter range with great
precision. The importance of automation and miniaturization, for both LHS and
microfluidics, will be covered, along with a discussion regarding the different uses these
two methodologies have. The rise of 3D-printing will also be covered, as a promising
tool for HTPD.

3.2.1. The power and role of automation and miniaturization

Liquid handling is paramount for research in life sciences and is a crucial part of
experimentation in this field. While assays moved to a smaller scale, accurate liquid
handling became ever more important for the assays to remain reliable. This brought
together automation and miniaturization in the form of LHS. While miniaturization has
the power of reducing sample volume consumption to very low volumes, automation
has the power of removing humans from the experimental realm, helping to reduce
human-prone errors, and allowing for more time to be dedicated to designing the

experiments rather than performing them.

Liquid-handling robots have proven to be very useful tools for process development
and screening, fulfilling the automation and high-throughput needs in such a competitive
market as the life sciences. There are several different assays that can be done with
robotic workstations, and these can be tailored to a lab’s needs. Accuracy and precision
naturally are key performance parameters for LHS, independent of the working volumes.
For a more thorough analysis of the advances in the liquid dispensing field, the reader is
directed to another review [25]. Here, the authors cover the different components of
robotic workstations (e.g., dispensing parts, robots, and sensors) and compare different
commercially available systems and their performance regarding the minimum

dispensing volume and speed.

The level of miniaturization employed in microfluidics is many folds higher than for
LHS [10]. The advantages of this degree of miniaturization are not exclusive to reagent
saving as at such small scales the physico-chemical conditions will be different. Besides
allowing for the handling of samples in the nanoliter range, microfluidics also allows for
a deep understanding of the physical properties of a system. The characteristic
dimensions of such systems allow for a precise fluid flow characterization as a result of
the well-ordered laminar flow through dimensionless numbers, such as the Reynolds
number (Re) and Péclet number (Pe).

Reynolds number predicts if the system will be dominated by inertial or viscous forces,
whereas Péclet number expresses the relation between convective and diffusive

transport. In microfluidics, laminar flows are dominant with Re values remaining usually
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below 1, meaning that the flow is clearly dominated by viscous forces. This makes it
easier for the modelling of the fluid flow and the behavior of chemical species inside
such systems, where mixing, diffusion and reactions can be modelled with great
precision [26, 27]. The Péclet number can help predict the length of a channel and the
time needed until a desired degtree of mixing is achieved. These characteristics can even
improve performance of miniaturized unit operations, a concept described as “positive

downscaling” [28].
3.2.1.1. Automation in microfluidic devices

Automation in microfluidics is achieved by integrating different components in the
microfluidic device, through implementation of different features in the design, using
external equipment or by exploiting the microscale characteristics. Fluid flow in
microfluidic devices can take many shapes and forms and several have been applied in
different applications [28]. Although pressure-driven flows may seem the most intuitive
for microfluidic devices, both this and electroosmotic flow are applied when performing
chromatographic separations [29, 30], the latter allowing for flow control without the

need of external pumps or valves.

Microvalves and micropumps greatly aid in the operation and automation of microfluidic
devices, which come at residual incremental material cost but at a high complexity cost
both in design and fabrication [31]. Microfluidic integrated valves and pumps enabled
scientists to achieve the concept of Lab-on-a-chip, using a methodology that allows for
the discretization of fluid flow in the microchannels, as well as flow control and mixing,
which can be important for the micro-integration of several operations in the same
microchip [32]. However, it is important to highlight that most of these types of valves
and pumps cannot be transversely employed in all microdevices, since for some there is
a need to have a flexible material, ¢.g, an elastomer like polydimethylsiloxane (PDMS),
and not all devices use this material. The type of materials in which microfluidic devices
are built can vary greatly depending on the desired purpose and this has been deeply
covered in other publications [33, 34].

Several methodologies with a high degree of automation have been employed in
microfluidics experimentation that showed an increase in throughput. Droplet
microfluidics makes use of immiscible fluids with different properties and through the
manipulation of fluid flow rate, droplets of very precise diameter can be generated [35],
although several advances have been made and different methodologies can be
employed for the control of droplet formation [36], being geometry one of the most
important [37]. This discipline of microfluidics has shown good advancements in this

field and several studies showcase its prowess in the screening and selection of
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microorganisms, from selecting for antibody secretion to the selection through cell

viability or to select specific oxygen uptake rates [38].

The relevance of automation and miniaturization is evident for the implementation of
laboratory HTS. It has empowered researchers to deliver results very fast and reliably
with the use of automated systems, while keeping the costs low by miniaturizing assays.
Either by using microfluidics or robotic systems, the present and future of HTPD
involves automation and miniaturization as there is a push for more automated systems

dealing with the least amount of volume possible.

3.2.2. Brute Force (liquid-handling robot) VS design freedom (Microfluidics)

Robotic workstations have established their role in the biotechnology field through the
ability of performing several experiments with minimal human intervention. Besides this,
the evolution of such devices has been mainly related to achieving a greater number of
tests per unit of time and integrating more systems (both for liquid handling and
analytics) in one single equipment. The liquid handling by such devices can be done in
several manners, either by pipetting or with acoustic energy [39] and both of these
technologies are suitable for the dispensing of very small volumes (as low as the nL
range). The dispensing can also be done by having contact or non-contact liquid
dispensing and the latter is most suitable to avoid cross-contamination. The LHS ate
often connected to plate readers, which report results in a very fast manner.
Furthermore, LHS’s software can be tailored to report the readings directly as results,
with built-in data analysis. This allows for time saving whilst avoiding human-prone
errors in the calculations. LHS have allowed researchers to adopt a “brute force” method
when performing experiments by allowing them to carry out a large number of
experiments in a short amount of time. More advanced process development tools are
increasingly available and smart process development is taking over the field [40]. The
main advantages of LHS compated to its miniaturized counterpart are the level of
automation that can be achieved in such systems and the generalized acceptance from

researchers of the field.

Microfluidics is often perceived and portrayed as a cheap screening technique. While this
is true for consumables, the fabrication of mastermolds for subsequent soft lithography
is not cheap. Silicon wafers bought in bulk can cost up to 30 § per 4-inch wafer, which
translates to 3700 $/m?2. Besides the cost of wafers, clean room equipment for the
fabrication of the microchips and maintenance of a clean environment inside the
fabrication facilities are also expensive. Therefore, research groups usually share facilities
and companies outsource the production of devices. The greatest advantage is the level
of detail achieved, with structures showing very good accordance to the desired design

in very small scale (um and nm).
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Microfluidics has evolved in a different way than the LHS. It also aims to reduce assay
time and sample consumption, and although automation is a desired trait it is not
mandatory, and most of the times this methodology takes advantage of its very small
characteristic dimensions. With technological advancements, more complete systems
were developed, and the design freedom achieved with microfluidics is unprecedented.
Unit operations and processes have been scaled down for the separation of products or
biocatalysis [41-43]. Complex micro bioreactors have also been developed where
perfusion bioreactors were developed making use of microbubbles for both aeration and

convection of the system [44].

Where microfluidics lacks in ease of automation it makes up for with its “Design
Freedom”. Effective scale-down models can be achieved with high precision at a sample
consumption several orders of magnitude smaller. Furthermore, the entrance cost is also
several orders of magnitude lower when compared to LHS. The rise of 3D-printing has
enabled researchers to reduce the time from design-to-chip and fabrication costs. Instead
of cleanroom facilities, it is now possible to produce microchips using 3D-printers [45],

a natural low-cost solution for microfluidics.

3.2.3. 3D-printing: An enabling technology

3D-printing dates back to the 80’s, but major breakthroughs of this technology that
allowed it to reach mainstream status happened in recent years. Commercially available
3D-printers have seen a major evolution throughout the past ten years and printers’

prices plummeted.

3D-printing techniques breakdown the 3D design into different layers, which are then
built additively on top of one another (additive manufacturing), despite the type of
technique used. 3D-printers have the advantage of easing the fabrication of the devices
when three-dimensional structures are desired for microfluidics, as no extra steps nor
skill-dependent assemblies are needed. Within the realm of 3D-printing, there are
different techniques that are employed: Stereolithography (SL), Laser Sintering (LS),
Multi Jet Modelling (MJM) and Fused Deposition Modelling (FDM) more commonly
known as thermoplastic extrusion [46]. SL has been evolving as a natural technique for
fast prototyping at a low cost and high resolution. Traditional SL resolution (minimum
feature size) is strongly dependent on the laser spot size and the spectrum of absorption
of the used resins [47]. Initially, SL. was the only technique that was able to consistently
fabricate closed channel devices with no extra assembly steps requited [46], despite the
fact that SL needs a post processing step for removal of non-polymerized resin. The fast
development of 3D-printers and the materials used have allowed for a broader range of
techniques and materials to be employed in microfluidics, and FDM has also shown to

be a valid option for microfluidics [48]. Moreover, one of the main advantages of
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cleanroom fabricated microfluidic devices compared to 3D-printed devices was the
ability to include valves, to automate the apparatus. The automation of 3D-printed
microfluidic devices has been demonstrated by Lee ¢f a/ [49]. The authors printed a
device with a “Quake-style” valve, a technique often employed in clean room fabricated
microchips, with a biocompatible resin using SL in a 3D-printer. The proof-of-concept
of such valves raised the standard for automation of 3D-printed microfluidic devices for
the future to come, as coupling such control mechanisms to three-dimensional designs

can yield promising devices.

The fast evolution of 3D-printers enabled the technology to fill in the gaps for it to be
recognized as a viable alternative to clean room microfluidics. The evolution of
mechanics and materials coupled with a considerably lower price and easiness of
handling makes 3D-printing a fierce alternative to clean room fabricated devices, as can

be seen in Figure 3.1.

Liquid-Handling
Station

‘ Write script in software and test

Print Mastermold in Print microchip in 3D-printer
3D-printer *** (can be done overnight)***

L

| Clean non-polymerized resin + Cure mastermold ‘

| Mastermold fabrication in CR I |

Chip Fabrication *

Protein labelling **

- H e—

- = |

A 4

‘ Buffer preparation + Protein solution preparation ‘

3

Load consumables and reagents
+ Run Script***

-
-

Chip Operation ‘

3

‘ Collect Data + Data Analysis ‘

- -
-

Figure 3.1 - Typical workflows when operating different high-throughput techniques. The operation using
the 3D-printer for the production of a mastermold for further PDMS soft lithography has the biggest
number of steps in the workflow, however this does not necessarily mean that it is the lengthiest process,
as a mastermold fabrication in the clean room is very time consuming. * - Indicates that there are several
steps to consider when doing microchip fabrication by PDMS soft lithography: i) Prepare PDMS; ii) Cure
PDMS in mastermold and glass slides; iii) Aligning (optional: if one or more layers are used in the microchip)
and bonding of the layers; iv) Chip sealing and bonding of the structure to the glass slide (which usually
happens overnight) [51]. ** - Protein labelling may be necessary as fluorescence is still the mainstream
detection method for PDMS microfluidics. *** — Fully automated steps (no human labor is needed — script
and printing also run on their own).

HTS revolutionized the biotechnology sector. It allows for time and sample saving while
maintaining or achieving greater quality data than was possible before. LHS seemed to

have moved towards increasing assay performance and microfluidics towards eccentric
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designs that are able to achieve good results and often mimic lab scale performance. This
led to greater acceptance of liquid-handling stations from industry and academia, as
microfluidics seems unable to captivate industrial attention. Even though microfluidics
has the size advantage, and its portability also is a differentiation factor, Lab-on-a-chip
is still of great interest for point-of-cate diagnosis [50].

3.3. ICB and HTPD

The way that ICB and HTPD are interconnected depends on how the different
technologies/tools can come together. Some of these will be further discussed: the need
for compatible of analytical tools, the lack of scale-down models for different UO, the
importance of data management and modelling and the affordability of HTPD tools.

3.3.1. Compatible Analytical Tools

With the increased miniaturization of assays, the analytical tools used needed to adapt.
Further development of analytical tools was needed and lower volume requirements for
analysis helped to propel the shift. The incorporation of multi-well plate readers into
LHS and adaptation of the microfluidic device analytics, both on-chip and off-chip, for
accurate assays that have results in real time highlight the importance of having analytical
tools that are adequate to the screening scale [52]. Furthermore, using the already
established tools for more complex or precise analysis, such as precise determination of
resin volume using optical methods in a 384 well-plate [53], or coupling the analytical
tools with models to aid in the analysis of complex systems, where recent work highlights
the use of such methodology for the study of complex systems as multicomponent
isotherms in HTS platforms [54-56].

3.3.2. Scale-down models for different Unit Operations

Another important aspect to consider is the feasibility of scale-down models in
translating the results obtained at smaller scales into manufacturing scale processing [15].
Although some UO have favored from a lot of attention from research peers, such as
chromatography, some still lack feasible or practical scale-down models. Only recently
proper scale-down models for fermentation processes have arisen, both in LHS systems
(with the Ambt® systems) and microfluidics [44, 57]. Moreover, membrane processes
are present in every (bio)pharmaceutical process and are crucial to ICB mode of
operation. However only recently studies on the adaptation of this unit operations have
been published [58, 59], denoting a big room for improvement and can help to justify
why these processes often operate in sub-optimal conditions in manufacturing. These
scale-down models need to be accurate representations of their production scale

counterparts in order to add value to the process development stage. This is why models
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that can accurately translate miniaturized scale data into process scale are so valuable

[60].
3.3.3. Data management and modelling

HTPD makes use of HTS methods and models for the development of optimal
processes. It will in turn lead to the generation of large amounts of data both from
experiments and simulation. Now that most experimentation is automated, data analysis
needs to be automated too [61]. This is of paramount importance for the successful

implementation of HTPD.

3.3.4. Affordable HTPD

HTPD for continuous manufacturing follows similar trends to HTPD for batch
processes: fast and cheap process developments are achieved due to lower consumption
of materials. However, the platforms used for HTS usually come at a high price tag,
hence why some companies keep away from such methodology. The advancements in
both automation and miniaturization are reducing this gap and helping to democratize

such equipment, by lowering the price and reducing the equipment complexity.

3.4. Analytical methods in HT methodologies

Analytical methods are pivotal in every experimental field. For HT methodologies to be
efficient the detection must allow for “high-throughputness”. Optical methods are the
most widely used in HTS as they’re easily adapted to such equipment: for LHS is
absorbance analysis and for microfluidics there is a wide range of methods available,
although microscopic-based assays, such as fluorescence, remain amongst the most

popular (Table 3.2).

Several assays in the biopharmaceutical industry rely on optical analytical methods
(absorbance measurement of samples). The detection of impurities in a bioprocess is of
the utmost importance and usually leads to tedious and time expensive laboratory work
and LHS allow for more automated analytics. On the other hand, microfluidic devices
allow for the use of different analytical methods due to their very small size, as they can
be fitted to numerous spectroscopy equipment (contrary to microplates). This has
shown a wide variety of applications and analytics implemented in microfluidic assays
(67, 74].

LHS can be tailored to a lab’s needs. This is the great power of automation and the
advantage of increased miniaturization of assays. As equipment size decreases the
integration of analytical equipment in one single workstation becomes -easier.

Workstations working in 360 degrees offer the possibility to integrate a greater number
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Table 3.2 — Comparison of some of the different analytical methods available in liquid-handling stations and microfluidic devices.

LHS Microfluidics
Analytical Method
Ref Comments Ref Comments
Absorbance There are plenty of Any type of absorbance assays can | [27, 62]
commercially available be performed (ELISA, UV-Vis
microplate readers that are | measurement, etc.)
Fluotrescence easily integrated in the [63]
liquid-handling stations
Luminescence (Tecan, for example) - [64] -
Mass Spectrometry (MS) [65] This paper has a workflow where | [66, 67] -
the MALDI-TOF MS is
integrated in the HTS workflow,
with several liquid handlers and
the MALDI-TOF MS analyzer in
the end
Raman [68] Sample volumes of 160 — 200 uL. | [69, 70] -
are analysed in the Raman module
coupled to the Ambt® system
Near Infra-red (NIR) - - [71] The authors correlated the absorbance

difference spectra with the solutes
concentration and were able to obtain
clear images of the acid-base reaction
and the salt formation from the
neutralization reaction
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Table 3.2 (cont.) — Comparison of some of the different analytical methods available in liquid-handling stations and microfluidic devices.

LHS Microfluidics
Analytical Method
Ref Comments Ref Comments
Dynamic Light Scattering [72] There are commercially available | [73] -
(DLS) DLS plate readers: DynaPro 11
Plate Reader DLS instrument
from Wyatt and Zetasizer APS
from Malvern
Surface Plasmon Resonance |- - BIAcore | Commercially available device
(SPR) X100
(BIAcore,
Cytiva)
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of equipment in the same space [75]. However, lab space is often limited, and linear
workflows are often preferred (like the solutions offered by Tecan®, Switzerland). These
systems are frequently commercialized as a package but are limited to a smaller number
of plates that can be handled and to limited analytics to be performed (optical analytical

methods with plate readers, such as absorbance, fluorescence and luminescence).

Raman spectroscopy has been used for upstream process development for some yeats,
and more recently this analytical tool is being considered for use in DSP. It offers a
broad range of applications from screening raw materials and culture media, to the
monitorization of the process and assess chemical or structural changes in proteins [706].
It has not been until recently that the adoption of Raman spectroscopy to HTS platforms
took place [68] and further implementation to downstream process development could

bring important developments to the ICB landscape.

In Table 3.2 we can see an overview of commonly used detection methods in HTS with
LHS and microfluidics. The discussed analytical methods do not cover all the available
methodologies for both LHS and microfluidics. However, it is possible to conclude that
more analytical methods are more easily adapted to microfluidics. It is important to
understand the limitations of each device hence why such methodologies are still not
widespread, and some challenges need to be targeted to allow for a generalized use of
the technology [60].

3.5. Upstream and Downstream process development with high
throughput experimentation

3.5.1. High-Throughput Process Development — the case of chromatography

HTPD allows for a fast-forward in process development, allowing for a clear reduction
in the time needed for optimization operations to be carried and optimum process
design. As bioprocesses evolve to the final form of optimized continuous USP and DSP,

there comes the task of integrating the bioprocess in one single continuous process.

The transition from up- to downstream in a bioprocess is always challenging. Several
factors influence downstream processing, especially if the process relies on
chromatographic steps in the early stages of the process, as small changes in the
environment or the handling of the process can greatly affect the product’s ability to
undergo purification (for instance, the ability of a product to adsorb to a resin), as
optimal operating conditions are not always met in a manufacturing environment. HTS
is useful to find optimal operating conditions but also a great tool to determine operating
windows. This is of great use, in an attempt to minimize the impact that batch-to-batch

variations and human error have in downstream processing [77].
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Chromatography is still the workhorse of several biopharmaceutical products, which is
reflected both in its high product purification factors as well as percentage of overall
process costs, which can be greater than 50% of the total batch costs [78]. In
chromatographic separations there are several interactions to consider, and consequently
several aspects to optimize: finding the optimal resin (defining the protein-ligand
interactions, such as binding capacities) and buffers to use (loading, washing and elution
buffers can have different pH and salt concentration), estimating adequate linear velocity
for the desired separation. Consequently, there is the need to comprehend what is
happening in the process. Modelling is the state of the art of chromatography process
development [79], especially hybrid approaches that make use of mechanistic modelling
and HTS [80]. Albeit modelling is getting more acceptance and implementation in
process development, it still goes hand in hand with experimentation, whether for
parameter estimation, “model training” ot validation of modelling results. Hanke and
Ottens have reduced the chromatographic process development to three main realms:
trial and error, process development based on molecular properties and process

development based on molecular interactions [81].

3.5.2. Examples of LHS and microfluidics for HT Experimentation in
biotechnology

3.5.2.1. Liquid-handling stations

Cell culture in microtiter plates offers the advantage of automated pipetting, useful for
screening several media components, but can be challenging to achieve proper oxygen
transfer to the growth media. Several parameters can influence cell cultivation, and this
also holds true for microtiter cell cultivation. Work from Neha ¢ a/ showed that well
format, shaking frequency, among others were important parameters in achieving
cultures of Pichia pastoris with a higher cell density in 96 well-plates [82]. The advantage
of having cell cultures in LHS is that it can be introduced in a workflow for the full
automation of expression, extraction, purification and evaluation of the protein of
interest, like Shah e¢7 @/ demonstrated for a HIV-specific mAb produced by P. pastoris
[83]. Although the aforementioned parameters are important and impactful, LHS remain
the state-of-the-art for upstream HTPD in the biopharmaceutical industry [84, 85].

Bensch ez al. extensively cover in a review the developments and challenges faced when
using HTS of chromatographic phases for process development [86]. The authors show
the “thought process” behind the development of this purification step, covering
subjects such as resin and column screening. This is very useful in eatly-stage process
development. The next step is to verify if behavior remains the same in column
experimentation and optimization and validation of the proposed experimental protocol

is needed. Konstantinidis ¢ a/. developed a new methodology for the operation of

67



Chapter 3

miniature columns in a liquid handling station [87]. These have the advantage of
providing more insight on the separation process by mimicking large-scale operation.
Miniaturized columns don’t allow for linear gradients for elution, as liquids are loaded
to the columns discretely. This work shows an automated way of experimenting in 8
miniature columns in parallel and the output file already has automated calculation of
the blanks and normalized spectroscopy measurements. The power of automation is
clear in this study, as it was shown that with the same setup it was possible to study the
purification of ovalbumin from a mixture with conalbumin and BSA and capture of
mAbs. Recently, implementation of a HTS setup coupled to mechanistic modelling
showed how data retrieved from MiniColumns can be translated to lab scale
chromatography [60, 88, 89]0 By analyzing the Péclet number at different scales the
authors concluded that an increased axial dispersion is observed at smaller scales,
compared to larger scales, leading to larger elution pool volumes [60]. The results were
then used to correct the model, allowing for accurate prediction of elution pool volumes

at larger scales using MiniColumns for experimentation.

Aqueous Two-Phase Systems (ATPS) recently arose as an important process and can
represent an alternative to chromatographic processes for the purification of mAbs [90].
ATPS process development involves the preparation of systems with different phase
compositions of polymer-polymer or polymer-salt solutions for the discovery of binodal
curves and tie line length, which play an important role in the purification process.
Azevedo ¢f al. unveiled the potential ATPS and achieved recovery yields for IgG of 99%
and purity of 76%. These studies were performed in 15 mL graduated tubes, which
represent a great expense in consumables and reagents when considering the number of
optimizable parameters, such as phase and salt compositions, and involves tedious and
possibly erroneous work [91]. Implementing the same methodology in a LHS would
allow to reduce the time needed for process development [92]. Oelmeier ef a/. also
evaluated ATPS for the separation of mAbs from Host Cell Proteins [20]. This was
performed in a LHS for a total system volume of 650 uL. The methodology described
by the authors highlights the powerful features of LHS, such as liquid-level detection
and liquid class definition, for aspiration of liquids with varying viscosities. The authors
were able to screen a total of 552 systems and estimated that on microtiter plate could
screen 33 systems in 2.5-3h. Studies with ATPS of 300 pL have also been reported [93].

Recently, Antibody Drug Conjugates (ADCs) have captured the attention of industry
for its potential in cancer treatment. Andris ef a/ developed a HT process for the
development of new ADC molecules and showcased how LHS can aid, through
parallelization and automation, achieve faster process development [94]. A HT-
compatible monitoring tool was also developed for the monitoring of these conjugation

reactions [95].
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3.5.2.2. Microfluidic devices

Downscaling operations like fermentations offer great advantages and can provide
valuable insight. PDMS is the go-to material for microfluidic devices and its gas
permeability and elasticity features can be used to the researchers’ advantage for the
production of micro bioreactors. Micro reactors’ ability to be assembled in a microscope
setup allows for real time 7# situ visualization of the experiments. The very small scale
means that the analytical methods need to be accurate and have a low limit of detection
(LOD) hence why the use of very sensitive techniques such as fluorescence are popular.
A picolitre volume bioreactor has been described for single cell cultivation of Escherichia
coli and Corynebacterium glutamicum 96]. This study demonstrated that the behavior of the
culture under specific environmental conditions could be tested in a smaller amount of
time. It was used to screen the influence of different media in cell growth, and an increase
of 1.5-fold growth rate was registered for C. glutamicum. Different studies have also
showed the use of microfluidics for the cultivation of Saccharomyces cerevisiae with
integrated sensors in micro bioreactors [97] and the cultivation and transfection of CHO
cells [57].

Microfluidic particle liquid chromatography has been recently reviewed [98]. With the
design freedom available and advanced manufacturing techniques, there are many
possibilities to study chromatography. Several applications, modes of operation and
analytical techniques are discussed in the publication. Pinto ¢ @/ demonstrated an
efficient screening of different operating conditions using multimodal chromatographic
resin for the purification of a mAb [99]. The authors achieved recovery yields of 95% at
the microscale, compared to 98% of lab scale, with 100 nl. of resin per reactor.
Furthermore, an automated device that makes use of Quake valves has demonstrated
the usefulness of microfluidics, allowing for the determination of one full
chromatographic isotherm (with 9 different protein concentrations tested in parallel)
[100]. Although this device only allows for small-sized beads, it portraits the powerful
combination of miniaturization and automation. ATPS have also been explored in
microfluidic devices for the determination of binodal curves [101] and purification of
mADbs [102]. By using the same systems studied at macroscale, the authors take advantage
of the miniaturization feature of an increased surface area to phase volume ratio, which

allows for comparable extraction at a fraction of the time.

Microfluidics still lacks generalized acceptance and widespread implementation of the
many versatile devices that have been produced. Small steps have been taken in this
direction and there are already commercialized microfluidic devices for different
applications. Examples of these devices are the 2100 BioAnalyzer from Agilent
Technologies that provides an automated electrophoresis with very high resolution,

Biacore™ X100 from Cytiva that provides a microchip for the analysis of samples using
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SPR or the LabChip GXII from Perkin Elmer® used for automated SDS-PAGE

analysis.

The described examples for LHS and microfluidic devices are a few representations of
what is being done in process development with both technologies. Microfluidic
applications are not exclusive to bioprocesses, as there are many examples of diagnosis
applications, however this review aims to shed light on process development in the
biotechnology industry. Microfluidics is still aiming for general acceptance and validation
of the technology for a broader audience, and 3D-printed microfluidics can help to

achieve this.

3.6. Concluding Remarks

LHS and microfluidic devices have drastically reduced process development costs while
allowing for major time savings. Automation and miniaturization have increased the
throughput of data and reduced time to market. Although LHS have a higher price tag,
the widespread use of the technology and regulatory acceptance make it a demanded
technology. Microfluidics offers a bigger versatility in analytical methods that can be
used, and its major banner is the technology’s portability. 3D-printing technologies will
enable labs to have a very cheap prototyping and manufacturing equipment for

microfluidic devices [104].

The greater need for deep understanding of processes and a more wide-spread use of
modelling doesn’t leave room for “blind” testing in the hope of a technological
breakthrough. When such screening technology is so easily available, it is tempting to
perform a multitude of experiments leading to needless over-screening of the systems,
while providing still little understanding on the underlying process mechanisms. As
regulatory agencies are pushing for a greater process understanding, rational and more

standardized approaches are needed.

This is mainly achieved by hybrid process-development which is the combination of
mechanistic modelling with HTE [40]. These two methods can be coupled and will form
a symbiotic relationship in process development, where the strengths of one can easily
make up for the flaws of the other [81]. Opting for a mechanistic model for process-
development allows for great process understanding at a low experimental effort. This
process understanding is pivotal in current manufacturing strategies and it has been
shown that the predictive nature of these mathematical models (white box models)
allows to significantly decease experimental effort compared to having no available
models, while improving process robustness [56, 80, 105]. Although mechanistic models
still need calibration/parameterization partially via a selected set of experiments, this can

be achieved quickly and at minimum experimental effort in the current landscape of
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HTS [106]. The available methods for HTE have showed that with minimum effort a
wide variety of experiments can be carried out in the same equipment or set of
equipment which will alleviate the financial and learning endeavor of researchers. The
need for rapid screening and fast process development is more evident when
occurrences like the cutrent pandemic caused by the virus SARS-CoV-2 arise. The
development of the vaccines often made use of already established processes that needed

tailoring to the specificity of the current virus.

The last 10 years in manufacturing saw an evolution in bioreactors where smaller reactors
are preferred, outputting lower volumes and higher titers [107]. However, the industry
has not stagnated and is moving towards continuous manufacturing, where higher
productivities and facility flexibility are needed, and ICB caters to this [15]. The
productivity driver is still in place and the key to deal with this is to find the necessary

process innovations, as the ones offered by continuous processing.

It is only a matter of time before it is possible to achieve a full integration of
biopharmaceutical processes into one single end-to-end process. HTS allowed to push
for very optimized upstream and downstream processes, which now need to be
integrated into one single process. This is desired not only by the manufacturing
companies, as it allows for cost savings, but also by regulatory agencies. Automation and
miniaturization enable faster process development and are pivotal for the continuous

integration and improvement of these processes.

Moreover, while LHS seem to have reached a plateau in terms of new applications,
microfluidics is constantly mutating and evolving and is more and more perceived as a
valuable asset for HTPD and the emergence of 3D-printing microfluidics is a petfect
example and is starting to get traction. The authors expect that LHS will continue to see
the integration of more systems and will see a diversification in the investigated processes
within a single piece of equipment. Microfluidics has reached mainstream use in a few
instances. It is expected that the near future will show the emergence of novel
applications of single use disposable systems through 3D-printing technologies making
this technology more readily available at low cost to the biopharmaceutical process
development and analytical community. A further increase in automation together with
simpler production and operation will probably push microfluidics one step further into
the research labs wotldwide (Figure 3.2). The opportunity now lies in being capable to
provide HTS solutions at affordable prices for the different processes and develop
analytics that can keep up with the increased reduction of volume for assays, while
implementing models that are capable of correlating miniaturized scale experimentation
with the manufacturing scale. These developments, which are expected in the near
future, will broaden applications of LHS and will pave the way in integrating

microfluidics as an additional tool in biopharmaceutical process-development.
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Liquid-Handling Stations Microfluidics

- Very high degree of automation and parallelization - Very low volume consumption (commonly in the nL range)
- Low volume consumption (commonly in the pL range) - Design freedom that allows for mimicking macroscale

- Adaptability with other devices (for analytics, e.g.) - Very fast assays (due to “positive-downscaling” effect)

- Tailored consumables for some UO - Portability

- Widely used in industry - In situ results

- Automation of operation is not straightforward and may
require additional assembly steps and success may be
experience-dependent

- Analytics need to be tailored to experiment

- lterations needed for optimum design to be reached

- Wide acceptance by industry

- Price tag of the equipment
- Translation of experimental results to macroscale
- Rate of innovation is plateauing

- Rise of cheaper technologies (3D-printing)

- Affordable technology (for collaborating groups, outsourcing
to specialized companies)
Implementation of microdevices inline for process
monitoring

- Ability to produce “one-of-a-kind” microdevice

- Increase the diversity of analytics to incorporate in the
system

- Develop consumables for more UO

- Use modelling to translate microscale results to macroscale

- Automate data analysis

- Increased development in liquid dispensing is reducing
volume used in assays in LHS — could come closer to
volumes handled by microdevices

- Heavily reliant on specialized personnel — could never
make the breakthrough to industry

- Limitation of applicability to some UO

- No proprietary technology — competition may arise

- Adaptability of equipment to new demands can be
expensive

Figure 3.2 — SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis of Liquid-Handling Stations and Microfluidics [25, 50, 103].
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Chapter 4

Small, smaller, smallest: Miniaturization of

chromatographic process development
Abstract

Biopharmaceuticals are becoming increasingly important in modern healthcare.
Monoclonal antibodies (mAb) are one of the most widely used therapeutic proteins and
are important for the treatment of cancer and autoimmune diseases, among others. After
cell culture there are still large amounts of other impurities (e.g., host cell proteins) in
solution. Chromatography is usually the first purification step, allowing to increase purity
and reduce volume. This comes associated with high costs and chromatography
accounts for a significant portion of total production costs for therapeutic proteins.
Chromatographic process development may be time consuming and use large amounts
of resins. Therefore, there is increased interest in finding cheaper techniques for
chromatographic process development without compromising accuracy. This paper
presents a highly sophisticated microfluidic chip approach for efficient adsorption
isotherm determinations compared to current chromatographic process development.
Implementation of an image analysis software ensures that chromatographic resin
volume is accurately determined. The adsorption isotherm performance of microfluidics
was compared to the robotic Liquid-handling Station (LHS) and labor-intensive
Eppendorf tubes. The microfluidic chip allows a 15-fold volume reduction and resin
consumptions as low as 100/200 nl (200/100-fold reduction). The microfluidic chip
performed comparably to the other miniaturized techniques, using less liquid and resin
volume. For process development of expensive products (e.g, monoclonal antibodies),
miniaturization (provided by the microfluidic chip) proved to be the most cost effective
alternative whereas for less valuable products (e.g, lysozyme) automation (provided by

the LHS) was the most cost-effective alternative.

Keywords: High-Throughput Screening; Batch adsorption protein isotherms;
Microfluidic chromatography; Liquid-Handling Stations; Miniaturization
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Chapter 4

4.1. Introduction

The past few years have seen increasing general public interest in the biopharmaceutical
industry, mainly in the field of vaccine production due to the Covid pandemic. For the
industry, a fast, reliable, and preferably cost-effective process development is important
to respond to the market’s needs. Patient accessibility to therapeutic proteins depends
on several aspects, such as the cost of treatment or product availability. Although patent
expiration considerably decreases the retail price of monoclonal antibodies (mAb), the
price may still be prohibitive for patients [1, 2]. High-Throughput Screening (HTS) is
used to decrease time to market and reduce development costs, especially in the early
stages of process development. Moteover, increased use of mechanistic modelling of the
processes combined with the ability to determine different parameters faster originated
High-Throughput Process Development (HTPD). In the past decades HTPD has

proven to be a valuable tool for faster and cheaper process development [3].

Chromatography plays a key role in the purification of biopharmaceuticals, as it usually
is the first purification step in the downstream process and the one responsible for high
purification factors [4]. However, this comes associated with high costs, since
preparative chromatography can be very expensive. Therefore, chromatography
accounts for a significant portion of the cost of producing therapeutic proteins [5].
Process development for chromatography involves the screening of different
consumables (chromatographic resins, buffers) and conditions to find a suitable
purification process. Equilibrium adsorption isotherms are amongst the important
parameters to be determined for model based chromatographic process development
[6]. Batch uptake experiments in 96 well-plates have also been used to calculate the
partition coefficient and separation factor [7, 8]. These give an indication of the
purification capabilities of the tested systems. Isotherms provide insight on the
thermodynamics of the studied systems, which are composed of the different buffers
and the resin-protein pairs [9]. Previously, protein adsorption isotherms in batch uptake
mode were determined using agitated vessels, with sample volume reaching up to
hundreds of milliliters [10]. This method required large amounts of sample and resin.
Current technology enabled researchers to reduce the amount of samples and materials,

by using microtiter plates both with 96-well and 384-well format [11, 12].

Researchers started to push for a manifold volume reduction, due to the high costs of
chromatographic resin and sample waste and limited amount of samples available in
early stages of process development (e.g., clinical trials). Different formats to determine
adsorption isotherms emerged, like the use of plastic (Eppendorf) tubes, with volume
requirements in the milliliter range [13]. Subsequently, Liquid-Handling Stations (LHS)
were employed, reducing volume requirements to the sub-milliliter range. These offer

great automation to screen a plethora of consumables available for chromatographic
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process development [14]. Although LHS have become the szatus guo for both industry
and academia [12, 15], these platforms and consumables are expensive and still require
a fair amount of product, which can be scarce in eatly stages of process development. It
would be beneficial to reduce volume consumption in early-stage process development
while maintaining accurate results. Microfluidics presents itself as a viable alternative for
analytics and process development in many areas of the life sciences, often operating in
the nanoliter range [16]. Although it has the obvious advantage of reducing volume (and,
therefore, cost), microfluidics can also be more flexible and versatile than LHS, when
the devices can be designed and produced from zero (for devices already commercialized
this does not apply). Microfluidic devices have also been used for studying and screening
conditions to determine protein adsorption isotherms [17], and protein purification [18].
Although these studies show the great miniaturization achieved by microfluidics, the use
of a fluorescent label has been proven to interfere with the protein, altering its properties
[19, 20]. A clear comparison of different miniaturization techniques is cutrently not

available in open literature.

This paper compares different miniaturization techniques for the determination of
protein adsorption isotherms. It discusses the accuracy, usability, and technology
readiness level (TRL) of each technique. Additionally, the cost of each screening solution
is evaluated. Finally, this work shows how to use the small volume (Eppendorfs), smaller
volume (LHS), and smallest volume (microfluidics) tools for chromatographic process

development.

4.2. Materials and Methods

4.2.1. Materials

Two different proteins were used in this study: lysozyme from chicken egg white (M, of
14 300 Da, pI = 11; Sigma-Aldrich Chemie GbmH, Steinheim, Germany) and purified
monoclonal antibody (My of 148 220 Da, pl = 8.6; Byondis B.V., Nijmegen, The
Netherlands).

Sodium phosphate monobasic dihydrate, acetic acid (299.8%) and Tween® 20 were
purchased from Sigma-Aldrich Chemie GbmH, Steinheim, Germany. Phosphoric acid
(85%) and sodium hydroxide were purchased from Mallinckrodt Baker, Deventer, The
Netherlands. Sodium Chloride was purchased from VWR-Chemicals, Leuven, Belgium.
Di-sodium hydrogen phosphate was purchased from Merck KGaA, Darmstadt,
Germany. SU-8 2100 photoresist was purchased from MicroChem, Newton, MA, USA
and Developer mr-Dev 600 was purchased from micro resist technology GmbH, Berlin,
Germany. Polydimethylsiloxane (PDMS) was purchased as a Sylgard 184 elastomer kit
(Dow Corning; Midland, MI, USA).
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The resin used in the study was SP Sepharose™ Fast Flow (SP-Sepharose-FF) from
Cytiva, Uppsala, Sweden. This is a strong cation-exchange agarose-based resin and has

a mean particle size of 90 pm.

4.2.2. Buffers and solutions preparation

The lysozyme experiments were performed with sodium phosphate buffer containing
10 mM NapHPO, and varying NaCl concentrations adjusted to pH 6.5 with phosphoric
acid. The mAb experiments were performed with buffer containing 25 mM NaOAc and
5 mM NaCl adjusted to pH 4.5 with 2 M NaOH. NaCl was added to the buffer solutions
to adjust the total Na* concentration of the solutions. All experiments were performed
at room temperature. 0.01% w/v Tween® 20 was added to acetate buffer for the mAb
experiments. The different buffers and solutions were prepared by dissolving the

appropriate amount of chemical in Milli-Q water.

Lysozyme solutions were prepared by dissolving the appropriate amount of protein in
the corresponding buffer. MAb solutions were used in the conditioning buffer that the
protein was provided (mentioned above). All buffers and solutions were filter-sterilized

using 0.20 um filters.

4.2.3. Microfluidic chip fabrication

The microfluidic chips were fabricated in two main steps: fabrication of the mastermolds
and of the PDMS structures.

4.2.3.1. Production of mastermolds

The SU-8 mold (mastermold) was fabricated using direct write optical lithography
(DWL). A SU-8 2100 layer of 100 pm was spin coated on top of a clean Si substrate.
The substrate was soft baked in a hotplate for 5 min at 65 °C and subsequently for 30
min at 95 °C. The mold was placed in the laserwriter (WMLA Tabletop Maskless Aligner;
Heidelberg Instruments Mikrotechnik, Heidelberg, Germany), where it was exposed
with a 365 nm laser. The exposure energy used for this fabrication was 225 m]J/cm?2.
After exposure, the substrate was placed in a hotplate for post exposure bake for 5 min
at 65 °C and 10 min at 95 °C. Afterwards, the mastermold was developed by immersing
it in mr-Dev 600 and hand stirring for a minimum of 10 min. After this, it was rinsed
with isopropyl alcohol IPA) and spin-dried. Finally, the mastermold was hard baked for
15 min at 150 °C.

4.2.3.2. Fabrication of PDMS structures

The PDMS microchips were fabricated using standard PDMS soft lithography [21].
PDMS elastomer was prepared by mixing the elastomer base and curing agent in a (7:1)
ratio. The mixture was degassed and placed on top off the mold. Simultaneously, a (20:1)
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mixture of elastomer base and curing agent was also prepared and degassed. This mixture
was poured on top of glass slides and spin coated at 2500 rpm for 1 min. The covered
mold and glass slides were baked at 80 °C for 45 min. After baking, the structure was
peeled from the mold, and access holes (inlets and outlets) of 1.25 mm were punched
using a hole-puncher. The structure was then placed on the PDMS-covered glass slides
and sealed. The final structures were baked overnight at 80 °C.

4.2.4. Batch uptake adsorption isotherms

Adsorption isotherms provide information on the equilibrium concentration of a solute
adsorbed to a solid phase (chromatographic resin) at different liquid concentrations. A
known amount of protein is contacted with a known amount of resin and the equilibrium
liquid concentrations are measured. The time to reach equilibrium varies according to
the different systems. The amount of protein adsorbed to the solid phase was calculated

by a mass balance, described by the following equation:

X (Cuinitial = Creq) M

qeq Vr

where G4 is the protein adsorbed to the resin in equilibrium, V; is the volume of liquid,
V. is the volume of resin, and €y injtiqr and Cyeq are the protein concentrations in the
liquid phase in the beginning and after equilibrium is reached, respectively. Equilibrium

adsorption isotherms were obtained with triplicate experiments.
4.2.4.1. LHS

Batch adsorption isotherm data were generated using a LHS (Tecan EVO Freedom 200
robotic station; Tecan, Switzerland). The LHS was equipped with an orbital mixer (Te-
Shake), an automated vacuum system (Te-VacS), a multi-well plate reader (InfiniTe Pro
200), a robotic manipulator (RoMa) arm, two different liquid-handling arms (LiHa and
MCA96) and a centrifuge system (Rotanta).

A known amount of resin (20.8 pL) was added to a 96-well filter plate (Pall Corporation,
NY, USA) using a MediaScout® ResiQuot resin loader device from Atoll (Weingarten,
Germany). To wash the resin, an equilibration buffer was pipetted into the filter plate,
and it was shaken for 5 min at 1200 rpm, after which the solution was removed using
the vacuum system. This cycle was performed 3 times in total. Protein solutions were
subsequently pipetted (800 uL) inside the well plates, and the plates were agitated at 1200
rpm until equilibrium was reached (2h for lysozyme and 18h for mAb). Once equilibrium
was reached, the filter plate was placed on top of a 2 mL deep-well plate (Eppendorf
AG, Hamburg, Germany) and these were centrifuged together using the centrifugation
system. The supernatant was collected from the deep well plates to a UV star plate and
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the equilibrium concentrations were measured using the plate reader. Equilibrium
concentrations were estimated using appropriate calibration curves, obtained using the
LHS.

4.2.4.2. Eppendorfs

The batch adsorption isotherms in Eppendorf tubes were estimated using a similar
method to the one described above. The studies were performed in 1.5 mL tubes. 800
uL of protein solutions were prepared by hand into each of the tubes. The solutions
were then contacted with 20.8 pL of resin (generated using the same method as
described for LHS). The tubes were rotated end-over-end at 10 rpm, until equilibrium
was reached (the same was described above). After equilibrium was reached, the tubes
were centrifuged (Sigma 112 from De Spatel B.V., The Netherlands), and the
supernatant was hand-pipetted to a UV star plate, and the equilibrium concentrations
were measured using the plate reader mentioned above. Equilibrium concentrations

were estimated using appropriate calibration curves.
4.2.4.3. Microfluidic chip
4.2.4.3.1. Setup and mode of operation

The batch adsorption isotherms in the microfluidics devices were determined by
recirculating protein solution through the microchip, that contained beads trapped
inside. This is achieved with a closed system, where the same liquid is continuously
pumped through the same resin volume, until equilibrium is reached. In the system, an
inline UV-Vis detector (SPD-20AV; Shimadzu, Kyoto, Japan) with a microflow cell (0.2

uL), allows to monitor the evolution of the adsorption over time.

A) ) B)

Figure 4.1 - Microfluidic experimental setup for the determination of protein adsorption isotherms. A)
Schematics of the setup. Yellow lines represent the PharMed® BPT tube that is connected to the peristaltic
pump; black lines represent the PEEK tubing. Arrows show the direction of fluid flow through the system.
B) Zoomed in image of the microfluidic chip with schematics for resin loading into the microchip. The resin
is loaded using a micropipette tip and the chromatographic beads are trapped by the frits further down the
channel.
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Figure 4.1 shows a schematic setup of the microfluidic chip. A peristaltic pump
(ISM596D from Cole-Parmer, Wertheim, Germany) was used to recirculate the solution
through the microchip. The pump used a PharMed® BPT tube (0.51 mm ID; Cole-
Parmer, Wertheim, Germany), which was connected to PolyEtherEtherKetone (PEEK)
tubes (0.18 mm ID; BGB, Harderwijk, The Netherlands). The PEEK tubes were directly
connected to the microfluidic chip. The calculation of the equilibrium concentration was

done using a calibration curve performed before each trial.

To perform the adsorption trials, the tube system was continuously primed with protein
solutions of known concentrations, until a plateau was reached in the UV detector. After
the plateau was reached, a protein solution of another concentration was successively
primed until all the solutions for the calibration curve were primed. After this, the last
solution to prime was the solution with the desired initial protein concentration. When
the plateau of the signal was observed the pumping was stopped, and the PEEK tubes
were directly connected to the microchip containing the chromatographic resin (see
Figure 4.1). After connecting, the pumping was resumed and the solution was
recirculated until equilibrium was reached. Equilibrium was assumed to be reached when
the signal stopped changing over time. The equilibrium concentration was used to

calculate the mass balance to determine the amount of adsorbed protein in each trial.
4.2.4.3.2. Bead loading and volume determination for microfluidic chip

A suspension of 0.5% v/v chromatographic resin in storage buffer was prepared, by
pipetting appropriate amounts of settled resin and storage buffer. The solution was
vortexed and approximately 150 pL of this solution was promptly pipetted directly into
the microchip inlet using a micropipette. By suspending the resin and rapidly pipetting
it into the microchip, it is avoided that the resin settles in the bottom of the pipette tip.
This would block the microchip and hinder the entrance of the resin in the channel.
Downstream of the channel there are frits. These structures, spaced 50 pm from each
other vertically and horizontally, will trap the beads inside the microchannel. After a
sufficient amount of resin is loaded into the channel, the tip is removed and the

microchip is analyzed in the microscope to estimate the total bead volume.

An accurate bead volume determination is paramount for the determination of the
adsorption isotherms. Pictures of the loaded channel allow to estimate the number of
beads and their radius. These images are then loaded into a Matl.ab script for image
analysis. Using the built-in function zzfindcircles and appropriate parameters, it is possible
to estimate the number of beads detected and the radius, in pixels, of each bead. Using
an appropriate calibration (for example the channel’s width, of 1000 pm), it is possible
to correlate the bead radius in pixels with the distance per pixel (um/px). With the

information of the bead radius in micrometers, the bead volume is calculated using the
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formula for the volume of a sphere. An example of this bead volume determination can
be found in Figure 4.2. The beads are then washed with 200 uL of equilibration buffer.
The interstitial porosity of the channel was not calculated since the experiments focus
on studying the adsorption equilibrium of different proteins to a chromatographic resin.
The microfluidic chip is used to mimic the batch adsorption mode of operation.
Therefore, this parameter was considered to not be important since it provides
information for the performance of packed columns but no relevant information for the

equilibrium data between ligand and solute of interest.
: 545
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Figure 4.2 - Image Analysis software. Top Left: Original image used as input for the program. Top right:
visualization of the bead radius determination by the MatLab function imfindcircles. Bottom: Histogram
distribution of the bead radius.

4.2.4.3.3. Mass Balance in microfluidic chip

The mass balance for the microfluidic chip is similar to the one presented in equation
(1). However, for the microchip system, the initial protein concentration is determined
for the tubing system, which doesn’t account for the buffer volume present in the

microchip. Therefore, an adjustment to the previous mass balance equation is needed:

q _ Clinitial X Vtubing - Cl,eq X Vsystem (2)
eq —

Vr
Vsystem = Vtubing + Vu—chip + Vliquid plugs ©)
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Where Viyping is the volume of the tubes and the detector of the spectrophotometer,
and V,_cpip is the volume of the microchip. With these equations, all the buffer volume
present in the final system (after the tubes are connected to the microchip) is considered.
The volume of the “liquid plugs” (Vjiquid piugs) in the mass balance was determined
experimentally by measuring the height of the plug and considering a diameter of each
inlet of 1.25 mm. This was also confirmed experimentally by running a test without resin
inside the microchip and calculating the final liquid volume with the concentration after
recirculation (data not shown). The total liquid volume for each microfluidics
experiment was 56 pl and the resin volume per trial was around 200 nl (slight variations
from experiment to experiment). The microchip system has a significantly larger volume
than the microchip itself, mostly due to the tubing needed to operate the system. To
reduce this volume further, the tube length reduction of the peristaltic pump can be
considered. The total adsorbent and liquid volume used in each methodology is
summarized in Table 4.1.

Table 4.1 - Overview of liquid and adsorbent volumes used in each experiment with each of the different
methods.

Method Adsorbent Volume (ul) Liquid Volume (ul)
LHS 20.8 800

Eppendotf 20.8 800

u-chip 0.2 1.12

p-chip system (chip+tubing) 0.2 56

4.3. Results and Discussion

4.3.1. Microchip design and operation

A microfluidic chip was designed to determine protein adsorption isotherms in batch
uptake mode. The liquid phase (buffer solution containing protein) is permanently
contacted with the solid phase (chromatographic resin). Usually this is achieved by
means of stirrers (¢.g., magnetic stirrer in a glass flask), or by shaking the solution in shake
flasks or orbital shakers (eg., for the case of LHS). In the presented microfluidic chip,
the batch uptake is achieved by continuously pumping (by means of a peristaltic pump,
Figure 4.1) the protein solution through a microchannel where the chromatographic
resin is trapped. The channel has a height of 100 pm, which can accommodate a plethora
of resins used in the biopharmaceutical field (e.g, SP Sepharose FF (SP Seph FF) has an
average diameter of 90 um). To trap the beads, frits (pillar-like structures) were included
in the design of the microchip. There are different methods one can apply to achieve
this [22, 23]. The chosen method was to have 5 frit columns next to each other.

Compared to the studied alternatives (shafts, which are achieved by differences in height
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channels, narrowing the channel height to trap the resin), the frit design showed less
flow constraints when performing simple flow simulations (data not shown). Each frit
has a diameter of 50 pm, and the vertical and horizontal distance between frits was also
set at 50 um (Figure 4.3). The liquid inlet (Figure 4.3 A, right) was designed to have a
circular shape that would allow for the bead loading, whereas the liquid outlet (Figure
4.3 A, left) was designed with triangles to easily guide the liquid to the outlet and serve
as an extra barrier in case of defected frits that would fail to trap the beads, thus avoiding

major fouling in the tubes.

(4]

Figure 4.3 - Microfluidic chip design. A — Schematics of the whole microchip. B — Microscope image of
the frits and outlet. The black circle is the hole punched with the punching tool and where the tube will be
fit. C — Zoomed in image of the whole frit structure used. D — Zoomed in image of the top frits and
indication of distance between frits. B, C and D are microscope pictures of the same structure, under
different magnifications.

The liquid flow was ensured by a peristaltic pump. The liquid flowed from the inlet
(Figure 4.3 A, right circular shape) to the outlet (Figure 4.3 A, left circular shape with
triangle shapes). The beads were successfully trapped by the frit system, which is
important to avoid fouling of the PEEK tubes used in the system. Besides SP Seph FF,
beads of average particle diameter of 75 um were also successfully trapped in the frit
system. PDMS-based microfluidic chips can fail at relatively low pressures, so it is
important that the pressure inside the flowing channel is as low as possible [24].
Therefore, a flow rate of 50 pl/min was employed, which enabled a good balance
between a relatively low pressure in the channel, low bead compression against the frits,
and fast enough recirculation through the system.
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4.3.2. Image Analysis

To determine protein adsorption isotherms and ensure results are reliable, it is important
to have a good characterization of the concentration of protein in the liquid phase as
well as the total resin volume that the protein solution contacts. For the first, inline
monitoring of the absorbance values is used whereas for the second an image analysis
program was developed. The crude images were uploaded to the program and the only
processing required was the conversion from red green blue (RGB) to black and white

and snipping the area to evaluate.

By using the function described in section 4.2.4.3.2, it was possible to determine the
radius of the chromatographic beads, given in pixels. The calibration used the channel’s
width (as shown in Figure 4.3 A) to convert the radius to pm. Figure 4.2 shows the
output of the program. The implementation of an appropriate calibration is important
for the microfluidic chip results. Furthermore, Image] software was also used as an
alternative to the described program to determine the resin volume. It had a worse
performance for the intended purpose, as it was labor intensive and less accurate (data
not shown). Therefore, it was decided that the most suitable method for
chromatographic resin volume determination in the microchip was with the

aforementioned program.

4.3.3. Determination of time to equilibrium

The monitoring of the adsorption of protein to the chromatographic resin was achieved
by inline monitoring of the absorbance values at a wavelength of 280 nm (Azgo). This
allows to monitor in real time the adsorption of protein. In Figure 4.4 it is possible to
see the absorbance signal of two different systems throughout the time the experiments
were performed. From this figure it is obvious that each system has its own characteristic
time to equilibrium, which is the time it takes for the adsorption and desorption of
protein molecules to the chromatographic resin to reach an equilibrium, meaning that
the concentrations in the liquid and solid phase no longer change with time. The time to

equilibrium varies dependent on the protein, buffer, and resin used in each experiment

After recirculation is started (time = 0 min), there is a lag time before a signal drop is
observed. This is because the system was primed with a protein solution, which is still
present in the tubes between the microchip and the detector. The first valley that can be
seen in Figure 4.4, and is highlighted in Figure 4.4 A, is representative of two
phenomena: i) the adsorption of the first “protein front” upon passing through the
chromatographic resin for the first time, and ii) a local dilution of the solution due to
the presence of protein-free buffer inside the microchip. The signal gradually smoothens
as a result of a better mixing and adsorption throughout the duration of the experiment.

Eventually, the signal flattens and reaches a plateau, which indicates the time to
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equilibrium. It is noteworthy that for the tested resin and systems, the mAb showed the
longest time to equilibrium (around the 1000-minute mark), whereas for lysozyme the
systems reached equilibrium before the 120-minute mark. This difference can be
explained by the smaller effective diffusivities that mAbs have compared to Lysozyme
on SP Seph FF [25]. The larger mAb molecules take longer to migrate through the pores
into the center of the particles, contributing to a longer time needed to access all available

binding sites.
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Figure 4.4 - Time to equilibrium of Lysozyme (A) and mAb (B) on Sp Seph FF. A — Lysozyme in 10 mM
Phosphate buffer, pH 6.5, [Na+] = 50 mM; B — mAb in 25 mM Acetate Buffer, pH 4.5, [NaCl] = 5 mM.
Dashed line in A shows a closer look at the first 10 min of recirculation, where the signal oscillation can be
explained by the presence of two phenomena: i) already some adsorption from the first pass of protein
through the chromatographic beads and ii) local dilution of the solution due to the presence of protein-free
solution present inside the microchip that is reaching the detector. Lysozyme systems reached a plateau
around the 100-minute mark whereas mAb system reached a plateau around the 1000-minute mark.

4.3.4. Protein Adsorption Isotherms
4.3.4.1. Lysozyme on SP Seph FF

The adsorption of Lysozyme to SP Seph FF was studied. Lysozyme has a very high pl,
meaning that at the tested conditions its net charge will always be positive. Since SP Seph
FF is a Cation-Exchange (CEX) resin, it was expected that a favorable adsorption
behavior would be observed [20].

The isotherm data presented in Figure 4.5 shows the adsorption isotherms of Lysozyme
determined with the 3 different methodologies, as well as the fitted results to a Langmuir
isotherm model (eq. (4)). The adsorption of Lysozyme to SP Seph FF is highly favorable,

visible by the rectangular shape of the three isotherm curves.

_ ImaxKC *4)

=71 ke

The regressed parameter values for the gu. and K estimated from the fitting of the
experimental data to eq. (4) are summarized in Table 4.2. From the aforementioned

figure and table, it is noticeable that the microfluidic chip estimated higher adsorption
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values of Lysozyme to the SP Seph FF for the studied system. Although the estimated
values for the microchip are higher than for the other two methodologies, these are still
within the same order of magnitude. The fitted isotherms also show a similar shape,
meaning that the microchip also predicts the highly favorable adsorption behavior of
Lysozyme to SP Seph FF.
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Figure 4.5 - Adsorption isotherms of Lysozyme on SP Seph FF, in 10 mM Phosphate buffer pH 6.5,
[Na+] = 50 mM, using 3 different methodologies: (A) microfluidic chip, (m) LHS and (¢) Eppendotf tubes.
Dashed lines represent the fitting of the different data sets to the Langmuir model. The parameters of the
fitting can be found in Table 4.2.

Proteins can interact with PDMS and non-specific adsorption of proteins to the PDMS
surface has been previously reported [27]. To understand if this phenomenon was
occurring in our system, some experiments with no resin inside the microchannel were
performed. The results showed a flat signal over the duration of the trial (data not
shown). Furthermore, there is a very low area of PDMS that contacts the solution at any
given point in time and the liquid is being continuously pumped through the channel.
Not only it is unlikely that there is non-specific adsorption, but this is greater when the
solution is contacted statically with the PDMS surface [27]. The fluid flow through the
microfluidic chip would contribute to prevent the non-specific adsorption of Lysozyme
to the PDMS surface.

4.3.4.2. mAb on SP Seph FF

The adsorption of mAbs to SP Seph FF was also studied using the same setup. Initial
experiments showed some instability in the UV signal of the solution containing mAb
throughout the recirculation time. A recent study showed that different kinds of
peristaltic pump tubes can affect the solutions [28]. The authors saw that the amount of
nano and microparticles in solution increased over the pumping trials with water and

buffer solutions, meaning that some particle shedding from the tubes to the solution is
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occurring. The study showed that there is particle shedding from the tube’s material to
the solution, and from the tested tubes, the one that shed the most particles was
PharMed® BPT. Although the amount of particles present in protein-free solutions
increased with the peristaltic pumping, this was much more pronounced when protein
solutions were pumped. This could help explain that the pumping and particle shedding
can influence the stability of the studied protein solution, potentially leading to more
aggregation. Another study by Deiringer and Friess hypothesizes that protein particle
formation is caused by the formation of a protein film in the surface of the tube and
consequent tearing of the film caused by the pump rollers, thus releasing parts of this
film in solution [29]. However, both studies show that the addition of surfactants to the

protein’s solutions would significantly reduce this phenomenon.

Keeping these studies’ observations and our own in mind, the adsorption studies with
the mAb were carried out with a solution containing 0.01% Tween® 20 to increase the
solution’s colloidal stability. LHS studies showed comparable adsorption between the
solutions with and without the added surfactant (data not shown). Similarly, to what was
observed for Lysozyme, it was expected that mAb would have a favorable adsorption to
SP Seph FF at the tested pH, as it is positively charged in these conditions. The results
of the inline monitoring of the signal with the microfluidic chip, shown in Figure 4.4,

were used to define the time to equilibrium needed for this system.
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Figure 4.6 - Adsorption isotherms of mAb on SP Seph FF, in 25 mM Acetate buffer pH 4.5 and 5 mM
NaCl, using 3 different methodologies: (A) microfluidic chip, (m) LHS and (¢) Eppendotf tubes. Dashed
lines represent the fitting of the different data sets to the Langmuir model. The parameters of the fitting can

be found in Table 4.2.

Figure 4.6 shows the adsorption isotherms of mAb with the three different
methodologies, as well as the fitted results to a Langmuir model. From these results, it
is possible to see that the adsorption behavior of mAb to SP Seph FF is favorable,
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characterized by the slope of the linear part of the isotherm. For this protein-resin pair
it is noticeable the microchip results are more in line with what was determined by the
other two methodologies. The regressed parameter values for the g,. and K estimated
from the fitting of the experimental data to eq. (4) are summarized in Table 4.2.

Table 4.2 - Langmuir parameters of Lysozyme and mAb adsorption isotherms on SP Seph FF.

Lysozyme

Method Grmax (mg/ml) K (ml/mg)
pu-chip 136.4 17.8

LHS 98.8 33.1
Eppendorf 86.8 71.7

mAb

Method e (Mg/ml) K (ml/mg)
u-chip 148.0 5.6

LHS 165.6 9.3
Eppendorf 137.7 15.4

This system showed the most agreement between the three methodologies, with the
Langmuir fitting for the microfluidic chip placed between the fitted Langmuir isotherms
for the LHS and Eppendorfs. The microfluidic chip can, therefore, capture the
adsorption behavior of the Lysozyme and mAb.

4.3.5. Cost Considerations

The adsorption isotherms results show that the microfluidic chip, the LHS, and the
Eppendorf tubes are different methodologies that achieve very similar results for the
intended purpose. It would be good to have a comparison between the three
methodologies in terms of costs and compare the key features of each. For the cost
considerations, four different methodologies were considered: LHS (both renting and
purchasing one), microfluidic chip, and Eppendorf tubes. Three cost categories were
considered: equipment costs, material costs and labor costs. These cost considerations
take into account the current technology state of each methodology used for the studies

adsorption studies.

The equipment costs comprise all the necessary equipment for the operation of each of
the methodologies. The renting price of the LHS includes all the necessary equipment
integrated in the LHS that is used for the determination of adsorption isotherms. For

the microfluidics systems a shorter depreciation period was considered for the tubings
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and wafers due to the greater wear that these are subjected to and, therefore, shorter
lifetimes. The equipment necessary for the fabrication of the mastermold, which is often
very expensive, was not considered. The costs of the device used for the preparation of
the resin plugs for the LHS and Eppendorf studies were not considered. The materials
cost estimation is based on the materials and consumables needed to perform the
experiments. The labor cost estimation is based on the hours needed of active labor,
which is the time that an operator needs to actively work for the determination of the
adsorption isotherms. For all the systems the reagent preparation (buffer and protein
solutions) was considered. For the LHS studies, the operation was considered as the
necessaty time to prepare the LHS, resin plug preparation and supervision of initial
stages of the operation, to ensure everything runs without errors. For the microfluidics
studies, the chip production was considered, as well as microchip operation. The latter
includes the time that the operator is required to operate the system and does not include
the incubation time. For the Eppendorf studies, besides the reagent preparation, the
pipetting of the solutions used for the study was also considered. The operation included
the preparation of the resin plugs, the loading of the plugs to different Eppendorf tubes,
and operating the rotor. The removal of the supernatant and subsequent dilution (when
needed) of the solution in the 96 well-plate was also considered. A rate of 25€/h of labor
costs was considered for the present study. The considered equipment, materials and

labor hours per isotherm for each methodology are summarized in Table 4.3.

The cost determination of the protein isotherms was based on the three components
described above. This was done for two different scenarios: one where a “‘cheap” protein
was considered (eg, Lysozyme, which costs 0.03 €/mg) and another where an
“expensive” protein was considered (e,g, mAb, which was estimated to cost 2.29 €/mg,
based on the average price of the infliximab biosimilar in 2016 [30]). This was
considering the determination of 100 protein adsorption isotherms per year. Besides
this, an estimation of the variation of the cost per isotherm with the number of isotherms

determined per year was also performed.

Itis possible to see that, out of all the 4 options, the LHS have the highest material cost,
for both scenarios (Figure 4.7). This is because of the significantly larger liquid and resin
volumes used by the technique (800 ul and 20.8 pl versus 56ul and 0.2 pl, respectively)
per data point. The Eppendotfs also use the same amount of liquid and resin volumes,
but require less disposables than the LHS, hence why the materials costs are lower. This
difference becomes less evident for the “expensive” protein scenario since the costs
related to the sample represent the higher portion of materials costs for these two
methods (LHS and Eppendorfs). However, the lesser consumables use comes at the
expense of added labor and, consequently, higher labor costs.

98



Small, smaller, smallest: Miniaturization of chromatographic process development

3%

°
]
3 B Labor Costs
£ o A SN
=2 %% O Material Costs
o N ;
'5 Q 08 | 239 @ Equipment Costs
© X ;
ww
S @ -~ 67%
2 § 06
=2 - 79% - 8T%
O = p
- i 8%
S ] 04 r 1% 7o
L = / - 15%
b 83%
o
NG o02f
© £ —30% 2/ , 19% — 7% 1% ~10%
£S8 // ) v 1% - 2% D . 7°/|.
5 5 % %, D 2%
=z (7] = o (2} o (2]
T c = = = =
] o 5] o 5] (]
= 2 2 < 2
(2] n) Q o 2
5 = & = &
w i}
Expensive Protein Cheap Protein

Figure 4.7 - Breakdown of the costs for the determination of protein adsorption isotherms, for a LHS
(purchasing and renting), microfluidic chip and Eppendorf tubes, for a base case of 100 isotherms
determined per year. The costs are normalized relative to the methodology of the scenatio that has the
highest overall cost (LHS for the Expensive Protein scenario). Left — Scenario for the “expensive” protein;
the most expensive method for this scenario was the LHS (purchasing), with an isotherm estimated to cost
665€. Right — Scenario for the “cheap” protein; the most expensive method for this scenario was the
microfluidic chip. The percentages show what is the percent contribution of the Labor, Materials and
Equipment cost for each methodology in each scenario (e.g., for LHS in the “cheap” protein scenario, 8%
of the isotherm costs were Labor costs, 15% Material costs and 77% Equipment costs).

The advantage of automation is reflected in the lower labor costs of the LHS in both
scenatios and proves to be an advantage when low-value proteins are studied. On the
other hand, the miniaturization of the adsorption studies proves to be very advantageous
when high-value proteins are studied. Increasing protein costs will change the cost driver
of LHS and Eppendorf to the materials whereas the cost driver of the microfluidic chip
will always be the labor costs. The labor needed for the isotherms studies considered the
microfluidic chip methodology as it was previously described. However, this could be
reduced by increasing the automation of the system, bringing the Labor costs down.
Therefore, the cost performance of the LHS is dependent on the materials’ prices.
Consequently, a high degree of miniaturization is preferred for very expensive proteins

and a high degree of automation is preferred for cheap materials.

An increased number of isotherms to be determined per year also contributes to a
“dilution” of the costs per isotherm for the LHS (see Figure 4.8). This is mainly due to
a decreasing contribution of the equipment costs for an increasing number of isotherms
determined per year. As expected, the microfluidics costs per isotherm plateau at a

relatively low number of isotherms to be determined per year; this is because the labor
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Table 4.3 - Overview of the needed equipment, materials and labor hours needed for the determination of protein adsorption isotherms for the different methodologies
studied.

Equipment Costs

Method Equipment Cost (€) Depreciation Part used for isotherm yeatly equipment cost
LHS LHS 400000 10 0.5 20000
LHS (rent) LHS 10000 - 1 10000
Peristaltic Pump 3508 10 1 350.8
UV-Detector 15000 10 1 1500
Microfluidic chip
Other (tubes, 1000 1 1 1000
Wafer 410 0.5 1 820
Multi-well Plate Reader 10000 10 1 1000
Eppendorf
Rotor 586 10 1 58.6
Labor Hours
Method Task Hours spent per Task per isotherm
All Reagent prep 1
LHS (Purch. & Rent.) Operation 1
) o ) Microchip production 0.5
Microfluidic chip )
Operation 9
Pipetting to Eppendortf tubes 1
Removing supernatant 1.5
Eppendorfs o
dilution to UV-Plate 0.75
Operation 1
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Table 4.3 (cont.) - Overview of the needed equipment, materials and labor hours needed for the determination of protein adsorption isotherms for the different

methodologies studied.

Materials

Method Materials needed Amount needed per isotherm
Resin Dependent on methodology

All Buffer Dependent on methodology
Protein Dependent on methodology
Filter plate 0.5 (pieces)

LHS UV plate 0.5 (pieces)

(Purch. & Rent.) Deep-Well Plate 0.5 (pieces)
Disposable Tips LHS 0.5 (pieces)

Microfluidic chip PDMS + Curing Agent 75¢
Eppendorf tubes 48 (pieces)

Eppendorfs .
UV plate 0.5 (pieces)
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costs are the main cost driver and the labor per isotherm is independent of the number
of isotherms to be determined per year. A similar trend can be observed for the
Eppendorfs, as the main cost driver for the cheap protein is labor, but for the expensive
protein is the materials. For the renting of the LHS, it was considered that only 120
isotherms could be determined in a 3-month rental period (2 isotherm per day for a 60
working day period). Renting the equipment two times a year would already bring the
yeatly costs of the equipment to the same level as purchasing the LHS, which would
then be considered to be more cost-effective. It is important to mention that
maintenance costs are not being considered for this study, which could impact more the
yearly equipment costs of owning the equipment and for renting this would not

represent added costs.
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Figure 4.8 - Variation of the price per isotherm with increasing number of isotherms determined per year,
for the 4 different methodologies considered. A minimum number of 20 isotherms to be determined per
year was considered and for the LHS rent, a maximum number of 120 isotherms per year was considered.
A — Scenario for the “cheap” protein; B — Scenario for the “expensive” protein.

4.3.6. Key Features of the Different Methodologies

LHS remain the status-quo for chromatographic process development for industry and
academia. The LHS rely on their high degree of automation and precision and have a
higher Technology Readiness Level than the other two methodologies presented in this
study. Furthermore, and since it has been widely used by industry and academia for more
than a decade, there is a wide variety of consumables dedicated to chromatographic
process development. However, the equipment has a high price tag, which is not
affordable for every lab.

Microfluidics has been taking steps in the field of bioengineering and there are some
microfluidics devices that are commercialized (mainly for analytics [14]). Atalower TRL,
the microfluidic chips present, generally, a low level of automation, and on-chip
automation can hinder the versatility of the devices. If the operation of the microchips

can have a higher level of automation, the labor costs can be reduced further.
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Nevertheless, microfluidics still offers the highest degree of miniaturization possible,
which in the case of this study, that used an external source for fluid pumping, still
reduced the liquid volume to 56 pl. The tested devices were used only once, but further
testing for the removal of the beads from inside the channel, by reverse flow, could
prove that the devices are reusable. Since PDMS has a high compatibility with acid and
base, the microfluidic chip can be cleaned with most solutions used for the removal of
proteins and regeneration of chromatographic resins. The use of solvents may pose a
problem for PDMS, as these can react with PDMS (e.g., acetone). However, using lower
concentrations of these solves (e.g., 70% v/v EtOH) for shott periods of time should
be sufficient for the intended purpose and still safe to the PDMS chip. Using different
materials for the microfluidic chip (e.g., glass or quartz) would also improve the

microchip’s mechanical and chemical resistance.

If the devices can be reused, it would help to reduce the labor costs. Furthermore, a
common approach for microfluidics is parallelization, which for this case could also be
an interesting option, provided that a system could be designed to allow this.
Microfluidics is still trying to pave the way into HTS for chromatographic processes and
the high skill required to design and produce the designs makes it a less attractive
alternative. This could be overcome with outsourcing and mass production of the

devices or by finding alternative production techniques (like 3D printers).

Of all the methodologies in this work, Eppendorfs proved to be the one with the lowest
level of automation. The need to prepare all the solutions by hand, removal of
supernatant and subsequent dilution in the UV-plate (when needed) required
tremendous amounts of pipetting, leading to lengthy runs in the lab and tedious and
cumbersome work. However, it made up by being the methodology with the most easily
accessible materials (which are common in every lab) and the lowest equipment costs of

the three methodologies.

4.4. Conclusions

Lysozyme and mAb adsorption isotherms were successfully determined using three
different methodologies: microfluidic chip, Liquid-Handling Station, and Eppendorf
tubes. An in-house designed and produced microfluidic chip showed comparable results
to the other two methodologies. Inline monitoring of the absorbance of the protein
solution allowed the microfluidics setup to estimate the time to equilibrium required for
the different systems. This can be especially relevant when systems that are not reported
in the literature are studied (e.g., the mAb used in this study), thus allowing for saving
time and material for such study in a LHS. Industry perceives microfluidics as a viable
option to contribute to HIPD [31], and our study showed that microfluidics can
compete with the status-guo of HTPD for chromatography.
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For the correct estimation of adsorbed protein, accurate protein concentration in the
liquid phase is needed (usually achieved by using spectrophotometry) as well as accurate
resin volume determination. For the latter, devices for the generation of resin plugs are
used for the LHS (and the same device was used for the Eppendorf experiments in this
study), but microfluidics resin volume determination was often imprecise [18] or
cumbersome [17]. By implementing the Image Analysis in our studies, we were able to

accurately estimate the resin volume in each microfluidics experiment.

The microfluidic chip allowed to perform protein adsorption studies to chromatographic
resin using only 200 nl of resin and with a total system volume of 56 ul. This represents
a 100-fold reduction in resin and a 15-fold reduction in solution. Such large reductions
in material and sample proved to be advantageous when considering the cost of isotherm
studies for expensive proteins. However, the large labor costs meant that it was not cost-
competitive when cheap proteins were studied. Of the three methods used, microfluidics
presents the lowest TRL. Further studies could help increase automation of the
proposed system, thus reducing labor costs of microfluidics. The large level of
automation offered by LHS is still very attractive, and depending on the desired total
use, investing in one can be the best option. However, if no intensive studies are needed
year-round, renting a LHS can be a viable option and the most cost-competitive (Figure
4.8). Although the Eppendorf studies showed a good cost performance, the
experimental work involved in the isotherm studies does not allow for a good

throughput and more workers would be needed.

Of the three methodologies, Eppendorfs are the least attractive but could still be used
for lower throughputs if companies or academia are not willing to invest in a LHS or the
microfluidic chip. For intensive studies on protein adsorption isotherms, the LHS is still
the best option, since an increase in throughput (if needed) does not directly translate in
an increase in labor. On the other hand, if the studied protein is very expensive and/or
the amount of material is very low (e.g., due to low expression levels or in early stages
of process development), the proposed microfluidic chip, in its current TRL stage, is an
attractive alternative to the LHS. Further studies and improvements in the microfluidic
chip production and possible parallelization could increase the competitiveness of the
microfluidic chip, even for studies involving cheaper samples. This study showed that
the microfluidic chip was able to generate protein adsorption isotherms using a fraction

of the materials required by other methodologies.
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Chapter 5

Digital Twin in High Throughput
Chromatographic Process Development for
Monoclonal Antibodies

Abstract

The monoclonal antibody (mAb) industry is becoming increasingly digitalized. Digital
twins are becoming increasingly important to test or validate processes before
manufacturing. High-Throughput Process Development (HTPD) has been
progressively used as a tool for process development and innovation. The combination
of High-Throughput Screening with fast computational methods allows to study
processes in-silico in a fast and efficient manner. This paper presents a hybrid approach
for HTPD where equal importance is given to experimental, computational and
decision-making stages. Equilibrium adsorption isotherms of 13 protein A and 16
Cation-Exchange resins were determined with pure mAb. The influence of other
components in the clarified cell culture supernatant (harvest) has been under-
investigated. This work contributes with a methodology for the study of equilibrium
adsorption of mAD in harvest to different protein A resins and compares the adsorption
behavior with the pure sample experiments. Column chromatography was modelled
using a Lumped Kinetic Model, with an overall mass transfer coefficient parameter (£,).
The screening results showed that the harvest solution had virtually no influence on the
adsorption behavior of mAb to the different protein A resins tested. £, was found to
have a linear correlation with the sample feed concentration, which is in line with mass
transfer theory. The hybrid approach for HTPD presented highlights the roles of the
computational, experimental, and decision-making stages in process development, and
how it can be implemented to develop a chromatographic process. The proposed white-

box digital twin helps to accelerate chromatographic process development.

Keywords:  Hatvest High-throughput Screening; High-Throughput Process
Development; Lumped Kinetic Model; Overall Mass Transfer coefficient

This chapter has been submitted for publication: Silva, T.C., Eppink, M. and Ottens,
M..
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5.1. Introduction

The biopharmaceutical market has seen tremendous growth in the past 20 years, with
more and more products getting approval from regulatory agencies [1, 2]. Monoclonal
antibodies (mAbs) are important biopharmaceuticals that are used to treat a plethora of
diseases, such as different types of cancer and autoimmune diseases [2]. MAbs ate
produced by cell culture, where a host (typically CHO cells) produces them and releases
them into the cell culture. Together with the mAbs, many different components are
present in the cell culture which cannot be present in the final product. For patient

administration, mAbs have to be produced in a highly pure form.

The first step for the purification of mAbs is of great importance as it aims to separate
it from all components present in a cell culture (media components, cell metabolites,
Host Cell Proteins (HCP), etc.). It is desired to have a purification step that can both
concentrate and purify the product to a good extent, further reducing the volumes to be
handled downstream. Affinity chromatography is usually the preferred option, and
Protein A (ProA) ligands’ specificity to mAbs and robustness makes it a very attractive
process choice [3, 4]. Even accounting for some disadvantages of ProA chromatography
(expensive ligand, leaching of ProA) [5], efforts to dethrone this ligand as the first
purification step of mAbs have been unsuccessful. Studies on the use of Cation-
Exchange (CEX) and Multimodal (MM) ligands for the capture of mAbs from a complex
mixture have demonstrated good results but still subpar compared to ProA results [6-8].
MM ligands ate especially sensitive to changes in the loading conditions [8, 9]. Further
chromatographic steps are used to polish the mixture, aiming at removing remaining
HCPs, leached ProA, genetic material of the host, and aggregates. These are usually done
with a combination of Ion-Exchange (IEX) and/or Hydrophobic Interaction (HIC)
chromatography steps [2, 10, 11].

Process development strategies for biopharmaceuticals often relied on purely
experimental work. Over the past 30 years, and with the emergence of robotic
workstations, other tools have become available for chromatographic process
development that aim at the miniaturization and automation of experiments [12]. Many
studies have showed the applicability of High-Throughput Screening (HTS) for process
development using Liquid-Handling Stations [13-17], as well as other tools, such as
Eppendorf tubes [18, 19] and microfluidics [20, 21]. However, a purely empirical
approach is both sample and time consuming. For that reason, High-Throughput
Process Development (HTPD) uses a combination of HTS and mechanistic modelling
to accelerate development and minimize costs [22, 23]. Ideally, one should aim at
choosing the simplest model possible that still provides accurate results, as the
computational data should be representative of the experimental data. More complex

models will often require more experiments to calibrate but should also be more
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accurate [24]. This is not always the case, as Altern e a/. showed recently that a Steric
Mass Action model (generally used for Ion Exchange ligands) provided the best
description of the system, for the case of one of the multimodal chromatography resins
tested with mAbs, compared to models that included terms for the hydrophobic
interaction [25].

HTPD is usually done using pure protein solutions to determine parameters and
investigate protein adsorption behavior. Important parameters that are then used in the
adsorption model are hard to define mechanistically and are usually derived from HTS
experiments. For process development to be both fast and effective, it is important to
understand if the screening with pure mAb reflects what happens in the presence of
other components. It still hasn’t been shown in literature (to the authors’ knowledge)
that the equilibrium adsorption behavior of mAbs remains the same regardless of being
in pure form or in the presence of Harvested Cell Culture (hatvest). Furthermore, many
different models have been reported for the description of chromatography [26-29]. The
most complex model (General Rate Model — GRM) provides a full description of the
transport of the molecule through the column and its adsorption to the resin, whereas
the “ideal” model only provides information on convection and adsorption
equilibrium |26, 28]. Lumped Kinetic Models (LKM) are less descriptive than GRM,
usually lacking a detailed kinetic description of the system and several have been
described [27, 28] and used extensively for the description of chromatography of
different solutes and are broadly applicable [30-33]. Mass transfer parameters can be
determined experimentally or using different correlations [26]. Adsorption models also
take many shapes and depend on the type of molecule-ligand interaction, with more
complex ligands (such as MM) needing more complex models for the description of the

chromatographic behavior [13, 34, 35].

“Digital Twins” is an overarching term that can be broadly used within the
biopharmaceuticals industry [36]. They are defined as an in-silico equivalent of a process
and can be used for different purposes, such as virtual experiments and control [37].
Digital twins are often used in manufacturing for data management and life-cycle
analysis, but its use in R&D is still limited[38]. With increasing computational power,
digital twins have become more and more accessible from a computational point of view.
Often, software that offers the “keys-in-hand” digital twins are limited and expensive,
allowing for little customization which limits the ”twinning” capabilities. The use of
grey/white-box models allows for unprecedented levels of customization and increases
process understanding at a cost of understanding any programming language. Industry
seems to be reaching the inflexion point in the adoption of these models, with more and
more companies willing to invest in in-house developed digital twins for process

monitoring and development.
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Taking into account all the design choices that can take place in process development of
chromatography, this study presents a structured hybrid approach to HTPD for the
capture and first polishing step of mAbs. It showcases the screening of dozens of
different ProA and CEX resins and compares adsorption behavior of pure mAb and
mAb in a harvest mixture for a number of selected ProA resins. It discusses the
correlation of overall mass transfer parameter with equilibrium concentration. Finally, it
shows the validation of the model and how the hybrid approach for HTPD helped to
speed-up process development and how it can be used to screen more conditions

without needing to perform experiments.

5.2. Theory

5.2.1. Hybrid Approach for High-Throughput Process Development

A hybrid approach was taken for the development of the chromatography step in this
study. This kind of approach has been previously described [23], and can be applied to
whole processes or to different processes or unit operations inside a larger process. The
approach taken in this study is summarized in Figure 5.1. In this approach, three
different separate parts are considered: experimental, computational, and (the often not
mentioned) decision making. The decision making is always based on information
provided by the experimental or computational parts of the hybrid approach. Important
decisions such as “knock-out” criteria for the resins after HTS or which model to choose
can influence the duration of the process development stage. For this case, the process
development stage could be translated into: HTS, mathematical modelling of
chromatography, in-silico column experiments, column experiments for model validation,

final process design.

The first stage of our approach involved the selection of different ProA and CEX resins
for HTS. Since HTS was available, the selection criteria for this weren’t too tight, and
the criteria to leave out some resins was mainly based on operating constraints of the
resins (pressure limitations, cleaning conditions, etc.) rather than adsorption parameters
provided by the manufacturer. If enough sample is available and there is the possibility
to HTS the resins, it is always advisable to screen the resins. There can be some
unexpected positive/negative tresults, and to build a wide database on adsorption is
always desirable. After HTS and data processing, the first “real” decision making stage
arises, based on the adsorption data. Out of all the resins screened, the best candidates
were the ones that showed a high enough ¢u.. and and with the most rectangular

isotherm shape.

Atfter, there is the need to select an appropriate model for the chromatographic system.

There is an abundance of models to choose from, and the choice will depend on the
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case study and available resources (more complicated models require higher
computational power) [20]. After the model is built, some column experiments are
required to calibrate the model. The choice of the model is important since, generally
speaking, the more complex a model is, the more experiments are needed for its
calibration. This comes from a higher characterization of all phenomena involved in
chromatography, which in turn means that more parameters need to be estimated [20].
From these column experiments, the necessary parameters are fit, finalizing the model

building stage.

Finally, some iz silico rans can be performed. This is the time to evaluate if the output of
the model matches the steps defined by the user and if the model appears to be working.
Provided that everything is in order, experimental runs with the same conditions as the
ones from the zx-silico runs are performed, and the results can be compared. If the results
are comparable to the uset’s satisfaction, then different conditions can be tested and a

decision on the best process for the case study can be made.

Experimental | | Decision Making | | Computational |
| | i
HTS of all resin candidates Select small pool of resins based on
HTS data (e.g., G,y and Koo)
1 Build Chromatographic Model
o GRM
Select Mathematical model to KM
describe chromatographic behavior
e “|deal” Model
]
v
Column Experiments with selected The more complex a model is, Fit necessary parameters for each
resins to calibrate model The more experiments are needed to calibrate it resin
Perform same runs experimentally to Compare Perform in silico chromatographic
check model’s accuracy runs with model

Decide on the best process for the
case study

Figure 5.1 - Hybrid Approach for Process Development of Chromatography. HTS — High-Throughput
Screening; GRM — General Rate Model; LKM — Lumped Kinetic Model.

5.2.2. Adsorption Column Model

The chosen model had to be as accurate and simple as possible. Naturally, the most
complex models are very accurate, such as the General Rate Model (GRM). However,
these models are often the most complex and simplifications have been proposed [38],
such as the Lumped Pore Model and the Lumped Kinetic Model (LIKKM). For this work,
the Transport-Dispersive Model (TDM) was chosen. TDM is a LKM, which in this case
the simplification assumes that there are no intraparticle pores (g = 0), meaning that

there is no longer a separate mass balance for the pores. This model is simpler than the
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GRM but will still provide enough accuracy to describe the system, and is shown in
equation (1 ):

dc ac+D 0%c; 1—¢ 93 (1)
ot it oy TREL G2 T Ty ot

where, ¢is the concentration of protein in the liquid (mg/ml), € is the bed porosity, Uiy,
the interstitial velocity of the mobile phase (m/s), and D is the axial dispersion
coefficient (m?/s). The mass transfer in this system is desctibed by the Solid-Film Linear
Driving Force (SLDF) model [28]. The average solid phase concentration q is described

in the following equation:

aq (2)

Ezkov'(q_q)

Where q is the interface concentration in the stationary phase, Ky, is a lumped mass

transfer coefficient (designated overall mass transfer coefficient) (s1).

The adsorption equilibrium can be described using many different models. The
Langmuir isotherm model is a relatively simple adsorption model that is based on a
number of assumptions [26], that usually can describe the adsorption of pure mixtures
accurately. It is often used for affinity chromatography due to the ligands specificity.
Furthermore, it is safe to assume that no competitive adsorption will happen with the
ProA or the CEX ligands (for this case study), discarding the need to use more complex
models. Therefore, the concentration of protein at the interface of the resin (q) is in
equilibrium with the concentration of protein in the bulk of the liquid (c¢) and can be

estimated using the Langmuir isotherm equation:

_ maxKeqCeq (3)

160 = T3 K pgCeq

where gy is the maximum adsorption capacity (in mg/mlesin), and Kgq is the
adsorption equilibrium constant of the resin (in mliqia/mg). D; was assumed to be 4
times the product of U, and dy, where dp, is the adsorbent’s particle diameter (in m)
[27, 40]. The column is assumed to be free of protein at the initial time point
(C|t:0, osxst = 0and qli=g o<x<r = 0) and the boundary conditions of the column

are described by the Danckwerts boundary conditions for dispersive systems [41]:
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fOI'x=O DL aC
= C: _ 4
c Cinlet + Uint dx ( )
forx =L %:0 (5)
0x

where x the axial position, and L the length of the column. The column was modelled

as a loading-elution operation, with Cjpjer given by:

fortpg St < tgq + Cintet (t) = Cfeed (6)
tpulse
fortgg >t

Cinlet (t) =0 (7)

ort > tgq + tpuise

where Cipjet is the feed concentration of protein, and tgq and tpyse are the equilibration
. 3 . . . . V .
time and pulse time, respectively. The pulse duration is given by tyi5e = —L where

Foinj

Vinj is the injection volume and F, inj the volumetric flow rate of the injection step.

The partial differential equation (equation ( 1)) is dependent on time and axial position.
Spatial discretization using the method of lines was used to transform the partial
differential equations (PDEs) into ordinary differential equations (ODEs). The first and

second order spatial derivatives were discretized using a fourth-order central difference
scheme, with 100 grid points (N), and a step size of Ax = %, where L. is the length of

the column. This ODE together with SLDF equation ODE comprise the set of ODEs
to be solved. The set of ordinary differential equations was solved in MATLAB®
R2021a using odel 55 as the ODE solver.

5.3. Materials and Methods

5.3.1. Materials

The monoclonal antibody (M of 148 220 Da, pl = 8.6) used in this study was provided
by Byondis B.V., Nijmegen, The Netherlands, both in purified form and with the
Clarified Cell Culture (harvest). A summary of the resins used for the HTS studies can
be found in Table 5.1.

For breakthrough curve (BTC) experiments, 1 ml MAbSelect SuRe pcc (MSSpcc) and
MSPrismA HiTrap® columns from Cytiva, Uppsala, Sweden, were used. The bed height
is 25 mm, the inner diameter 7 mm, and the bed volume 1 ml. The MSS column was

packed using the resin mentioned above in an Omnifit™ column housing from Thermo
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Fisher Scientific, Waltham, MA, with an inner diameter of 6.6 mm, a bed height of
approximately 2.8 cm and a bed volume of approximately 0.96 ml. The asymmetry of all
columns was measured with a pulse experiment using 25 pl of a 1% acetone solution

and a 1 M NaCl solution, and was within specifications for all columns.

5.3.2. Buffers and solutions preparation

The different buffers and solutions were prepared by dissolving the appropriate amount
of chemicals in Milli-Q water. For the protein A resin studies, a 1x Phosphate Buffer
Saline (PBS) buffer was prepared and the pH corrected to 7.14 for all the experiments,
to mimic the pH values of the harvest solution. For the CEX resin studies, a 25 mM
NaOAc solution with 20 mM NaCl at pH 4.5 was prepared, to mimic the solution
properties of the eluate of protein A after viral inactivation and subsequent pH
correction. The elution buffers used for the protein A and CEX resins were 25 mM
NaOAc, pH 3.5 and 25 mM NaOAc with 1M NaCl, pH 4.5, respectively.
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Table 5.1 - Summary of the resins used in the HTS studies. (*) - resins that are multimodal CEX resins.

Mode Resin Name Manufacturer
MAbSelect SuRe (MSS)
MADbSelect PrismA™ (MSPrismA) Cytiva, Uppsala, Sweden
MADbSelect SuRe LX (MSSLX)
Capto™ L
Eshmuno® A (EMA) Merck KGaA, Darmstadt, Germany
ProA CaptivA® PtiMAB (CPMAB) Repligen, Waltham, Massachusetts
Pracsto® AP (PAP) Purolite, King of Prussia, PA
Praesto® Jetted (PJet)
KanCapA (KCA) KANEKA, Tokyo, Japan
Amsphere™ A3 (Amsphere ProA — ASPA) JSR Life Sciences (Sunnyvale, CA)
Toyopearl AF-rProtein A-650F (AF650F) Tosoh Biosciences, Tokyo, Japan
POROS™ MabCapture™ A (POROSA) Thermo Fisher Scientific, Waltham, MA
SP Sepharose FF (SPSephFF)
SP Sepharose Big Beads (SPSephBB)
CM Seph FF (CMSephFF) Cytiva, Uppsala, Sweden
Capto™ S ImpAct (CapSImp)
CM Sephadex C-25 (CMSeph25)
Fractogel® EMD COO- (M) (FractoEMD)
Eshmuno® § (EshS)
CEX Eshmuno® HCX (EshHCX) (%) Metck KGaA, Darmstadt, Germany

Eshmuno® CPX (EshCPX)
Eshmuno® CP-FT (EshCPFT)

Toyopeatl Mx-trp-650M (ToyoMxTrp) (*)
Toyopearl CM 650-S (ToyoCM)
Toyopeatl GigaCap-650M (ToyoGiga)

Tosoh Biosciences, Tokyo, Japan

CHT Ceramic Hydroxyapatite Type II Media
Nuvia™ § (NuS)

Bio-Rad Laboratories, Hercules, CA

POROS™ 50 HS (POROS50HS)

Thermo Fisher Scientific, Waltham, MA
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The provided mAb in purified form was buffer-exchanged to the buffer solutions
mentioned above (depending on the resins studied) and diluted until the desired
concentration was achieved. This was done using Vivaspin® 15 Turbo Centrifugal
Concentrator from Sartorius (Gottingen, Germany) or Amicon® ultra-15 centrifugal
filters from Merck KGaA (Darmstadt, Germany). A highly concentrated solution of
mADb in PBS buffer was used to increase the concentration of mAb in the harvest for

the HTS experiments using the harvest.

5.3.3. Analytical Methods

Protein concentration of pure samples was determined using a CTechTM SoloVPE®
system (Repligen, Waltham, Massachusetts). The concentration, aggregation, and purity
of the harvest HTS samples was determined by analytical size-exclusion (SEC)
chromatography in a Acquity H-class bio system (Waters Corp., Milford, MA). 2 pl of
sample was injected in a Tosoh TSKgel UP-SW3000 2 um column (Tosoh Biosciences,
Tokyo, Japan), using as running buffer a mixture of 400 mM NaCl, 15% Isopropanol,
150 mM PO4 buffer pH 6.2, a flowrate of 0.2 ml/min and absorbance of 280 nm.
Protein concentration in the studies with pure mAb was determined using appropriate
calibration curves obtained using the LLHS (for the HTS studies) and the AKTA system

(for the column studies).

5.3.4. Breakthrough Curve Experiments

The breakthrough curve experiments were performed in different AKTA systems:
Avant 150, Avant 25, and Pure 25 (Cytiva). Protein concentrations from the AK'TA were
determined using appropriate calibration curves measured in each of the systems” UV
detectors at 280 nm. BTCs at different feed concentrations (fixed flow rate) and different
flow rates (fixed concentration) were performed, until a plateau in the outlet

concentration was achieved (meaning the resin was saturated).

5.3.5. Adsorption Equilibrium Isotherms

Adsorption isotherms provide information on the equilibrium concentration of a solute
adsorbed to a solid phase (chromatographic resin) at different liquid concentrations. To
understand this, known amounts of protein and resin are contacted until an equilibrium

is reached. Time to reach equilibrium can vary from system to system.
5.3.5.1. Batch Uptake Adsorption Equilibrium Isotherms

Batch uptake experiments contact a liquid with a given initial concentration with a
known amount of resin. After sufficient time is given to the system to reach equilibrium,

the concentration of the liquid phase can be measured and by using a mass balance it is
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possible to estimate what is the amount of protein adsorbed to the solid phase, in the
conditions tested (eq. (8 )):

_ Vl X (Cl,initial - Ceq) (8)

qeq Vr

where, (gq is the protein adsorbed to the resin in equilibrium (in mg/mlesin), V; is the
volume of liquid (in mliquia), V- is the volume of resin (in mliein), and € jnitiqr and Cpeq
are the protein concentrations in the liquid phase in the beginning and after equilibrium

is reached, respectively (in mg/mliquid).

Batch adsorption isotherm data was generated using a Tecan EVO Freedom 200 liquid-
handling station (LHS) (Tecan, Switzerland). The LHS was equipped with an orbital
mixer (Te-Shake), a multi-well plate reader (InfiniTe Pro 200), a robotic manipulator
(RoMa) arm, two different liquid-handling arms (LLiHa and MCA96) and a centrifuge
system (Rotanta).

A known amount of resin (20.8 uL) was added to a 96-well filter plate (Pall Corporation,
NY, USA) using a MediaScout® ResiQuot resin loader device from Atoll (Weingarten,
Germany). To wash the resin, equilibration buffer was pipetted into the filter plate, and
it was shaken for 10 min at 1200 rpm, after which the solution was removed using the
vacuum system. This cycle was performed 3 times in total. Protein solutions were
subsequently pipetted (600 uL) inside the well plates, and the plates were agitated at 1200
rpm until equilibrium was reached (minimum 24h). Once equilibrium was reached, the
filter plate was placed on top of a 2 mL deep-well plate (Eppendorf AG, Hamburg,
Germany) and these were centrifuged together using the centrifugation system. The
supernatant was transferred from the deep well plates to a UV star plate and the
equilibrium concentrations were measured using the plate reader. Equilibrium
concentrations were estimated using appropriate calibration curves, obtained using the
LHS. The results shown for the isotherms of all resins except MSSpcc were generated
using this method.

5.3.5.2. Equilibrium Isotherms from Column Experiments

To determine the adsorption isotherms of MSSpcc, the resulting BTCs at different feed
concentrations were used. The equilibrium concentration of the liquid phase is the feed
concentration of the different trials. This is done by calculating the equilibrium binding
capacity (EBC), which is the binding capacity at which 100% of the dynamic binding
capacity (DBCioow) is achieved [27]. This can be estimated by calculating the area above
the BTC (which corresponds to the adsorbed protein) (eq. (9)).

119



Chapter 5

. _ (tpBCigoy ) .
q _ madsorbed _ qEBC _ (Cfeed tDBcloo% fo ? Cout dt F'U ( 9 )
eq — -

Vresin Vresin Vresin

whete, ¢.s and ¢, ate the feed and outlet concentration (in mg/ml), respectively,
tDBC, gy, 18 the time it takes to reach 100% of DBC (in min), I the volume of resin

(in ml) and F, the flow rate used (in ml/min).
5.3.5.3. Equilibrium Isotherms using Harvest

Equilibrium adsorption isotherms using the Harvest were obtained by contacting a mAb
containing harvest solution with different ProA resins. Two different stock solutions
were used: the original harvest solution, and a “spiked” harvest solution (with a cmap =
5 mg/ml). This solution was only 10% of the volume of the final “spiked” harvest
solution. The isotherms experiments were performed using the same methodology
described in (3.5.1 - Batch Uptake Adsorption Equilibrium Isotherms), with a few
changes. Due to the inability to inject high protein content solutions in the UPLC
system, a slight modification to the experimental procedure had to be done, compared
to the pure mAb isotherms. After the 24h incubation period, the filter plates were
centrifuged and the supernatant collected in the deep-well plates. Then, 600 pl of elution
buffer was pipetted onto the filter plates and the resin was incubated for at least 1 h. The
supernatant was then collected and analyzed using the UPLC system. Contrary to the
pure mAb experiments, the adsorbed mass is used to calculate the ccq of the harvest HTS

trials:

_ Madsorbed _ VHTSeluate X CHTSeruate ( 10)
Qeq = Vo o Voros
resin resin

_ Minit — Madsorbed
Ceq =

(11)

Vresin

whete #uursea is the adsorbed mass to the resin (in mg), Vyrs,;, .., the volume of eluate

used in the harvest trials (in ml), Cyrs the concentration of mAb in the eluate in
eluate

the harvest trials (in mg/ml) and i the initial mass of mAb present in each well for the

harvest trials (in mg).

5.3.6. Parameter Estimation

The Langmuir isotherm parameters were regressed using the pair of ceqand qeq for each
of the resins. This was performed using the Ageurvefit function in MATLAB. The fitting
function was the Langmuir isotherm, as shown in eq. ( 3 ). The error of the fitted
parameters was calculated with an appropriate error propagation, described in 3.7 -

Statistical Analysis. The overall mass transfer coefficient was estimated using the
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experimental data from the BTC experiments at different feed concentrations. The
[freincon function in MATLAB was used and the default tolerances (le-6) were used for
the fit.

5.3.7. Statistical Analysis

The reported uncertainties were calculated taking into account the systematic error and
the statistical error resulting from random variation of measured values. The sample
standard deviation and error propagation was calculated according to Young [42]. For
the systematic error, only the uncertainty associated with the parameter regression of the
calibration was considered, as other equipment errors were considerably smaller and thus
negligible. The error of the regressed isotherm parameters was obtained using the
variance-covariance matrix M, which is calculated by multiplying the variance of the

residuals of the best fit with the Jacobian matrix (J) of the fitting function, as shown in
eq. (12):

U™ Xk res?

n—p

M (12)
where, n is the number of data points, and p the number of regressed parameters. The

diagonal of the covariance matrix contains the variance of each parameter [43].

5.4. Results and Discussion

5.4.1. Adsorption Isotherms pure mAb

The approach mentioned in section 5.2.1 was followed. The first step was the screening
of the different stationary phases of both ProA and CEX ligands. This was done using
pure mAb solutions, which will provide some insight into the adsorption capacity and
affinity of the different resins. The buffer choices were done already considering what
would be found in a manufacturing scenario: the buffer chosen for the ProA
experiments mimics the pH and conductivity of the harvest solution, and the buffer
chosen for the CEX experiments mimics the salt content, pH and conductivity of the

solution after viral inactivation and subsequent pH correction.
5.4.1.1. Protein A resins

The HTS results for the equilibrium adsorption isotherms ProA ligand resins are shown
in Figure 5.2 (Capto® L data shown in Figure SI 5.1). The isotherm data were fitted
using the Langmuir isotherm (eq. (3 )), and the fitted values can be found in Table 5.2.
The results show that most of the resins possess highly favorable adsorption isotherms,
which is in agreement with affinity chromatography (Praesto AP and CaptivA PriMAB
are the exceptions, which are still favorable but with a less rectangular profile). This is
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also confirmed by the high K, values for the resins, with some even in the order of
magnitude of thousands. This is a mathematical artifact from the fitting of the
experimental data to the Langmuir equation and is a consequence of the rectangular
shape of the isotherm for these resins, which lack experimental points in the linear part
of the isotherm, skewing the fitting.

Considering the performance of the resins, it is possible to see that MAb Select PrismA,
MAD Select SuRe pcc, Praesto Jetted, and Praesto AP present the highest maximum
capacity values for the studied mAb (between 65-95 mg/mlein), with MSPrismA and
MSSpcc cleatly outperforming the other resins and Praesto AP presenting a smaller
affinity constant. CaptivA PriMAB, MAD Select SuRe, MAb Select SuRe LX, KanCapA,
and Amsphere ProA all showed maximum capacity values in the middle range (between
52-62 mg/ mlresin), with the first presenting a smaller affinity constant than the rest. The
remainder of the resins (Eshmuno A, AF-rProtein A-650F, POROS Mab Capture A,
Capto® L) showed maximum capacity values in the lower range of all the tested resins
(between 25-44 mg/mliein). This first screening stage served as a first step to understand

which resins would be used for the isotherm studies using harvest solution.

Since the HTS for the harvest required more experimental effort, it was decided that 4
resins would be selected for the harvest study, out of the 13 resin pool: MSS, MSPrismA,
MSSLX, and PJet. MSSpcc was not chosen because it was not available in bulk form
(only in pre-packed column). The resins were chosen based on their maximum
adsorption capacity and affinity constant. Although Praesto AP had a higher maximum
binding capacity than MSSLX, the smaller affinity constant lead to it being discarded for
this trial. MSS was selected because of its relevance and widespread use in industry-

relevant processes.
5.4.1.2. CEX resins

The results with the different CEX ligands are presented in Figure 5.3 (CM Sephadex
C-25 and Toyopearl CM 650-S data shown in Figure SI 5.2). The isotherm data were
fit using the Langmuir isotherm (eq. ( 3)), and the fitted values can be found in Table
5.2. Under the operating conditions (pH 4.5), the mAb is positively charged since the
pH is below the pl. This means that it is expected that the adsorption isotherms will be
favorable, and that is what can be seen from the experimental data. Only for the case of
CM Sephadex C-25 (Figure SI 5.2) there was virtually no adsorption of mAb to the
resin. This happened because CMSeph25 is a weak CEX resin, and the recommended
operating pH is between 6 and 10, which means that the ligand will not be charged at
pH 4.5, thus not adsorbing any protein. Four main clusters were chosen for the CEX
resins, according to their ligand/backbone characteristics: Figure 5.3 A shows
multimodal CEX resins, Figure 5.3 B shows sepharose resins, Figure 5.3 C shows
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Figure 5.2 - Adsorption isotherms of mAb on different Protein A resins, in 1x PBS buffer, pH 7.14. Solid lines represent the fit of the experimental data to the Langmuir
isotherm. A — MSS; B — MSPrismA; C — MSSLX; D — MSSpcc; E — EMA; F — CPMAB; G — PAP; H — KCA; I — PJet; ] — ASPA; K — AF650F; L - POROSA.
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resins with SO3- functional group, and Figure 5.3 D shows resins with sulfoisobutyl and

sulfopropyl functional groups.
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Figure 5.3 - Adsorption isotherms of mAb on different CEX resins in 25 mM NaOAc buffer, pH 4.5. A —
Multimodal CEX resins; B — Sepharose resins; C — -SO3- functional group resins; D — Sulfoisobutyl
(Eshmuno CPX and CPFT and Fractogel EMD COO-) and sulfopropyl (POROS 50 HS) functional group

resins).

The Langmuir fits show rectangular shapes for all the tested resins, with 3 resins showing
very sharp rectangular shapes: Toyopear]l MX-trp-650M and Fractogel EMD COO- in
Figure 5.3 A and D, respectively, and Toyopearl CM 650-S in Figure SI 5.2 right. For
the last two resins, this is mainly a mathematical artifact from the Langmuir fit due to a
lack of experimental data points in the low ¢, range. However, for Toyopear]l MX-trp-
650M there is a large amount of data over the low ¢, range with corresponding high
values of ¢., which then decrease at high ¢, values. Since the Langmuir fit is made for
isotherms that have an asymptote shape (with cap on the fitted g value), the fit will
then converge to the values of g and K, that minimize the error, resulting in such a
Langmuir isotherm shape. From the manufacturer’s data it is clear that the pH can
influence drastically the adsorption capacity of ToyoMxTrp, with a pH change from 4.8
to 5 decreasing the binding capacity as much as 60% (from approx. 95 to 35 mg/ml) in
a solution at roughly the same ionic strength [44]. Antibodies possess tenths and even
up to one hundred buffering amino acid side chains per molecule [45], which means that

despite the buffer’s pH being 4.5, the solution’s pH at higher mAb concentrations may
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be different than the target 4.5. For experiments at higher ¢, a higher initial concentration
of mADb is present in each well, possibly leading to a stronger effect of the buffering
capacity of the mAb in the solution’s pH value, explaining the lower g, values for this

resin at higher mAb concentrations.

The resins with the SO3 functional group showed the highest maximum capacity of the
different clusters, whereas the resins with sulfoisobutyl and sulfopropyl functional
groups showed the most variability between the resins in terms of maximum capacity. It
was expected that the adsorption capacity of SP Seph FF and SP Seph BB would be
similar since the resins have the same ligand. However, we see that the adsorption of SP
Seph BB is inferior to what is observed to SP Seph FF. Although the resin beads of SP
Seph BB have a particle diameter of 100-300 um, which is bigger than the 45-165 pm of
SP Seph FF, the resins have different pore sizes, with pore size of SP Seph BB being
reported at around 7 nm [46] and SP Seph FF pore size being reported at around 60 nm
[47]. It is hypothesized that the smaller pore size hinders protein transport inside the SP
Seph BB resin beads, thus preventing more protein to adsorb to the binding sites closer

to the core of the resin leading to lower adsorption being observed.

Overall, the screening of CEX resins with pure solutions of mAb suits a logical choice
for process development since it is expected that the solution will already be very pure
after the ProA step. The same rationale applies to the buffer choices, since the goal is to
have less buffer-exchanges in the whole purification train, as these are time consuming
and expensive steps. There could be a more suitable buffer for each of the resins, but by
choosing this buffer it is guaranteed that operationally it will require very little
manipulation after the viral inactivation step. Furthermore, it was decided that no
additional screening with CEX resins was needed since the goal was to generate a
database that could handle a CEX step after a ProA step, and the ProA step generates a
highly pure sample of mAb (confirmed by the results of the harvest adsorption

equilibrium experiments).
5.4.2. Adsorption Isotherms Harvest — Protein A resins

Although the pure mAb experiments already give a good indication on the maximum
binding capacity and affinity constants of each resin, it is important to understand if the
adsorption behavior of mAb in harvest or pure solutions changes. To achieve this, it was
decided to perform HTS with mAb in a harvest solution, using similar methodology to
the one described for the pure mAb approach. Since the flowthrough of the filter plates
for these experiments is a harvest solution with a multitude of components, a calibration

curve using the UV plate reader was not possible.

Therefore, for the analysis of the equilibrium concentrations, the UPLC was used.
However, the method used was SEC-UPLC and not Analytical Protein A
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Table 5.2 - Summary of the Langmuir parameters fitted to the experimental data of mAb adsorption
isotherms to the different Protein A and CEX resins. (¥) — Isotherm of CaptoL shown in SI. (**) — Isotherms
of CM Sephadex 25 and Toyopearl CM 650-S shown in SI (these resins have a functional group of

carboxymethyl).

ProA
Resin Gasx (g/mlres) K., (ml/mg)
MSS 5217 £ 1.15 34,39 + 7.82
MSPrismA 79.35 + 1.66 23.82+ 327
MSSLX 61.19 £ 1.31 3318 + 5.62
MSSpcc 97.25 + 2.02 31.79 £ 11.65
EMA 44.39 + 0.96 55.23 £ 20.82
CPMAB 61.92 +1.82 5.00 £ 1.13
PAP 70.92 + 5.32 2.66 £ 091
KCA 51.23 £ 2.32 12.75 £ 4.61
PJet 64.69 = 1.75 15.30 £ 2.60
ASPA 53.32 + 1.83 22.40 £ 6.98
AF650F 33.57 £ 0.96 9.87E+03 = 7.21E+05
POROSA 25.47 = 1.00 7.95E+03 £ 6.52E+05
CaptoL® 38.20 + 2.12 66.20 + 68.93

CEX
Resin Gas (g/mlres) K, (ml/mg)
CHT40 11.13 £ 0.62 14.39 £ 20.72
EshHCX 106.89 = 2.31 2447 + 412
ToyoMxTtp 82.04 + 6.37 5.96E+03 & 7.23E+04
SPSephFF 98.68 £ 0.66 49.74 + 2.55
SPSephBB 75.48 £ 2.04 53.83 £ 15.80
CMSephFF 69.10 £ 0.72 126.44 + 12.81
NuS 150.64 £ 9.80 106.75 £ 29.86
CapSImp 81.70 £ 0.52 86.66 * 4.69
EshS 125.09 *+ 6.26 74.45 £ 20.30
ToyoGiga 131.05 + 4.09 73.86 + 11.90
EshCPX 76.01 £ 0.84 109.07 = 10.61
EshCPFT 66.17 £ 0.55 126.67 = 10.92
FractoEMD 21.82 £ 1.56 9.70E+03 * 1.36E+07
POROS50HS 52.47 £0.76 234,49 + 44,18
CMSeph25¢%) 0.00 £ 2.76E+07 0.00 + 5.21E+04
ToyoCM(™) 19.84 + 1.18 9.68E+03 * 4.22E+06

Chromatography (APAC). In turn, this means that the equilibrium solutions could not
be injected directly in the column due to their high protein content. Consequently, after
incubation was achieved, the equilibrium solution was collected in a deep-well plate and
the resin present in the 96WP was incubated with elution buffer, to desorb all mAb that
adsorbed during the first incubation. After sufficient time was given for the desorption
of mAb, the solution was collected in a different deep-well plate and the concentrations
were measured using the SEC-UPLC. This means that, contrary to what happened for
the pure mAb, this measurement provides information on what was adsorbed to the

resins, rather than what remained in solution. The 4 resins chosen for the harvest study
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were MSS, MSPrismA, MSSLX, and PJet. The reasoning behind the selection of these

resins is discussed in section 5.4.1.1.

The results of the adsorption equilibrium isotherms with the harvest solution are shown
in Figure 5.4. The results show very good agreement between the pure mAb
experiments and the harvest solution experiments. Even though the harvest solution
experiments required extra experimental steps, this seems to not have affected the
results. These results also confirm what had been seen for the pure mAb experiments,
with MSPrismA showing higher maximum adsorption capacity than the other three
resins. The harvest data shows that the screening with the pure mAb gives enough
confidence in the estimation of relevant adsorption parameters for ProA resins. This
implies that for future ProA-based process development it is most likely not necessary

to screen resins using the harvest solution.
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Figure 5.4 - Comparison of the adsorption of mAb to four different Protein A resins from pure sample
and harvest. A — Mab Select SuRe (MSS); B — Mab Select PrismA (MSPrismA); C — Mab Select SuRe LX
(MSSLX); D — Praesto Jetted.
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5.4.3. Column Experiments

Following the hybrid approach described in section 5.2.1, after the first screenings and
model choice are done, it is time to perform some column experiments (BTC) with the
selected resins to calibrate the model. These usually involve, but are not limited to,
experiments with varying loading concentration and constant flowrate and with constant
loading concentration and varying flowrate. These experiments first serve as a check of
the model suitability and, if that is confirmed, to estimate or fit some parameters that
cannot be determined using mathematical correlations. In the case of the present work,
these experiments were used to estimate the overall mass transfer coefficient of our
system, since the axial dispersion coefficient was estimated using the correlation

mentioned in section 5.2.2.
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Figure 5.5 - Column experiments used for the calibration of the mechanistic model for MSPrismA with
pure mAb solutions. A - Different initial concentration and constant flow rate (Fv = 0.5 ml/min); B -
Different flow rate and constant concentration (cmAb = 5 g/L). Dots represent 100 data points from every
experiment. In B, the line connecting the experimental data points is used to guide the reader’s eye.
C/Co — normalized concentration (concentration observed divided by inlet concentration). CV — column

volumes.

The BTCs for MSPrismA are shown in Figure 5.5 and for MSS and MSSpcc are shown
in Figure SI 5.3. MSPrismA and MSSpcc were chosen because they showed the highest
maximum adsorption capacity and MSS as the industry standard. The results of the
experimental BTCs are in line with the expected results. As it can be seen in Figure 5.5
A, for less concentrated solutions, more column volumes (CV) will have to be flowed
through the column to saturate all the resin’s binding sites. Figure 5.5 B shows the
BTCs at different flowrates (and, therefore, different residence times). It is noticeable
that at higher flowrates (lower residence times), there is earlier breakthrough of protein
from the column, and the shape of the BTC is less sharp (flatter). This can be attributed
to the shorter times allowed for adsorption to take place, since the residence time is
shorter. Other authors have also reported that some resins present a decrease in DBC

with decrease of residence times [48-50]. A flatter BTC will lead to an under-utilization
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of the resin in the column since less CV will be required to reach the defined %DBC
defined for the process. The flowrate (or residence time) is an important parameter for
the design of chromatography, mainly due to its influence in the shape of BTCs. This
becomes increasingly important in the design of continuous chromatography systems

that do not operate in flowthrough mode.

5.4.4. Parameter Estimation

The selected model for mass transfer in the present work was a lumped-parameter
model. These models assume that changes in the concentration occur very near to the
boundary of the solid-liquid interface but that far from this interface the system is “well-
mixed”, so that the concentration in the solid and liquid interface does not change the
further we are from the interface [51]. It was assumed that the kinetics of adsorption and
desorption was much faster than the mass transfer kinetics, therefore the model used
was the Transport-Dispersive Model [28]. In the SLDF model, all contributing
mechanisms for band broadening are lumped in a coefficient, which in the case of this
work is defined by £,. The lumped phenomena include pore, solid, and free diffusivities,

film mass transfer coefficient, among others [26, 28].

Cortrelations have been proposed to describe the overall mass transfer coefficient of
LKMs, for example, based on the external film mass transfer coefficient [52], and have
been extensively used [29, 31]. These correlations are proposed for the liquid-film linear
driving force model. For the current work this was not applicable, since the SLDF was

used.

Ruthven has described that the diffusivities are not independent of the solute’s
concentration, at either low or high solute concentration [52]. A recent study by Yu ¢ a/.
also found that the diffusion coefficient of proteins is a function of the protein’s
concentration in solution, with a higher diffusion coefficient in more concentrated
solutions [53]. For the SLDF model, concentration dependence between the rate
coefficient and solute concentration has been previously described [28, 54, 55].
Furthermore, recent work has described this dependence in the rate coefficient
expressions, for example with the rate depending on the partition ratio, which in turn
depends on the solute concentration [56]. Other authors have also described this
correlation in terms of mathematical equations for constant pattern behavior [57].
Furthermore, it has been reported that apparent diffusion coefficients are dependent on

the isotherm chord, which in turn is dependent on the solute’s concentration [28].

Therefore, it was concluded that the rate coefficient, in this case the overall mass transfer
coefficient, had a concentration dependence. To evaluate this, the £, was fit to BTCs
with varying protein concentration. The obtained values for 4, VS c are shown in

Figure 5.6. Comparing the results of the three different resins tested, it is noticeable
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that the obtained values are different from resin to resin. This was expected because
there are different phenomena playing a role in the mass transfer in chromatographic
separations, from pore diameter, particle radius, among others, and these depend on the
resin’s characteristics. The results obtained from this work’s estimation are similar to the
ones obtained by Chen ef a/. [57], even though the authors present a modification to the
model described by LeVan and Carta [506].

The fitting of 4,, to the experimental BTC was easily achieved and provided results with
good confidence intervals. This method of determining the mass transfer coefficient
eliminates the need to have laborious mathematical descriptions for this parameter,
whilst providing accurate results without requiring extra experiments. The linearity of
the correlation could be easily implemented in the model and provided good forecasting
abilities even for concentrations that were not tested experimentally, thus adding to the

predictive capabilities of the model.
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Figure 5.6 - Variation of k,, with concentration for 3 different Protein A resins. A — MSS; B — MSPrismA;
C — MSSpcc. The red line (=) represents the linear fitting and the blue dashed lines (- - -) represents the
95% confidence band of each fitting.

The 4,, estimated in the context of this work is a function of the feed concentration and
it represents the £, averaged over the length of the column over the time it takes to fully
saturate the column in the context of BTC experiments. This is, of course, a
simplification of the physical phenomena responsible for mass transfer and adsorption
inside the column. In reality, with the aforementioned references, the mass transfer
parameters are a function of protein concentration. Since protein concentration changes
along the length of the column and with time, due to the progression of the protein front
through the column and the protein that gets retained through adsorption, one could
say that the overall mass transfer coefficient (or any mass transfer coefficient, for that
matter, such as film mass transfer coefficient or pore mass transfer coefficient) depends
simultaneously on feed concentrations, axial position and time. The inclusion of this
dependence in the £, parameter would increase the complexity of the fitting while not
improving the accuracy of the model. The model presented in this work aims at
providing the most accurate results possible with the simplest possible model, while still

maintaining physical description of the system. The proposed correlation between 4,
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and feed concentration achieved this goal, hence why it was decided to use the presented

model for the current study.

5.4.5. Model Validation

In Figure 5.1 it is highlighted that the first “Computational” task is the choice of the
model. In this step, prior knowledge of the system and of chromatography in general
can play an important role into making a first choice of model as close to an appropriate
one as possible. The LKMs offer detailed descriptions of chromatographic behavior at
a low computational expense, compared for example with the GRM. The LKMs can be
described by Linear Driving Force (LDF) models, based either on the liquid or solid
phase concentration of protein. In the case of linear isotherms, the results are not
expected to change much between the two LKM [27, 52]. However, the same does not
hold for non-linear isotherms, which is almost always the case for the biopharmaceutical
industry. For systems with favorable adsorption isotherms it has been described that the
SLDF model is preferred when intra-particle resistance is the dominant mass transfer
resistance [27]. In the case of this work, the film (external) mass transfer resistance was
considered negligible compared to the internal mass transfer resistance [58]. The fit (or
misfit) of the experimental results with the model’s results can prove/disprove the
validity of the assumptions taken and, in case the assumptions were not correct, a re-

evaluation of the chosen model may be needed.

Following the steps described in Figure 5.1, after fitting the necessary parameters to the
model, the first in-sifico runs can be performed. These runs serve as a first screening step
to understand if there are any major flaws in the model. This is done based on the output
chromatogram and how this looks. After the experimental conditions are set /#-silico, the
same experiment can be run in the chromatographic equipment in order to understand
if the model’s and experiment’s results are in agreement. Figure 5.7 A shows the
validation of the model, by comparing a loading step to 100% breakthrough of a 5 g/L
mAb solution. It is possible to see from the experimental results that the model was able
to capture the adsorption behavior accurately, with a good prediction of the initial
breakthrough and the shape of the BTC. Similar results were achieved for the other two

resins (data not shown).

The model was able to capture the essence of the chromatogram for all the different
steps. The loading behavior (the most important step) was accurately described as
discussed above. The washing profile was also consistent to what is expected, with a
decrease in the concentration of protein at the outlet of the column, consistent to what
is expected experimentally, since the non-adsorbed mAb present in the interstitial fluid
flows out of the column during the wash step. The model also shows a sharp elution

profile with a little tailing. This is consistent with ProA elution profiles, which generally
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use low pH solutions as modifiers that will make the mAb almost instantly elute,
generating a very concentrated protein front, which then tails off due to axial dispersion.
Simulations with different loading volumes showed results consistent to what is
expected. When loading the column to DBC10% and DBC50% (Figure 5.7 B and C,
respectively) the elution peaks were smaller than for DBC100%, with DBC10% and
DBC50% having the smallest and second smallest elution peaks, respectively, which was

expected due to the lower amount of mAb loaded onto the columns.
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Figure 5.7 - Validation of the used mechanistic model for the simulation of protein chromatographic
behavior with MSPrismA at a loading concentration of 5 g/L and a loading flow rate of 0.5 ml/min. A —
Model validation by loading the column to 100% Breakthrough: experimental data points (*) ; B & C —
Example of model applicability, by testing the loading of the column until 10% and 50% Breakthrough,
respectively. Vertical red dash-dot lines (——) represent the different phases. Different column volumes were
used for different phases: Equilibration (Eq.) — 5 CV, Load (L) — variable, Wash (W) — 10 CV, Elution (EL)
—10 CV, CIP — 10 CV. These are represented above each plot.
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5.4.6. Model Application: Preparing for higher USP titers

The applicability of chromatography models in the biopharmaceutical industry has been
thoroughly discussed [59]. Increasingly higher titers in the Upstream Processing have
shifted the costs to Downstream Processing, of which ProA represents a big portion of
the costs [2, 5]. The approach followed in this work showed how chromatographic

process development could be tackled, from beginning to end.

The model showed good results for a variety of feed concentrations (data not shown),
of which a compatison between model and experimental results are shown for a 5 g/L
feed concentration. This concentration was chosen because it is becoming an industry
standard to achieve such titers of mAb during cell culture. Since ProA is the first step in
the purification of mAbs, it is important to have a good mechanistic understanding of
the process, which the results above show. Furthermore, and considering how much
titer has increased throughout the last two decades [2], a model that can accurately
predict this increase in feed concentration is important for process design and is

provided in this work.

To provide further clarity on this, a mAb at a titer of 5 mg/ml was purified from a
harvest solution using a ProA resin (Figure 5.8). The experimental results show a great
initial increase in the UV signal due to the presence of impurities in the harvest solution.
This signal starts plateauing at around 2000 mA.U. and after some CV, there is again an
increase in the UV signal, marking the beginning of breakthrough of mAb, which is
clearly captured by the model. Model results were generated for pure mAb solutions
since it was considered that for a purification scheme that includes a ProA step it would
be unnecessary to attempt to model the interactions between the ProA resins and the
components in the harvest solution. Elution results also show good agreement between
model data and experimental data. CIP shows that some mAb was stripped from the
column in the experiment and not in the model. This is because when modelling this
step, it was considered that all mAb would be removed in the elution phase. Nonetheless,

the amount of mAb in the CIP is negligible compared to the elution phase.
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Figure 5.8 - Purification of the mAb from harvest solution using MSS (A) and MSPrismA (B) with a titer
of 5 mg/ml and a flowrate of 0.49 and 0.68 ml/min, respectively. Experimental data is given in Absorbance
Units (mA.U.) and model data is given in concentration (secondary y-axis). Model data was obtained for a
pure mAb scenario, since the impurities were not modelled. Initial breakthrough of mAb can be observed
by the slight shift in the plateauing curve during loading (approximately at around 2000 mA.U.) and was
accurately predicted by the model. Elution was also accurately predicted by the model. There are some
discrepancies between experiments and model in the CIP, since in the model it is assumed that no mAb is
lost in this phase. The used volumes for each phase were: Loading — 4.7 CV (MSS — A) and 8 CV (MSPrismA
— B); Wash — 20 CV; Elution — 15 CV; CIP — 10 CV. UV signal saturated at 3000 mA.U., which would
cortespond to a 10 mg/ml solution in case the used calibration would be extrapolated to the maximum

mA.U. value, hence why the maximum of each axis was set to these values.

The proposed model showed that with a small number of experiments it is possible to
reach an accurate model. With the linear mass transfer coefficient correlations, it would
even be possible to extrapolate the results to calculate a 4, for higher concentrations,
with an experimental check being recommended. The obtained results are pivotal for
the design of the capture step. Anything ranging from appropriate loading flowrate, to
Yield and productivity predictions and capacity needed, can be predicted using the
developed model. In addition to what was described, models are great tools that can be
used for the control of chromatographic processes, provided that they are accurate and
fast enough [60]. The capabilities of this model in accurately predicting chromatographic
behavior highlight its use as a Digital Twin for the chromatography step. The step can
be further studied and optimized in-silico by varying a multitude of parameters, from
flowrates to feed concentrations or column dimensions, without the need to test every
design idea experimentally. This reduces the experimental burden in eatly development
stages, helping to achieve the desired process faster and cheaper. Furthermore, such
chromatographic models help to enhance process knowledge and helps to achieve a

Quality by Design approach in biopharmaceutical process development.

5.5. Conclusions

This work focused on the development of a hybrid approach for the development of a
chromatographic step for the purification of monoclonal antibodies (Figure 5.1). This
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approach focused on minimizing experiments and applying mechanistic models that are
as simple as possible whilst providing a good prediction for the chromatographic
behavior. The approach made use of HTS of several resins (both ProA and CEX) and

the development of a mechanistic model for chromatography.

The initial HTS step (29 resins studied — 13 ProA and 16 CEX) aimed at reducing the
number of resins to study in subsequent steps. After ProA chromatography itis expected
that most impurities are removed from the solution, yielding the pure mAb screening of
CEX resins a good enough model for polishing steps. The adsorption behavior of the
mAb in a harvest solution was further studied using 4 ProA resins (MSS, MSPrismA,
MSSLX, and PJet) to assess the influence of the impurities in mAb adsorption. The
results show comparable adsorption isotherms. Therefore, it can be concluded that the
parameters estimated from the HTS using pure mAb can be used when modelling a

ProA-based mAb purification process from harvest solution.

The choice of model used to study mAb chromatography was based on achieving the
best description of the chromatographic behavior with the least complexity possible. A
LKM with SLDF model, using Langmuir adsorption model, was used and the overall
mass transfer coefficient was determined through breakthrough curve (BTC)
experiments. The linear correlation between feed concentration and the mass transfer
coefficient simplified the model compared to other methodologies proposed for the
estimation of this parameter [56, 57]. This linear correlation can be used to extrapolate
the overall mass transfer coefficient for solutions with a higher mAb concentration,
provided that there is experimental validation. The model results were then compared
to an experiment and showed great agreement between the model’s predictions and the
expetimental results at a feed concentration of 5 g/L, showing the model’s validity and

applicability.
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Supplementary Information
Tables

Table SI 5.1 — Percentage of monomer (Mon.) and monomer plus High Molecular Weight species (Mon.
+ HMW) in the samples after batch uptake adsorption with harvest solution, measured by the UHPLC.
Results shown are triplicate results, with the error representing the standard deviation of the triplicates.
Results for different initial concentrations are shown (0.6 to 2 mg/ml are the low concentration trials, and
1 to 5 are the high concentration trials). The results show the data from the adsorption trials with the same
four resins mentioned in section 4.2.

MSS MSPrismA MSSLX PJet

Cinitial
(mg/ml) [Mon. (%) |Mon.+  [Mon. (%) [Mon.+ |Mon. (%) |Mon.+ |Mon. (%) |Mon.+

HMW (%) HMW (%) HMW (%) HMW (%)
0.6 978+ 0.4 [99.7£0.1 [97.5+02 [99.54+0.0 [97.5%03 |99.5+0.0 |96.3 0.2 |99.5+ 0.0
0.8 965+ 0.7 [995%0.0 [97.1£0.1 {99500 [972%0.1 [99.5+0.1 |96.1+0.9 {99.5+ 0.0
1 964+ 0.1 [995%0.1 [97.1£0.0 {99500 [968 0.1 [99.5+0.1 |96.3+ 0.5 |99.6 0.0
1.2 96.0 0.1 [993 0.0 [969+0.0 [99.4%0.0 [965%0.1 |99.4+0.0 |96.4+ 0.1 |99.5+ 0.0
14 957+ 0.3 [99.4%0.1 [969+0.0 {99500 [96.6%0.1 [99.5+0.0 |96.1+0.3 |99.5+ 0.0
1.6 958+ 0.0 [995%0.0 [967+0.0 {99500 [962+03 |99.4+02 |95.0+ 1.7 {99.5+ 0.0
1.8 957+ 0.1 [99.4%00 [954+17 {99500 [963 0.1 |99.4+0.0 |953+0.6 |99.5+ 0.0
2 943409 [99.1£02 [964+02 {99500 [963 0.1 |99.5+0.0 |94.8+0.5 |99.5+ 0.0
1 96.6 % 0.4 [99.7 0.0 [96.4 £0.1{99.6 +0.0[962 +0.0[99.7 £0.0|951 +0.3]99.8 +0.0
2 958+ 0.1 [99.7£0.0 [957 £0.1{99.6 +£0.1[959 £0.5[99.7 £0.0|94.9 +0.4|99.7 +0.0
2.5 96.6 0.1 [99.7£0.0 [96.7 £0.0{99.6 +0.0[965 £0.2[99.5 £0.2|942 £0.1|99.7 +0.0
3 951408 [99.4 %00 953 £1.3(99.4 £0.2[957 £0.7[995 £0.2|941 £02(99.5 £0.1
35 951408 [99.4 0.1 [951 £0.7(99.4 £0.2[94.6 +1.1[993 £0.1|942 £0.9(99.3 £0.1
4 943402 [993£0.1 [942 £0.1|98.7 +0.4[940 +0.8[99.3 £0.1|940 £0.1]99.2 +0.0
4.5 9412 0.0 [992£0.0 [942 £0.0[99.0 +0.0[942 £0.0[99.2 £0.0|925 £0.7]99.4 +0.2
5 939402 [992%0.0 935 £0.8(99.3 +£0.5[94.1 £0.0[988 £0.5|93.9 £0.2(99.1 +0.0
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Table SI 5.2 — Parameters used in the chromatographic model for MSPrismA and MSS.

Parameter Resin Units
MSPrismA MSS
Bed porosity (ep) 0.3 0.31 -
Pore porosity (gp) 0.89 0.92 -
Total porosity (g) 0.92 0.94 -
Particle/bead diameter (dp) 60x10-¢ 85x10¢ m
Radius of the pore (fpore) [18] 3.27x108 4.18x108 m
Cmax 79.35 57.17 mg/mlesin
Keq 23.82 34.39 mliquid/mg
Column Inner diameter (Dj) 7 x10-2 m
Column Length (L) 2.5x102 m
Column Volume (V) 1 mlL
Liquid viscosity (i) 1x103 Pa-s
Liquid density (p) 1000 kg/m?3
Figures
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Figure SI 5.1 - Adsorption isotherms of mAb on CaptoL resin in 1x PBS buffer, pH 7.14.
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Figure SI 5.2 - Adsorption isotherms of mAb on CM Sephadex C-25 (left) and Toyopearl CM 650-S (right)
in 25 mM NaOAc buffer, pH 4.5.
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Figure SI 5.3 - Column experiments used for the calibration of the mechanistic model of MSS (A & B) and
MSSpcce (C & D). A & C — Different initial concentrations and constant flow rate (Fy = 0.5 ml/min); B &
D - Different flow rate and constant concentration (cmab = 5 g/L). Dots reptresent 100 data points from
every experiment. In B and D, the line connecting the experimental data points is used to guide the reader’s
eye. C/Cy — normalized concentration (concentration observed divided by inlet concentration). CV —

column volumes.

143






Chapter 6

Integrated Continuous Chromatography for
Capture and Polishing at High Protein Load

Abstract

Integrated Continuous Biomanufacturing reduces manufacturing costs while
maintaining product quality. A key contributor for high biopharmaceuticals costs,
especially monoclonal antibodies (mAbs), is chromatography. Protein A ligands are
usually preferred but still expensive in the manufacturing context, and batch
chromatography under-utilizes the columns’ capacity, compromising productivity to
maintain high yields. Continuous chromatography increases columns’ Capacity
Utilization (CU) without sacrificing yield or productivity. This work presents the sn-silico
optimization of a 3 Column Periodic Counter-current Chromatography (3C-PCC) of a
capture and polishing step for mAbs. The 3C-PCC was modeled and Pareto-fronts were
used to optimize the 3C-PCC steps varying the flowrate and percentage of breakthrough
achieved in the interconnected loading, maximizing Productivity and CU. Breakthrough
curve shape significantly impacts the optimization of 3C-PCC. The model output was
validated for three different protein A ligands using a pure mAb solution MAb Select
SuRe pcc was selected to continuously capture mAb from a high-titer clarified cell
culture supernatant (harvest). The eluates of this were pooled and used for continuous
polishing using a Cation-Exchange resin. Experimental results validated model
predictions (<7% deviation in the worst case) and a process with two 3C-PCC in

sequence was proposed, with a productivity of approximately 100 mg/ml.c;/h.

Keywords: Continuous Chromatography; High titers; Integrated Continuous
Biomanufacturing; Modeling; Periodic Countet-current Chromatography

This chapter has been submitted for publication: Silva, T.C., Isaksson, M., Nilsson, B.,
Eppink, M. and Ottens, M..
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6.1. Introduction

Demand for monoclonal antibodies (mAbs) is rising every year, making this one of the
fastest growing biopharmaceuticals [1]. Simultaneously, mAbs are historically expensive
to produce and new solutions to reduce the price have arisen, mostly in the form of
biosimilars [2]. Operational strategies and process improvements have also been
implemented to increase production capacity, notably recent developments in Upstream
Processing (USP) where increasingly higher titers are being achieved [3]. Naturally, USP
improvements to the cell line’s productivity at a fractional increase of the costs have
shifted the cost pressure of these biopharmaceuticals to the Downstream Processing
(DSP), where costs can be as high as 80% of the total production costs [4]. Of all unit
operation in a DSP train, chromatography is the most cost demanding. This is mainly
due to resin prices (in general expensive, especially protein A ligands) and to the fact that
there are usually three chromatographic steps [5, 6]. Despite this, chromatography is still
the most viable option for the purification of mAbs, since other alternatives have still

not been able to compete with it [7].

Integrated Continuous Biomanufacturing can help tackle the aforementioned problems
by increasing the productivity and reducing costs of the whole process [8]. The
biopharmaceutical community and regulatory agencies are joining efforts to make the
transition to continuous manufacturing [9, 10]. Chromatography is, for most cases, an
inherently batch process. If operated in bind and elute mode, product collection will
unavoidably be discrete. Different strategies to convert batch chromatography to
continuous have been proposed: (Capture) Simulated Moving Bed (CaptureSMB/SMB)
in the case of operating in bind and elute mode or not, respectively [11]; Multicolumn
Countercurrent Solvent Gradient Purification (MCSGP) [12]; Periodic Counter-current
Chromatography (PCC); among others [11]; and various systems are already

commercially available [13].

One very important design element for PCC are Breakthrough Curves (BTCs). These
provide information on the protein’s Dynamic Binding Capacity (DBC) at specific
operating conditions (flow rate, buffer conditions, etc.). Figure 6.1 A shows how a BTC
looks and an example of what is usually done in batch chromatography, where the
loading step goes to about 1% of DBC (DBC1%). The area in light green above the BTC
curve shows the protein adsorbed to the resin until DBC1%, whereas the grey area with
right diagonal lines and red area with left diagonal lines represent the protein that would
be lost and what could still be adsorbed to the column in case the column would be
loaded to DBC100%, respectively. By interconnecting the columns in the loading step
it is possible to go to higher percentages of DBC. In Figure 6.1 B one can see that by
interconnecting the loading, it is possible to reach a higher DBC without losing product

(it is captured by the subsequent column, represented by area in white). In the loaded
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column, more protein will be adsorbed (sum of the areas of light and dark green). The
reduction of the red area means that more of the resin is used to adsorb product,

increasing the resin utilization.

Empirical optimization studies on PCC can be laborious and expensive, as both a
significant amount of product and time would be required to find optimum processes.
By using Mechanistic Models (MM) to describe chromatographic behavior it is possible
to test several scenarios in-silico before having to make the shift to the lab [14]. There
are several parameters that need to be addressed in such optimization [15], therefore the
computer-based optimization will help to reduce process development times. The
choices of the model and optimization framework are important, as there is often a
compromise between accuracy and optimization times. Furthermore, the feasibility of

different process alternatives can be evaluated in-silico, saving time and sample [16].

This work presents a model-based optimization for a batch and a 3 column PCC (3C-
PCC) capture step and a 3C-PCC polishing Cation-Exchange (CEX) step. The selected
resins were optimized zn-silico for different feed concentrations. The continuous model
was validated with pure sample for a feed concentration of 5 g/L.. The best performing
ProA resin was selected for a study with harvest solution and the eluates were then used
as feed solution for the 3C-PCC of CEX, mimicking a continuous capture and polishing
step. Finally, model data is compared to experimental data to assess the model’s

feasibility to describe the system and its accuracy.
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Figure 6.1 - Breakthrough curve of importance for the design of continuous chromatography. A — Scenario
where only one column is connected; B — Scenario where columns are interconnected. Light green
represents the protein adsorbed to the chromatographic resin until 1% of DBC; Dark green represents the
protein adsorbed in column i until a specified percentage of breakthrough is achieved (represented by % s).
Red with left diagonal dashes represents the protein that could still be adsorbed to the column if 100% DBC
was achieved. Grey with tight diagonal dashes represents what is lost in the flow through.
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6.2. Materials and Methods

6.2.1. Theory: Continuous Chromatography Model
6.2.1.1. 3C-PCC process and model

3C-PCC was modelled using the Transport Dispersive Model (TDM) and the mass
transfer is described by the Solid-Film Linear Driving Force (SLDF) model, both
described elsewhere [17]. BTC experiments used to calibrate the model have been
previously described and performed [17] (for ProA resins). BTC experiments for the

CEX resins are shown in SI.

In this system, feed continuity was assured by guaranteeing that the duration of the non-
loading steps was shorter than that for the loading step [18]. As in the case for the
experimental setup, the model connects the outlet of one column to another (for the
interconnected loading and interconnected washing), which in the model is achieved by
setting the inlet boundary condition of the receiving column as the outlet of the giving
column. In this system, the Danckwerts boundary conditions for dispersive systems
apply [19], where the inlet concentration is provided by the mathematical solution of the
previous column. This is done in the ordinary differential equations (ODE) axial and

time-dependent system, and the spatial discretization is achieved using the method of

lines.
@ l ! ®
C1 cC2 c3 E ;
] 1
B e BT &
r T T =T T
T T BT &
o T T 5 o

Figure 6.2 - Diagram with the different phases in the operation of a 3 Column Periodic Counter-current
Chromatography (3C-PCC). Numbers 1 to 3 represent the start-up phase and numbers 4 to 9 represent the
cyclic operation.
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Figure 6.2 shows a schematic representation of the system. Figure 6.2 - 1to 3 represent
the start-up phase, where column 1 (C1) is loaded disconnected (Figure 6.2 — 2) and
then interconnected to C2 (Figure 6.2 — 3). In Figure 6.2 — 4, C2 is loaded disconnected
and C1 is washed interconnected to C3, minimizing product loss. In Figure 6.2 — 5, C1
undergoes elution (el.), CIP and equilibration (eq.) while C2 is loaded interconnected to
C3. In Figure 6.2 — 6, C2 is washed interconnected to Cl while C3 is loaded
disconnected. In Figure 6.2 — 7, C2 undergoes el., CIP, and eq., while C3 is washed
interconnected to C1. In Figure 6.2 — 8, C3 is washed interconnected to C2, while C1
is loaded disconnected. Finally, in Figure 6.2 — 9, C1 is loaded interconnected to C2,
while C3 is undergoing el., CIP and eq. and will be ready to receive the wash from C1,
thus completing one full cycle.

6.2.1.2. Batch and Continuous Optimization

In a PCC process, feed continuity is ensured by guaranteeing that the time it takes to
completely load one column (%) is larger than the time required to perform all other
steps. Two common performance indicators are the productivity (P), which is the
protein adsorbed per resin volume and time, and the capacity utilization (CU), which is
the effective adsorbed product divided by the maximum product that could be adsorbed
at the tested feed concentration and depends on the chosen isotherm (in this case the

Langmuir isotherm). The indicators are calculated according to the following equations:

Lall cycles * Creed Fvinj — Mass Lost

cv-(1- gb) * Neotumns * tau cycles

P (MGmap/Mlyesin/h) = (1)

tan cycles " Cfeed " Fvin — Mass Lost

q Ceed (2)
cv - (1 - gb) ' Ncolumns ' (Ncycles 1) ( Tlmﬁ_c Keqeq sz:: )

CU (%) =

where gy cycles 15 the cycle time for all cycles, Cfeeq is the feed concentration, Fvin]. is

f rend Clz=p dt

the loading flow rate, Mass Lost = is the mass lost in the cycle, CV is

Creed'tall cycles

the column volume, &, is the bed porosity, Neolumns is the number of columns, Neyeles is
the number of cycles, and Gpqy and Kgq are the maximum adsorption capacity and

adsorption equilibrium constant of each resin, in the Langmuir model, respectively.

For the defined process, a Yield (Y) constraint was set, to minimize product loss both
in the interconnected loading step (by early breakthrough in the second column) and in
the interconnected wash step. This can be defined as the recovered product divided by
the total loaded product:
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tevele " Creed " By, . — Mass Lost
Y(%)Z cycle ‘fee Vinj

(3)

teycle * Creed Fvin]-
Additionally, there is another parameter that can be used to design the PCC step and
check its performance, which is the percentage of breakthrough achieved in the first

column when two columns are interconnected (% ). This can be defined as:

05 (%) = Szt (98T = endic pnase)

(4)
Cf eed

The design variables for the optimization of the continuous step were the loading flow
rate and the percentage of breakthrough achieved in the first column at the end of an
interconnected load. The constraints set for the system were feed continuity (meaning
that 7,,, must be larger than the time to recover the product and prepare the column to
be interconnected for the wash (%r)), and a yield constraint, to avoid product loss. The
only design variable for the optimization of the batch chromatography was the loading
flow rate, since % s is fixed to 1% because of the yield constraint. The optimization

procedure for the continuous steps can be summarized in:

objective = max(Prod, CU)
0.1/0.25 < P;,l.nj < 1 ml/min
20 < %s <90 (5)

Y > 99%
tcycle > trr

variables: x = [F,]l.nj ,

% s] with {

Constraints: {

The lower limits of Fvinj were 0.1 and 0.25 ml/min for the PCC CEX and ProA

optimization, respectively. In case where the optimal solution of an objective function
hurts the results of the other, Pareto fronts find non-inferior solutions to the problem,
which form the Pateto front. An optimization was run for every resin and different feed
concentrations. The used optimization solver was paretosearch, an in-built function of the
Global optimization toolbox in MATLAB, that allows to solve constrained multi-
objective optimization problems. Another solver (gamultiolj) was also tested, but the
yielded results were the same, but at larger computational times, so the first was used for
the present work. The selected population size was 150, and maximum iterations of 50,
and default tolerances were used. Each optimization was computed in parallel in a 10-

core computer and ran for approximately 18h each.
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6.2.2. Materials

1 ml HiTrap® columns of Protein A (ProA) resins Mab Select SuRe (MSS), Mab Select
PrismA (MSPrismA), and Mab Select SuRe pcc (MSSpcc) and Cation-Exchange (CEX)
resins Capto™ S ImpAct (CapSImp), and SP Sepharose Fast Flow (SPSephFF) were
purchased from Cytiva, Uppsala, Sweden. The bed height is 25 mm, the inner diameter
7 mm, and the bed volume 1 ml. The mAb (M, of 148 220 Da, pl = 8.6) used in this
study was provided by Byondis B.V., Nijmegen, The Netherlands, both in purified form
and with the Clarified Cell Culture (harvest). The titer of mAb present in the harvest was
1.4 ¢/L.

6.2.3. Buffers and solutions preparation

The different buffers and solutions were prepared by dissolving the appropriate amount
of chemicals in Milli-QQ water. For the protein A resin studies, a 1x Phosphate Buffer
Saline (PBS) buffer was prepared and the pH corrected to 7.14 for all the experiments,
to mimic the pH values of the harvest solution. For the CEX resin studies, a 25 mM
NaOAc solution at pH 4.5 was prepared. The elution buffers used for the protein A and
CEX resins were 25 mM NaOAc pH 3.5, and 25 mM NaOAc with 1M NaCl pH 4.5,
respectively. The provided mAb in purified form was buffer-exchanged to the buffer
solutions mentioned above (depending on the resins studied) and diluted until the
desired concentration was achieved. A highly concentrated solution of mAb in 1x PBS
buffer was used to increase the concentration of mAb in the harvest for the HTS

experiments using the harvest.

6.2.4. Analytical Methods

The concentration, aggregation, and purity of the eluates of harvest samples was
determined by analytical size-exclusion (SEC) chromatography UltiMate 3000 UHPLC
System (Thermo Fisher Scientific, Waltham, MA). 5 ul of each sample was injected in
an ACQUITY UPLC Protein BEH SEC 200 A column (Waters Corp., Milford, MA),
using the running buffer 100 mM sodium phosphate buffer pH 6.8, a flowrate of 0.3
ml/min and absorbance of 280 nm. Protein concentration in the studies with pure mAb
(until 5 mg/ml) was determined using appropriate calibration curves obtained using the
AKTA system.

6.2.5. Criteria for resin selection

The selection of the pool of ProA and CEX resins used for this study was based on
previous work [17]. Three ProA resins were chosen for the optimization studies, and
from the output of these studies, the operating conditions of the pure mAb PCC
experiments were chosen, both to validate the continuous model and compare the

petformance of the resins. A productivity of around 100 mg/mlcein/h was chosen for all
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resins. After the experimental runs, and provided that the experimental results were in
line with the 7n-sifico results, the ProA resin that showed the best results of productivity
and CU was chosen for the PCC with the Harvest. The CEX resin chosen for the
subsequent polishing step was based only on the optimization results from the two
optimized resins, since it was expected that experimental and zn-sifico results would not
differ.

6.2.6. Continuous runs — Pure mAb and Harvest

For the capture experiments, a concentration of 5 mg/ml of mAb was selected and the
process was run for a total of 8 cycles. The 3C-PCC experimental runs with pure mAb
were used to validate the model results and compare the performance of the resins. The
best performing resin in terms of the selection criteria was used for the capture step

from the Harvest mixture, at a mAb concentration of 5 mg/ml.

The capture step eluates from the harvest trials were stored in elution buffer for a
minimum of 1h, then mixed, and the pH was corrected to 4.5. This solution was then
used as input for the 3C-PCC run of the CEX resin. Due to the concentrating ability of
chromatography, the available solution for the CEX trials allowed to run 4 cycles, instead
of the 8 cycles for the ProA resin.

6.2.7. Continuous experimental setup and process control

The experimental setup for the 3C-PCC runs (pure mAb and continuous) is shown in
Figure 6.3. This setup is similar to the one used by Gomis-Fons ef a/, applied in an
AKTA Avant 25 unit [16]. The column valve (ColV) is used to dictate the flow path of
the loading of sample (green line). The versatile valves (VVs) and outlet valve (OutV)
are used to direct the flow after each column. In Figure 6.3 is shown an example where
C1 and C2 are in the interconnected loading phase, whereas C3 is undergoing the non-
loading steps (blue line). The UV1 monitor is used to monitor the loading and wash
phases of each column and the UV2 monitor is used to monitor the elution steps and
what leaves column in the position /+7 in the interconnected wash step. Lastly, the loop
valve (LV) is used to fractionate the eluates, whenever the pooling is active. The
chromatography system is controlled by the research software Orbit [20], which was
previously used for the control and monitoring of continuous purification

processes [21].

6.2.8. Statistical Analysis

The reported uncertainties were calculated considering the systematic error and the
statistical error resulting from random variation of measured values. The sample
standard deviation and error propagation was calculated according to Young [22]. For

the systematic error, only the uncertainty associated with the parameter regression of the
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calibration was accounted, as other equipment errors were considerably smaller and thus

negligible.

Sample N
Pump | I

Inlet A

Waste

E G
Product

Collection

Figure 6.3 - Experimental set-up of the 3C-PCC process on the AKTA Avant 25. The example shows the
interconnected loading from column 1 to column 2 (green line) while column 3 undergoes the non-loading

steps (blue line) (in this case the elution step, where there is product collection).

6.3. Results and Discussion

6.3.1. Optimization PCC — Protein A

The optimization of the ProA 3C-PCC was accomplished by estimating the Pareto
fronts for Productivity and CU. The Pareto fronts can be calculated for any combination
of KPIs, which can be Purity, Yield, CU, concentration factor, Productivity, among
others [16, 23]. In case of the present work, the Yield was used as a constraint and the
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Productivity and CU were regarded as more important KPIs to optimize, since it was
expected that the purity would be high after the ProA step. The optimization was carried
out for three different resins, at four different feed concentrations for the 3C-PCC

system and one feed concentration for the batch system.
6.3.1.1. Resin Selection

There is a wide variety of ProA ligand resins available in the market, which makes it
difficult to narrow down to one single resin. The three resins chosen for optimization
were based on previous HTS work [17], based on the maximum binding capacity and
affinity constant values from the isotherm study, and operating stability: MSS (chosen
due to its industrial relevance to date), MSPrismA, and MSSpcc. As mentioned in Figure
6.1, the BTC shape also plays a role in the suitability of the resins to be used in a 3C-
PCC system. Previous work with these three resins showed that all BTCs showed
promising profiles to be used in a 3C-PCC system [17].

6.3.1.2. Different Concentrations tested in optimization: preparing for the future

The optimization of the 3C-PCC was run for four different concentrations: 2, 5, 7.5, and
10 g/L. Titers as high as these are becoming the norm for USP [1], thus in a process
intensification point-of-view it is imperative that DSP prepares for the future. 2 g/L is
already the norm in mAD titers and 5 g/L titers are becoming more and more common
[24], with titers as high as 10 g/L being rarer but having already been reported [25]. The
model calibration was petformed for mAb concentrations up to 5 g/L, and varying
flowrate with constant feed concentration of 5 g/L [17], which implies that the higher
concentrations are extrapolations of the model. Although the experimental verification
of such results is advised, we are confident that the linear correlation that was reported
between the mass transfer coefficient and feed concentration holds true for higher
concentrations [17]. Thus, it is anticipated that the extrapolated results show no major

deviations from what is expected and were deemed reasonable and trustable.

Figure 6.4 shows the Pareto fronts for the different ProA resins (A-MSS; B-MSPrismA;
C-MSSpcc). The shape of the Pareto fronts for all resins is mainly influenced by the BTC
profiles of the resins under different operating conditions. The productivity is mainly
affected by the flow rate, since at a higher flow rate and constant feed concentration it
is possible to process more product at the same processing time. However, higher flow
rate will lead to flattening of BTCs, which means that the columns will have to be
interconnected for the load phase eatlier. Furthermore, to reach high values of %s the
columns will have to be interconnected for longer periods, which could lead to a
breakthrough in the second column while the first is still not loaded to the required %s,
thus the capacity will be affected to have the yield within the requirements. This is
noticeable for the lower concentrations tested (2 and 5 g/L) and especially for MSS.
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Since MSS has the lowest capacity of the three columns, it will be the most negatively
affected by an increase in the flowrate, and in Figure 6.4 A itis clear that small increases
in productivity (achieved by increasing the flow rate) lead to increasingly larger decreases
in CU, due to flattening of the BTCs. Similar phenomena has been previously
reported [16].
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Figure 6.4 - Optimization plots of the three different Protein A resins studied for the capture step of mAb.
A, B, and C are the Pareto fronts for MSS, MSPrismA, and MSSpcc, respectively. The optimization was
done for batch mode (at cmAb of 5 g/L) and continuous mode (at cmAb of 2.5, 5, 7.5, and 10 g/L). D —
Compatison of the optimizations for continuous chromatography of the three different resins ata 5 g/L
concentration of mAb.

In Figure 6.4 C, it is interesting to observe that MSSpcc is the resin that shows the least
variation in the slope of the Pareto fronts between the different concentrations. This
resin, which was designed to have improved mass transfer capabilities, is the least
affected by a change in the flow rate, hence why the “drop” that is observed for the
other two resins is not observed. For MSSpcc the BTCs did not become significantly
shallower at increased flow rates, and showed the later breakthrough time out of the

three resins. In fact, from Figure 6.4 A to C one can see a decrease in the slope of the
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Pareto fronts, which directly correlates with decreasing particle radius (MSS — 85 um,
MSPrismA — 60 um; MSSpcec — 50 um) and inversely correlates with the increasing
maximum binding capacity (MSS — 52 mg/ml, MSPrismA — 79 mg/ml; MSSpcc — 97
mg/ml) [17].

The improved mass transfer from smaller resin patticles [26] and higher binding
capacities will allow for sharper BTCs at higher flow rates, allowing to increase
productivity without greatly hampering the CU. Figure 6.4 D shows the Pareto fronts
for each of the resins for the 3C-PCC at 5 g/L feed concentration. The Pareto fronts
follow the trend discussed above, and this comparison highlights that for a similar
Productivity a much higher CU can be achieved using MSSpcc compared to MSPrismA
and MSS. For productivities above 70 mg/mles/h, MSSpcc has CU values of 5% or
above compared with the other resins, which means that if the desired productivity is

above such value, MSSpcc would be the best alternative at this feed concentration.

A Pareto-front for the different systems using a feed concentration of 20 g/L was also
tested. However, the results showed no feasible process was possible to achieve at this
feed concentration. This is because the highly concentrated feed will saturate the binding
sites in the column with very little volume and the inter-connected load phase volume
will be a fraction of the non-interconnected load phase volume, meaning that very little
time is available for the non-loading steps of the column. Therefore, the condition of
feed continuity in this system would not be met, meaning that a continuous system could
not be achieved. The described system is based on 1 mL columns, which are very small.
Performing the same optimization for columns of bigger dimensions would possibly

lead to a feasible process for that feed concentration.
6.3.1.3. Batch VS Continuous

The comparison between the batch and continuous mode of operation is important to
understand if the continuous operation is able to deliver a process that has higher
productivities and capacity utilization [18]. Since in 3C-PCC the loading is
interconnected, it is expected that the Pareto-front for the continuous process is above
the Pareto-front for the batch process. In fact, this is what is observed for all resins
(Figure 6.4). Higher productivities are achieved by having a higher flow rate and,
therefore, a higher throughput of material. An increase in the flow rate will lead to eatlier
breakthrough times and shallower BTCs, meaning that interconnecting the columns is
needed to increase CU without compromising productivity and yield. Interconnected
loading allows to increase the %s, which leads to more protein being loaded onto the
column and consequently more protein adsorbing to the available binding sites, leading

to higher CU. Since the optimizations are constrained to 99% Yield, the batch processes
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will consequently have lower CU, since the %s achieved by this process will be much

lower than what can be achieved for the continuous processes.

A comparison of Pareto fronts for batch and continuous processes has been previously
shown [16]. In this study, and since the focus is to optimize for the current titers and
prepare for higher titers in the future, the comparison between batch and continuous
modes of operation was done for 5 g/L. For all resins, the batch Patreto-front follows
the continuous Pareto-front in a seemingly parallel fashion. This is because of what was
mentioned above, with the interconnecting of the columns allowing to reach higher
%DBC in the first column, increasing CU for the same productivity. For example, for a
productivity of 70 mg/ml./h, the CU of continuous increased 27, 19, 13 % compared
to batch, for MSS, MSPrismA, and MSSpcc, respectively. For a CU of 80%, productivity
1s 91, 67, 82 % higher compared to batch, for MSS, MSPrismA, and MSSpcc,
respectively. This shows the potential of continuous chromatography, with large
increases in productivity and CU being possible using this mode of operation.
Nonetheless, it is noticeable that the batch processes for this feed concentration can still
go to high productivities. This comes at the cost of lower CU, caused by the earlier
breakthrough times for processes with higher flowrates. Ultimately, continuous mode of
operation is able to offer better KPIs for the process compared to the batch mode of
operation. However, this comes at a higher operational complexity and the choice
between batch and continuous mode of operation depends on the manufacturing

scenario and the manufacturer’s goal.

6.3.2. Continuous runs pure mAb — Protein A

The results of the optimization provide some insight on the performance of the three
different resins. However, it is important to understand if the model’s results are in
agreement with experimental results. To do this, a 3C-PCC experiment was performed
with each of the different resins, for a feed concentration of 5 g/, and the experimental
KPIs compared with the model’s KPIs. To compare the different resins, the productivity
of 100 mg/ml.;/h was chosen for all the resins and the corresponding loading flow rate
and %s was used for each of the resins’ experiments. Figure 6.5 shows the resulting
chromatograms of this comparison for MSPrismA. A total of 8 cycles (fully loading the
three columns) were done, where the first cycle is the startup phase and the last cycle is
considered to be the shutdown phase. The first injection is done in C3, meaning that the
injection in C1 of the first cycle is the second peak in the total chromatogram.

Figure 6.5 A shows the total chromatogram of the continuous run. The concentration
was estimated from the UV-signal and appropriate calibration curve in the AKTA Avant

system, which is linear until 5 g/L. The elution peaks’ concentration maximum is well
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Figure 6.5 - Experimental validation of the continuous chromatography model for the capture step with a
pure sample of mAb using MSPrismA. The initial concentration is 5 g/L and the loading flowrate is 0.71
ml/min. A — total chromatogram; B — Zoom in on the steady-state of the cyclic operation of the 3C-PCC;
C — Model data for the same cyclic period as shown in B. In A and B, black and red represent the
concentration observed in UV1 and UV2, respectively. In C, black, red, and blue represent the outlet

concentrations observed for columns 1, 2, and 3, respectively.

above 9 g/L, and what can be seen in the figure is an artifact from the signal saturation
in the AKTA system’s UV-detector. Figure 6.5 B shows the steady-state part of this
operation. It is possible to see that from the second cycle the operation is already at
steady-state through the similarities in the shapes of the BTCs of different cycles.
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Figure 6.5 C shows the steady-state operation of the same process performed 7n-silico,
with the operating conditions chosen to be the same as the ones used in the experiments.
The experimental profile of the 3C-PCC run is very similar to the model’s profile for all
the different chromatographic stages, like the loading profiles (shape of the
breakthrough curve in the different cycles) and the washing and elution profiles. The
model even captured the miniscule “peak” that can be seen in the beginning of the
washing, which is an artifact due to the use of a higher flow rate for the wash stage
compared to the loading stage (also observed in the experiments). The model’s washing
curves show a sharper decrease in concentration when compared to the experimental
curve, which can mainly be attributed to the lack of ideality of the experiments compared
to the model. The model also did not capture the small peak of the CIP. This is because
when modelling the system it was assumed that no mAb would be irreversibly bound to
the column, therefore the model predicted that all the mAb adsorbed in the loading
phase would be collected in the eluate. Nonetheless, it was already expected that there

would be some loss of product in the CIP stage, which was observed experimentally.

Table 6.1 shows a comparison between the KPIs predicted by the model in the
optimization and what was obtained experimentally, for a target productivity of 100
mg/ml.s/h, for the three different resins. The target productivity was based on the
optimization using the feed concentration of 5 g/L. In reality, the solutions prepated for
the 3C-PCC experiments had a slightly different concentration than 5 g/ L (MSS —4.92
g/L; MSPrismA — 4.83 g/L; MSSpcc — 4.9 g/1), and the concentration of the solutions
used experimentally was used to estimate the KPIs of the different resins and provide a
fair comparison. The experimental results for the different resins show a very good
agreement between the KPIs predicted by the model and the experimental KPIs. The
yield values were lower than the model’s estimations because the model was set to
optimize based on a 99% yield constraint. As mentioned above, the model assumed that
all the protein adsorbed in the would be recovered in the eluate, with the yield losses
mainly being attributed to losses in breakthrough of the second column in the
interconnected phase. However, in practice this is not what happens, and there can be
some “irreversible” binding, and some of the protein can only be displaced with harsher
chemical conditions, such as the ones of the CIP stage, explaining the small peaks
observed in the CIP stage in Figure 6.5. Nonetheless, the deviation for all the resins is
below 4 %.

The experimental productivity values are also in agreement with the experimental values
for the 3 resins studied. Productivity values depend on the yield values, since it is a
measurement of the output of the process. If the output is lower due to a lower yield,

the productivity of the process will also be lower. This is confirmed by the larger

159



Chapter 6

deviations in productivity coming from the resins that had the larger deviations in yield,

which for the productivity are not larger than 3.9 % for all the resins.

CU is the measurement of the amount of mAb that is actually adsorbed to the resin in a
cycle compared to the total theoretical amount of mAb that the resin could adsorb (if all
binding sites would be occupied), and it also depends on, among other things, the yield
values. Overall, the CU of the model’s predictions and the experimental values are in
good agreement, but vary between the different resins, contrary to yield and productivity.
This is because yield was a constraint and productivity was the KPI chosen to keep the
same for all resins. All resins present quite a high CU (all above 78%), with MSSpcc
showing the highest CU, at 88%, which was already expected from the optimization

results.

The %s values for MSPrismA and MSSpcc followed the predictions from the model.
However, the experimental %s for MSS was higher than the model predicted. The main
difference between model and experiments is that the model was built with no dead
volumes between the columns, since tubing could have to be replaced during operation,
and it was decided to model assuming no dead volume between the columns. This
assumption is acceptable because the dead volume between columns was not expected
to be large enough to affect operation, and therefore the complexity of the model was
reduced. It is hypothesized that the dead volume between the tubes still had some
protein solution when there was a switch between the loading and the washing phases.
Since the BTC for MSS has a relatively sharp profile at the operated flow rate between
%s of 65 to 85%, this dead volume that is not accounted for in the model could help
explain the difference between model and experimental %s values. For MSPrismA and
MSSpcc, the curves at the respective operational flow rates are slightly less sharp,
explaining why the deviations are not considerable.

Table 6.1 - Comparison of the model and experimental Key Performance Indicators (KPIs) for the pure
mAD experiments, with the 3 different Protein A resins tested. The feed concentrations used for the model’s
values were the same as for each experiment’s feed concentration: MSS — 4.92 ¢/L; MSPrismA — 4.83 g/L;

MSSpcc — 4.9 g/L. Loading flow rate for each resin: MSS — 0.70 ml/min; MSPrismA — 0.71 ml/min; MSSpcc
—0.72 ml/min.

MSS MSPrismA MSSpcc
Model Experimental Model Experimental Model Expetrimental
Yield (%) 99.57 95881375 99.61 9847+3.85 99.15 95.88 +3.75

Prod. 9798 9435+£3.69 96.18 96.07+3.76 9874  96.51 £ 3.78
CU (%) 7890 7624 +298  81.62 79.68+3.12  90.01  88.24 + 3.45
% s (%) 67.80 78.03+£223 7996 7791+238  89.68 87.68 +3.67
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The results show that the mechanistic model for the chromatographic columns [17] and
the continuous model employed in the context of this work are validated, both by the
concentration profiles from the zn-si/ico and lab experiments as well as by the KPIs
obtained. The presented continuous model is capable of optimizing the operation of a
3C-PCC chromatography with great accuracy. Given the KPIs of the different resins,
MSSpcc was the selected resin for the harvest trials since it showed the best performance

of all evaluated resin candidates.

6.3.3. Continuous runs Harvest — MSSpcc

After performing the 3C-PCC experiments with pure mAb for the different resin
candidates, the best performing resin (MSSpcc) was selected for the capture of mAb
from a harvest solution. Figure 6.6 shows the resulting chromatogram of the
experiment with the harvest solution. In the case of the 3C-PCC for the harvest solution,
the base UV signal was considerably higher than what was observed for the pure mAb
study, due to the presence of different components in solution (HCPs, genetic material,
among others). Consequently, a direct translation from the UV-signal to concentration

of mAb was not possible for the harvest experiment.
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Figure 6.6 - Experimental run of the capture step with Harvest. A — Full length chromatogram; B — Zoom
in on the start-up phase of the experiment; C — Zoom in on part of the cyclic operation of the continuous
chromatogtraphy. In all graphs, black and red represent the absorbance values at 280 nm in UV1 and UV2,

respectively.
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Figure 6.6 B shows the startup phase and Figure 6.6 C shows the steady-state phase
of the 3C-PCC operation. From Figure 6.6 B it is possible to see that the base UV signal
is around 1800 mA.U. and from both Figure 6.6 B and C it is possible to see the BTC
of the loading of the columns, even with the high baseline. The high baseline value made
it impossible to calculate %s, since this KPI was estimated based on the chromatogram
and sampling was only performed during the elution steps. Another difference from the
pure mAb experiments is the presence of a peak in the UV2 during the washing phase,
which corresponds to the components in solution that are being washed out and do not
adsorb to the column that is receiving the wash from the column being washed. In
Figure 6.6 C it is possible to see that the steady-state of the operation is reached, and
that the UV signals during loading, washing, elution, and CIP are consistent over time.

From previous studies it was proven that adsorption behavior of the studied mAb does
not change significantly between a pure mAb solution or mAb in harvest [17]. Based on
this observation, it was expected that MSSpcc’s KPIs would be comparable in the case
of the hatrvest experiment. To assess if the KPIs of the harvest solution were comparable
to those of the pure solution and the 7z-silico optimization, the KPIs were calculated and
are shown in Table 6.2. The model’s KPIs shown in Table 6.2 for MSSpcc are the
results that were obtained from the optimization at 5 g/L feed concentration, hence why
these are different than what is shown in Table 6.1 (which were obtained using the real
concentration of the sample for the pure mAb MSSpcc trial). The feed concentration of
mADb for the harvest trials could not be estimated, therefore it was assumed to be 5 g/L.
The results in Table 6.2 show a slight reduction in yield and productivity and a more
pronounced reduction in CU, compared to the pure mAb experiments. The majority of
mAbs adsotb to protein A ligands through the Fc-region [27]. If some other media
components are present and causing some steric hindrance, it could be that this
phenomenon would negatively interfere with the adsorption of mAbs to ProA ligands,
justifying the reduction observed for CU. Nonetheless, the process showed that it could
perform very similarly to the pure mAb process, and the obtained KPI values are very
close to what the optimization had predicted. Besides the KPIs, the content of
monomer, and High and Low Molecular Weight (HMW and LMW, respectively) species
was determined Table 6.2. From this result we can see that the continuous capture step
was able to purify the initial sample to great extent, with mAb content (monomer plus

HMW species) representing more than 98.5% of the mixture.

6.3.4. Optimization PCC CEX

Similarly to what was done for the optimization of ProA, the optimization for the CEX
step was achieved by estimating the Pareto fronts for Productivity and CU. Once again,

the Yield was used as a constraint. In total, two different resins were used for the
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optimization, and the optimization was performed only for the case of a continuous
process (3C-PCC).

6.3.4.1. Resin selection

The variety of CEX resins available is even wider than the ProA resins. From a pool of
16 different resins (of which some were multimodal CEX resins), two were selected [17].
The selection was based on different criteria (binding capacity, operating stability, among

others), and the two resins selected were SP Sepharose Fast Flow (SP Seph FF) and
Capto™S ImpAct (CaptoS).

6.3.4.2. Different Concentrations tested

A total of four different concentrations were tested in the optimization of the 3C-PCC
for the CEX step: 5, 10, 15, and 20 g/L. Since the capture step is both a purification and
concentration step, it is logical that the concentration of the ProA eluates is higher than
that of the feed, even considering a pH correction after VI. The results of the
optimization for SP Seph FF and CaptoS are shown in Figure 6.7.

100 T T T T T
90 | . 1
Y]
i) 2 W
| ' ° i
80 o -] '.I - %.
BB W by, S
_— ? oy e
o 70 | o } ~,: 4
< Dﬁ H "0 °
2 = ®
O 60} g 8 o
a I s
g )
H 3
2 ©  CaptoS Impact - 5 g/L
50 B S8 o ©® CaptoS Impact - 10 g/L |7
o . @ CaptoS Impact - 15 g/L
e CaptoS Impact-20g/L | ]
L o SPSephFF-5gL ||
40 ® SP Seph FF-10 gL
= SP Seph FF-15g/L
®_SPSephFF-20g/L
30 1 1 1 T T
0 50 100 150 200 250 300

Productivity (mg/ml../h)

Figure 6.7 - Optimization plots of the two different CEX resins studied for the polishing step of mAb. Red
and green represent CaptoS ImpAct and SP Seph FF, respectively. The optimization was done for
continuous mode at 5, 10, 15, and 20 g/L feed concentration.

Comparing the Pareto fronts for both resins, it is possible to see that CaptoS shows
better Pareto fronts, since for the same concentration, the productivity is in general
much higher at the same CU. The CaptoS curves for 5 g/I. and 10 g/L practically overlap
with the SP Seph FF curves for 10 g/L and 20 g/L, highlighting the superior
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performance of CaptoS. As mentioned for the ProA resins, the BTC profile influences
greatly the Pareto front, sometimes significantly more than the binding capacity. From
the 2 resins studied, SP Seph FF has a higher binding capacity compared to CaptoS (97
mg/mles VS 82 mg/ml.) [17], but the BTC is flatter. Therefore, at the same flowrate it
is expected that the sharper BTC profile of CaptoS will be advantageous in the
interconnected loading phase, preventing losses in the second column. This is in line

with what is advertised by Cytiva, since CaptoS was designed as a high-resolution resin.

The Pareto fronts for both resins in Figure 6.7 also show that a higher feed
concentration will lead to flatter Pareto curves, which is expected since to achieve the
same productivity lower flow rates can be used and sharper BTC profiles will be
obtained, consequently increasing CU [16]. The lower maximum productivity achieved
for CaptoS for 20 g/L compared to 15 g/Lis justified by the yield constraint. To increase
productivity it is necessary to increase the flow rate and, at 20 g/L, the increase needed
to achieve higher productivities would also lead to shallower BTCs, causing eatly
breakthrough in the second column. Therefore, there is a limit productivity associated
with each feed concentration, which for the 20 g/L solution and the operating
conditions tested is around 200 mg/ml.;/h. The operating conditions (flow rate, column
volume, etc.) also influence the maximum productivity value achievable for each feed

concentration.

6.3.5. Continuous run CEX with eluates of Continuous Harvest run of MSSpcc

The 3C-PCC run with CEX resin was performed to mimic what could be implemented
in a continuous end-to-end process. To this effect, the eluates of the ProA harvest run
were mixed and the pH was corrected to 4.5, after enough time was allowed for the VI.
The concentration of this pool was 12 g/I, which was diluted to 10 g/L to be directly
compared to what was obtained from the optimization shown in Figure 6.7. CaptoS
showed the best KPIs from the in-sifico optimization, therefore it was selected as the
CEX resin for this step.

When optimizing processes in sequence it is beneficial to do it by matching product
throughput on each step rather than flow rates (provided that viral inactivation is
accomplished by low pH hold in surge vessels). This will in turn mean that the resin
volume used in the polishing steps could be lower than the one used in the capture step,
adding another layer of optimization of the global process, with the resin volume also
possibly being a design variable. Since CEX resins usually have higher DBC values than
ProA resins, a lower resin volume with higher productivity could have the same product
throughput than the capture step, facilitating the connection between the two processes.
For the present work, the optimization was limited to the smallest volume of pre-packed

columns available in the market (1 mL). Nonetheless, the goal of matching the
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productivities of capture and CEX steps was still achieved, and the operating conditions
associated with a process with a productivity of 100 mg/ml.;/h were used for the

experiment.

The resulting chromatogram is similar to what can be observed in Figure 6.5, but with
different concentrations achieved (data not shown). This was expected since the sample
obtained after the ProA step is already very pure The KPIs resulting from the CEX 3C-
PCC are summarized in Table 6.2. Similarly to the hatrvest run, the %s could not be
determined for the CEX 3C-PCC since the UV signal was outside of the calibration
curve and there was no pooling during the loading step. The very high yield values are
in accordance with what was observed during the runs, with virtually no breakthrough
on the second column observed during the interconnected loading or peak observed in
the CIP. Both experimental CU and productivity are in accordance with the optimization
result, once again highlighting the usefulness and predictive ability of the used model.
The percentage of monomer registered no major changes, with only a slight enrichment
of monomer in the mixture being observed. The content of HMW and LMW species
changed slightly after the CEX step, with a decrease in LMW and increase in HMW
species. CEX is used as a polishing step to separate the monomer from remaining
impurities, which can be aggregates, leached ProA, acidic proteins, genetic material,
among others. Recombinant ProA has a pI lower than the mAb (4.7-4.8 [28]) and that
is very close to the operating pH for the CEX run, which makes CEX a suitable step to
remove leached ProA. Since ProA has a low Mw (45 kDa), the reduction of the LMW

species could be a consequence of the removal of leached ProA from the mixture.

Table 6.2 - Comparison of the model and experimental Key Performance Indicators (KPIs) for the Harvest
experiments, for MSSpcc and CaptoS Impact. The average percentage of Monomer, HMW, and LMW
species in the eluate fractions are also shown, with the error representing the standard deviation of the
cluates’ values. Loading flow rate for each resin: MSSpcc — 0.72 ml/min; CaptoSImpact — 0.36 ml/min.

MSSpcc CaptoS Impact

Model Experimental Model Experimental
Yield (%) 99.15 95.80 + 5.42 99.56 99.30 + 5.92
Productivity 101.80 94.88 + 5.36 102.28 100.07 + 5.97
CU (%) 90.00 84.53 £ 4.78 86.38 88.57 £ 5.28
% s (o) 89.50 - 83.73 -
Monomer (%) - 97.39 £ 0.16 - 97.42 + 0.04
HMW (%) - 1.36 £ 0.19 - 1.46 £ 0.03
LMW (%) - 1.25 £ 0.08 - 1.12 £ 0.03
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6.3.6. Model Evaluation

The continuous model used in this work was used for the ##-silico optimization of a ProA
and CEX 3C-PCC steps. The model was then validated experimentally for the ProA step
using a pure mAb solution for the three different ProA resins tested, with all resins
showing experimental KPIs in accordance with the model’s predictions. A 3C-PCC
experiment with the best performing ProA resin was used to purify mAb from a harvest
mixture, achieving results comparable with the pure mAb experiment and the model’s
predictions. The eluates from the 3C-PCC with harvest solution were used as feed for
the CEX 3C-PCC, which served as the experimental validation of the CEX optimization.

The experimental KPIs obtained were also in accordance with the model’s predictions.

The continuous model was able to accurately predict chromatographic behavior for a
3C-PCC process. As can be seen in Figure 6.5, the model prediction of the
chromatogram and expetrimental chromatogram have very similar profiles. The model
also predicted a steady-state from the second cycle onwards (data not shown), which is
in accordance with what is observed experimentally (Figure 6.5 A and B). The model
was then used to optimize the 3C-PCC step, and the operating variables (flowrate and
%s) cotresponding to a productivity of 100 mg/ml..s/h were selected for experimental
validation, both for the ProA and CEX step. The results showed that the model could
accurately predict the KPIs for the ProA (with pure mAb and harvest) and CEX
3C-PCC, with deviations lower than 6.8%, in the worst case. Therefore, the presented

model provides a powerful tool for fast and accurate process optimization.

6.4. Conclusions

This work focused on the #n-silico optimization of a continuous chromatography step for
the capture and polishing of monoclonal antibodies. This approach focused on using a
mechanistic model for the simulation of the chromatographic behavior and used as
optimization objective two different KPIs: Productivity and Capacity Utilization. Since
these cannot be optimized without penalizing the counterpart, Pareto fronts were
generated and used to choose the best operating conditions according to the desired

KPIs for each process.

Considering the recent advancements in USP, high feed concentrations of mAb were
used for the optimization of the 3C-PCC capture step (2, 5, 7.5, and 10 g/L). Three
different ProA resins were optimized: MSS, MSPrismA, and MSSpcc. The Pareto fronts
of the three resins (Figure 6.4) show different profiles, and MSSpcc Pareto front has
the flatter profile for all the tested resins. The sharper BTC profile this resin has
compared to the other two allows to increase the flowrate without “flattening” the BTC
excessively [17], thus allowing for a higher CU at the same productivity and reducing the
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losses in the second column in the interconnected loading. The model’s results were
expetimentally validated for all ProA resins with a pure mAb solution at 5 g/L, with
operating variables chosen for a Productivity of approximately 100 mg/ml..s/h for all
resins. Deviations of the KPIs (Productivity, CU, and %s) between model prediction and
experimental values were marginal (only for %s there was a bigger deviation, discussed
above). MSSpcc was then used for the continuous capture of mAb from a Harvest
mixture, using the same experimental conditions as for the pure mAb. Once again, the
KPIs were similar to what the model had predicted, thus proving that optimization
results for ProA chromatography from pure mAb experiments can be achieved.

A 3C-PCC CEX was also optimized for two different resins (SP Seph FF and CaptoS)
and four different concentration (5, 10, 15, and 20 g/L). Although SP Seph FF had
higher binding capacity, the Pareto front for all feed concentrations of CaptoS had a less
shatp slope, and thus performed better in the zz-silico optimization. This highlights the
importance of considering the BTC shape in continuous chromatography optimization,
rather than only looking at binding capacity, since CaptoS had a lower binding capacity
but a considerably sharper BTC profile than SP Seph FF. For experimental validation, a
productivity of 100 mg/ml..;/h was also selected. Like for the ProA ligands, the results

between model and experimental KPIs were marginal.

Although the model does not have an interconnected ProA and CEX, it could still be
used to design a process where ProA and CEX are interconnected, with a VI step in
between. The throughput of the processes (ProA, VI, and CEX) can be used as a
decision variable for the interconnection of the steps, rather than the classic flow rate.
If VI is performed in at least two different CSTR tanks, than the feed continuity of the
CEX 3C-PCC can be ensured and a continuous output of material can be achieved. The
experimental work described can be used to mimic a capture and polishing step for the

purification of monoclonal antibodies from a harvest solution.

In conclusion, the presented model was able to predict continuous chromatographic
behavior for capture and polishing steps of a mAb process. The model was validated
experimentally for three different ProA resins using a pure sample, and the best
performing resin was used for the purification of mAb from a harvest solution. Lastly,
the CEX optimization was also validated experimentally, using as feed the pooled mAb
from the hatrvest run after ProA purification (at a CEX feed concentration of 10 g/L).
The sample obtained from the whole process, at an initial feed concentration of 5 g/L,
is in a highly pure form (97.4% monomer, 1.5% HMW, 1.1% LMW) and the throughput
of the process is approximately 100 mg/ml./h. Mechanistic models should be
sufficiently accurate to provide a suitable process design, and the shift to the
experimental space would benefit from having control mechanisms, where the next step

would be to fine tune operating variables during processing [29]. This needs proper PAT
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and control strategies and could help mitigate the effect of fouling and capacity loss

while maintaining purity requirements.
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Figure SI 6.1 - Experimental validation of the continuous chromatography model for the capture step with
a pute sample of mAb using MSS. The initial concentration is 5 g/L, and the loading flow rate is 0.70
ml/min. A — total chromatogram; B — Zoom in on the steady-state of the cyclic operation of the 3C-PCC;
C — Model data for the same cyclic period as shown in B. In A and B, black and red represent the
concentration observed in UV1 and UV2, respectively. In C, black, red, and blue represent the outlet
concentrations observed for columns 1, 2, and 3, respectively.
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Figure SI 6.2 - Experimental validation of the continuous chromatography model for the capture step with
a pure sample of mAb using MSSpcc. The initial concentration is 5 g/L, and the loading flow rate is 0.72
ml/min. A — total chromatogram; B — Zoom in on the steady-state of the cyclic operation of the 3C-PCC;
C — Model data for the same cyclic period as shown in B. In A and B, black and red represent the
concentration observed in UV1 and UV2, respectively. In C, black, red, and blue represent the outlet
concentrations observed for columns 1, 2, and 3, respectively.
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Chapter 7
Conclusions and Outlook

The biopharmaceuticals industry is dynamic and faces growing demand, especially for
the monoclonal antibodies (mAbs) market. The emergence of biosimilars has helped to
reduce costs for patients while platform processes are fast-tracking lab-to-production
developments. Process development uses automated and miniaturized assays reliably
and generates swift results, enabling manufacturers to develop and improve processes
faster. A shift towards continuous biopharmaceutical production holds the promise to

significantly enhance efficiency, quality, and sustainability.

This thesis covered process development of integrated continuous chromatography for
the purification of mAbs, combining #n-silico and experimental approaches. It
investigated different (miniaturized) High-Throughput Screening (HTS) techniques for
the generation of a database, that was subsequently used by a mechanistic model for the
study of chromatographic behavior. Lastly, the validated mechanistic model was used
for the 7n-silico optimization of continuous chromatography for capture and polishing of

mADbs from a clarified cell culture supernatant (harvest).

A panel of experts in the field identified that major gaps in the transition to continuous
manufacturing are the lack of suitable continuous scale-down models for a number of
unit operations, and the accompanying development of Process Analytical Technologies
(PAT) for process monitoring and control (Chapter 2). It was concluded that new
technologies are needed for several unit operations (UO) and that a reduction of costs
of cutrent process development technologies is required. The inability/difficulty to
operate these UOs continuously delays continuous process development. Additionally,
process modelling and microfluidics were identified as promising tools to fill these gaps

in process development for Integrated Continuous Biomanufacturing (ICB).

Nowadays, scale-down of process development heavily relies on miniaturizing and
automating essays. The evolution of these process development tools has been
summarized, together with the state-of-the-art for both Upstream Processing (USP) and
Downstream Processing (DSP) (Chapter 3). While Liquid-Handling Stations (LHS) have
been the standard for process development for many years, microfluidic devices offer
unmatched versatility in design. Furthermore, microfluidics presents an interesting

option to reduce process development costs, especially when access to microchip

175



Conclusions and Outlook

manufacturing equipment is present. Current 3D printing technology will also help to

widen the use of microfluidics in process development.

Chapter 4 presented a comparison of three different HTS methods for chromatographic
process development: LHS, microfluidics, and Eppendorf tubes. These methods were
used for the determination of protein adsorption isotherms. An in-house developed
microchip achieved a 15-fold and up to 200-fold liquid and resin volume reductions,
respectively compared to LHS. Cost considerations allowed to conclude that even
though microfluidics is at a much lower technology readiness level (TRL), it could be a
reliable alternative for process development, especially in the case of very expensive
proteins or in early stages of process development when the amounts of protein

availability are limited, leveraging on the miniaturization power of microfluidics.

Next to experimentation, High-Throughput Process Development (HTPD) uses
modeling. The description of chromatographic behavior via mathematical models is only
useful if the model used can accurately describe what happens experimentally.
Mechanistic models should be as simple and as accurate as possible. A LHS-based HTS
methodology was proposed to study adsorption equilibrium isotherms of mAbs to ProA
resins in a harvest solution, to see the applicability of models developed with pure mAb
experiments in a manufacturing scenario (Chapter 5). Lumped Kinetic Models (LKM)
make use of lumped parameters to combine several physical and chemical phenomena
in one parameter (e.g intraparticle diffusion, film mass transfer coefficient, etc.). It was
shown that relatively simple models such as LKMs can accurately describe protein
adsorption behavior, reducing computational time while still achieving accurate results.
Furthermore, the adsorption for the case of ProA with pure mAb is very similar to what

would be expected from adsorption with the crude harvest solution.

Chapter 6 combined findings and methodologies from the previous chapters. The
mechanistic model was adapted to continuous chromatography with three columns and
was used to optimize a 3 Column Periodic Countercurrent Chromatography (3C-PCC)
step. A range of high titer solutions was studied zx-silico to prepare for future of mAb
manufacturing. It was concluded that the batch process would always perform worse
than the continuous process. The best performing ProA resin was then used to
continuously capture a mAb from a harvest solution, with results comparable to model
predictions and pure mAb experiments. Subsequent polishing of the 3C-PCC ProA
eluates showed the applicability of the model for a CEX 3C-PCC. It was concluded that
the shape of the Breakthrough Curves (BTC) are more important factors for the
optimization of a continuous process, compared to resin binding capacity and affinity
constants. It was shown that a model-based optimization was able to accurately optimize

the continuous capture and polishing of a mAb from a high-titer harvest solution.
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The work of this thesis demonstrates that it is possible to implement HTPD with state-
of-the-art HTS equipment and common computer equipment, develop a continuous
chromatography process, optimize it in-silico, and validate the process experimentally
within 9 months. This is an optimistic time frame since the previous knowledge and
effort is included. However, with experienced people this time frame is possible. This
thesis shows how the combination of valuable tools can speed-up and help in the
transition of the biopharmaceutical industry to Integrated Continuous
Biomanufacturing. ICB will help in reducing production costs and selling prices of
biotherapeutics. This will lead to a democratization of these molecules, which until now

were only affordable to a minute slice of the population [1].

Process modelling can be extremely useful for the transition to ICB. Digital twins offer
a platform for process development but also for process monitoring and control [2].
With accurate models in place, these can be used as predictive tools for the process
during manufacturing and, therefore, be used to implement control strategies during
production, prompting actions in a matter of seconds. The increased volumes of data
need to be propetly stored and treated, hence why developments in data science need to

keep up with increased use of models in the industry [3].

Real time control is only possible if there are “enough eyes” looking at the process.
Continuous manufacturing offers several advantages over classical batch manufacturing,
but the true power of continuous manufacturing can only be unleashed if real-time
control is possible. That is why better PAT tools will definitely be needed in the future
to ease the transition to ICB, and parallel development of such tools with the use of
mechanistic models in industry will improve the control strategies implemented.
Regulatory agencies also welcome and support the co-development of continuous
processes and PAT, allowing for the consistent delivery of products of the highest
quality [4]. Furthermore, the current trend of miniaturization of process development is
also “pressuring” analytics, as these are fundamental for the assays and need to follow

the miniaturization trend [5].

Besides the development of PAT tools, another interesting topic for future research
would be the development of feasible alternatives to packed-bed chromatography.
Several technologies have been proposed throughout the past years [6], but their
technology readiness level never reached the threshold needed for widespread
implementation [7]. Both chromatographic and non-chromatographic methods should
be studied, and recent studies in membrane chromatography showed that this
technology can play an important role in the transition to continuous manufacturing [8].
This can be seen by the strong investment of resin manufacturers in ProA nanofiber
technology (Cytiva — Fibro; Sartorius — Rapid A), that are less prone to fouling and offer
higher productivity than the packed-bed counterpart, ultimately reducing the cost of
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goods of the process [9]. Furthermore, studies on alternatives for protein A should also
be done [10]. Although there has been extensive research on alternatives, the
unprecedented level of specificity of protein A still keeps it at “the top of the food chain”
for mAb manufacturing. A close collaboration between academia and industry could aid
in the development of these technologies, helping to bring them from the bench-top to
the shop floor. The novelty of ideas of academia mixed with the pragmatism of industry

could help in the discovery and applicability of new technologies for manufacturing.

In conclusion, the use of HTPD for the development of continuous chromatography
for the capture and polishing of a mAb has been presented. With the presented tools,
methodologies and approach, process development of continuous chromatography will
be accelerated and elicit a faster transition of the biopharmaceutical industry to

continuous manufacturing.
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