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Zusammenfassung 

Monoklonale Antikörper (mAb) ermöglichen die Behandlung einer Vielzahl schwerer, chronischer 

Erkrankungen, wie bestimmte Formen von Krebs und Rheuma, weshalb stetig neuartige 

Therapieansätze entwickelt werden und der weltweite Bedarf rasant ansteigt. Um die Produktivität 

bei der mAb-Herstellung zu steigern, werden vermehrt Hochzelldichte (HCD) Kultivierungen von 

Säugetier Suspensionszelllinien verwendet, die das Produkt in das Umgebungsmedium segregieren. 

Jedoch stellt am Ende dieser ohnehin kostenintensiven Herstellungsprozesse die Abtrennung des 

mAb´s von den partikulären Verunreinigungen, primär von den Wirtszellen sowie Zellbruchstücken, 

eine Herausforderung dar. Herkömmliche Klärungsverfahren auf Basis von Edelstahl Teller-

Separatoren und Einweg Tiefenfiltern haben die Nachteile geringer Partikelbeladungskapazitäten und 

hoher Produktverluste, wodurch sie ungeeignet für die Klärung von HCD-Prozessen sind. 

Im ersten Teil der Arbeit wurde daher ein alternativer Klärungsansatz mittels einer neuartigen 

Gegenstromzentrifuge gefolgt von einem Filtrationsschritt entwickelt und für die HCD-Klärung 

optimiert. Im zweiten Teil wurde die Eignung dieses Ansatzes für verschiedene Zellsuspensionen 

untersucht sowie der Klärungsprozess in Abhängigkeit der Zellkonzentration modelliert. Es konnte 

gezeigt werden, dass der komplett auf Einwegmaterialen basierende Ansatz eine robuste Klärung 

sowohl von moderaten Zellkonzentrationen als auch von HCD-Kultivierungen mit mehr als 

100 Millionen Zellen/mL ermöglicht. Dabei konnte der entsprechende Prozessdurchsatz vorher 

bestimmt und zuverlässig hohe Produktausbeuten von etwa 95 % erreicht werden. 

Im dritten Teil dieser Arbeit lag der Fokus auf der Intensivierung der Klärung mittels verschiedener 

Vorbehandlungsmethoden der Zellsuspension. Es wurden dabei zwei Methoden mit unterschiedlicher 

Wirkungsweise, Flockung und Präzipitation, identifiziert, die einen geringen Einfluss auf die 

Gegenstrom-Zentrifugation haben, jedoch den nachfolgenden Filtrationsschritt durch eine bis zu 

vierfach höhere Filterkapazität verbesserten. Zusätzlich konnten mit beiden Ansätzen mehr als 90 % 

der gelösten DNA-Verunreinigungen bei gleichbleibender mAb-Qualität entfernt werden. 

Im vierten Teil dieser Arbeit wurde der entwickelte Ansatz zur Zellklärung rationalisiert, indem die 

Filtration in den Zentrifugationsschritt integriert wurde. Durch eine direkte, sterile Verbindung beider 

Prozessschritte konnte der gesamte Prozess verschlankt sowie die Prozesszeit verkürzt werden. Der 

neuartige Aufbau sowie die entwickelte Methode diesen zu betreiben, wurden als Patent angemeldet 

und in einer Konzeptstudie untersucht. Dabei konnte erfolgreich die Intensivierung der Klärung von 

HCD-Prozessen demonstriert werden. 

Schlagwörter: Monoklonale Antikörper, Zellklärung, Downstream-Processing, Bioprozess-

Intensivierung, Gegenstrom-Zentrifugation
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Abstract 

Monoclonal antibodies (mAb) enable the treatment of many serious, chronic diseases, such as various 

types of cancer and immunological disorders, which is why novel therapeutic approaches are being 

continuously developed and global demand is growing rapidly. To increase productivity in mAb 

production, high cell density (HCD) cultivations of mammalian suspension cell lines that segregate the 

product into the culture medium are increasingly used. However, at the end of these already cost-

intensive manufacturing processes, clarification of the mAb from particulate contaminants, primarily 

high amounts of host cells as well as cell fragments, presents a challenge. Conventional clarification 

processes based on stainless steel disc stack centrifuges and single-use (SU) depth filters have at high 

particle loads the drawbacks of low loading capacities and high product losses, making them not 

suitable for clarification of HCD processes. 

In the first part of the work, an alternative clarification approach using a novel fluidized bed centrifuge 

followed by a filtration step was therefore developed and optimized for HCD clarification. In the second 

part, the suitability of this approach for different cell suspensions was investigated and the clarification 

process was modeled as a function of the cell concentration. It was shown that the approach, which is 

based entirely on SU materials, enables robust clarification of both, moderate cell concentrations and 

concentrations of more than 100 million cells/mL from HCD cultivations. The corresponding process 

throughput could be predicted and high product yields of about 95 % could be consistently achieved. 

In the third part of this work, the focus was on intensifying clarification by applying various 

pretreatment methods to the cell suspension. Two methods with different modes of action, 

flocculation and precipitation, were identified that had a minor effect on fluidized bed centrifugation 

but improved the subsequent filtration step by increasing filter capacities up to fourfold. In addition, 

both approaches were able to remove more than 90 % of the dissolved DNA impurities while 

maintaining mAb quality. 

In the fourth part of this work, the developed approach for cell clarification was rationalized by process 

integration of the filtration step into the centrifugation step. As a result of the direct, sterile connection 

of both steps, the entire process could be streamlined and the process time shortened. The novel setup 

and the method developed to operate it were submitted as a patent and investigated in a concept 

study. Overall, the intensification of the clarification of HCD processes could be successfully 

demonstrated. 

Key words: Monoclonal Antibodies, Cell Clarification, Downstream Processing, Bioprocess 

Intensification, Fluidized Bed Centrifugation
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1 Introduction 

Therapeutic monoclonal antibodies (mAb) enable improved health care for millions of people by 

treating many severe diseases such as various types of cancer, virus infections and immunological 

disorders [1,2]. In recent years, efforts to develop new mAb-based treatments have resulted in the 

approval of approximately 10 drugs per year [3]. In 2021, the United States Food and Drug 

Administration (FDA) has approved the 100th mAb product [4]. As the number of novel therapies 

continues to grow, more patients can be treated, increasing the demand for large quantities of mAb. 

Therefore, the global market value of mAb is expected to reach $300 billion by 2025 [5]. An additional 

boost in both demand and economic terms could be the widespread use of mAb for pandemic control 

[6]. To prevent severe progression of COVID-19, four of the six treatments authorized by the European 

Medicines Agency (EMA) are based on mAb [7]. 

Due to their complex structure, antibodies are produced by mammalian cells, like Chinese Hamster 

Ovary (CHO) cell lines, which segregate the product into the medium [8]. For industrial mAb production, 

cells are usually cultivated in fed-batch (FB) processes using a cascade of stirred bioreactors in the 

upstream processing (UPS) [9]. To harvest the product, the cells are separated from the mAb 

containing media by filtration, centrifugation, or both [10]. In the subsequent downstream processing 

(DSP), the mAb is purified from contaminants and host cell impurities by a multitude of filtration and 

chromatographic steps to achieve a desired quality and to ensure the safety of products [11]. 

The elaborate manufacturing and the low USP product concentrations in the order of 3 g/L in 

commercial processes resulting in high production costs of on average 300 $/g and thus limit the 

accessibility to affordable treatments for patients [12]. Therefore, intensification of biopharmaceutical 

manufacturing is needed to decrease costs and increase productivity [13]. Promising approaches are 

high cell density (HCD) cultivations, where concentrations of 100 million cells/mL and higher have 

already been reached [14,15]. However, these improvements in USP shift the bottleneck to the cell 

clarification, where established methods are not capable or not economical to operate, due to low 

biomass loading capacities of filters and low product recoveries of conventional centrifuges [16,17]. 

An additional challenge of HCD processes is the also higher concentration of dissolved impurities, 

which increases the pressure on the already cost-intensive DSP [18]. 

For the clarification of HCD suspensions, novel and flexibly applicable single-use (SU) technologies like 

fluidized bed centrifugation could be an opportunity [19]. Additional removal of dissolved impurities 

and intensification of the clarification could be reached by cell broth pretreatments [20]. However, the 

use of such approaches as a HCD clarification platform requires robust clarification of various cell broth 

characteristics, scalability of the setup, preservation of product quality, and high mAb recovery.
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2 Objective 
The goal of this dissertation was to overcome the limitations in the clarification of biopharmaceutical 

manufacturing processes. A CHO cell line producing an industry relevant mAb was used to model 

different process broths. The focus was placed on HCD processes with cell concentrations on the order 

of 100 million cells/mL due to the lack of appropriated clarification technologies. An additional goal 

was the intensification of the clarification process in terms of increasing product recovery and purity. 

First, an approach needs to be developed that is capable to completely remove cells and cell debris 

from HCD broth and can be integrated into a SU production process. For a potential process solution, 

optimization of process parameters is required to achieve efficient clarification with a high recovery of 

mAb. Subsequently, the effect of various cell broth characteristics, like different cell viabilities and 

concentrations, needs to be determined to investigate robustness and scalability of the approach. To 

study the clarification process performance, both the process variables, such as throughput, and the 

product parameters, such as recovery, have to be considered. In addition, flocculation or precipitation 

pretreatment methods of cell broth could have the potential to intensify the clarification and the 

subsequent DSP by simplifying the removal of aggregated host cell impurities. Therefore, their impact 

on the developed clarification approach should be examined. To finally evaluate the applicability of 

treatment methods, the mAb quality attributes such as level of aggregation and N-linked glycan 

patterns must also be considered. For an even more intensified process, clarification substeps could 

be connected and synchronized to allow improved process automation and to streamline the setup. 

The results of this work are intended to develop a novel SU process platform for intensified clarification 

of HCD processes and thus enable the production of affordable mAb.
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3 Theoretical Background 

 Antibodies 

Antibodies, also known as immunoglobulins, are proteins with the ability to bind highly specifically to 

molecular structures, the epitopes of antigens. The binding can trigger an immune response directed 

against the antigen. Thus, antibodies play a crucial role in the adaptive immune system. They are 

produced and segregated by B-cells in the blood serum, where immunoglobulin G (IgG) is the most 

abundant out of five mammalian antibody classes [21]. 

The IgG molecule consists of four subunits: two heavy chains, each consisting of three constant regions 

(CH1, CH2, and CH3) and one variable region VC, and two light chains, each consisting of one constant 

light (CL) and one variable light (VL) region (Figure 1). The chains are connected by disulfide bridges, 

resulting in the characteristic Y-shaped structure. A common antibody (IgG1 subclass) has a 

hydrodynamic diameter in the order of 10 nm and a molecular weight of 146 kDa. The flexible hinge 

region in the middle divides the molecule into two superordinate domains: the fragment antigen 

binding (Fab) and the fragment crystallizable (Fc). In the Fab domain, the variable regions on each side 

form the antigen-binding sites, also called paratopes, which are specific for the respective antibody. 

The constant Fc domain is recognized by the host immune cell receptors and induces an immune 

response. Glycans which are covalently bound to the CH2 region by posttranslational modification 

affect the molecule´s conformation [22], solubility [23], and lifetime in blood circulation [24]. Therefore, 

the cell type specific glycosylation pattern has a major impact on cytotoxicity and biological activity 

[25,26]. 

 

Figure 1. Structure of an IgG antibody with highlighted constant regions (CL, CH1, CH2, and CH3), 
variable regions (VC and VL), and glycosylation at CH2 (adapted from [27]). 
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The invention of the hybridoma technology in 1975 by César Milstein, Georges Köhler and Niels Jerne 

paved the way for the production of monoclonal antibodies (mAb) [28]. Due to the enormous potential 

of this technology, they were awarded the Nobel Prize in Medicine even before the first therapeutic 

mAb, used to prevent rejection in kidney transplants, was approved in 1986. 

In contrast to the natural immune response, in which a mixture of polyclonal antibodies binds to 

different epitopes of an antigen, mAb target a single epitope. However, the murine production system 

for the first mAb therapeutics caused immunogenicity in human due to non-human glycan patterns 

and was therefore not suitable for chronic therapies [29]. To decrease immunogenicity of mAb, 

chimeric, humanized, and fully human antibodies were developed using glyco-engineered cell lines 

such as CHO [30]. Moreover, the glycan pattern is considered as a critical quality attribute (CQA) for 

therapeutic use due to its considerable impact on safety and function [29]. 

Beside the in-vivo application, antibodies can also be used in a variety of laboratory diagnostic 

applications. For qualitative or quantitative analysis, they are usually applied in combination with a 

dye, such as in the antigen tests for SARS-CoV-2 diagnosis [31] or in enzyme-linked immunosorbent 

assays (ELISA) [32]. However, the majority of the antibodies produced are used for therapeutic 

purposes. Their numerous mechanisms of actions, such as ligand or receptor antagonism, triggering 

cell death of certain cells or activating the endogenous immune system, provide powerful tools for 

successful treatment of numerous diseases. 

A large proportion of mab-based therapies are directed against specific tumors, like nivolumab for lung 

cancer indication or trastuzumab for breast or gastric cancer indication [33]. Another field of 

application is the treatment of chronic diseases, which is necessary, for example, in various 

autoimmune disorders. Furthermore, some infection diseases can also be treated, like HIV infection 

using ibalizumab [34]. 

As a result, mAb´s are the fastest growing class of biopharmaceuticals, with strong growth in total 

annual sales. Blockbusters of the past, such as Humira® (adalimumab), which is used to treat some 

chronic inflammatory diseases like rheumatoid arthritis, reached a global market volume of 

$19.9 billion dollar in 2018 [33]. However, some next generation mAb product candidates currently 

being developed such as for the treatment of COVID-19 and Alzheimer diseases have the potential to 

generate even higher sales by reaching a much larger patient population [35,36]. 
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 Biopharmaceutical Manufacturing 

The process stream in biopharmaceutical manufacturing is divided into the upstream processing (USP), 

in which a biological product is generated using microorganisms, and the downstream processing (DSP), 

in which the product is purified to achieve a desired quality (Figure 2). This chapter provides an 

overview of the unit operations (UO) involved in the steps of industrial production of mAb and the 

recent developments for their intensification. 

Depending on the perspective on the overall process, the cell clarification UO is sometimes considered 

part of the USP [37] and sometimes considered part of the DSP [38]. Since the focus of this work is on 

the clarification, more details on the requirements and the technical realizations are presented in the 

chapter 3.3 Cell Clarification Strategies.  

 

 

 

 

 

Figure 2. Overview of the process stream for production of monoclonal antibodies 

 

3.2.1 Upstream Processing 

For mAb production, the gene sequence encoding the light and heavy chain of the target mAb is 

integrated into a host cell to use their cellular protein synthesis apparatus [39]. As heterologous 

expression systems, mammalian cell lines dominate over non-mammalian cell lines because of the 

ability of post-translational modifications, like glycosylation of the mAb. Therefore, CHO 

(approximately 60 %) and murine myeloma (over 30 %) cell lines are commonly used for industrial 

production [40]. Cultivated in chemically defined media, they achieve cell specific production rates of 

20 pg/cell/day and higher [41], which is equivalent to approximately 100 million mAb molecules 

released into the medium by a single cell per day. 

The USP starts with the inoculum preparation by transferring thawed cells from a cell bank into shake 

flasks to initiate cell growth (Figure 2). After a series of batch-wise passages, the cells are transferred 

to a stirred or rocking motion seed bioreactor that provides a highly controlled environment for a 

successful proliferation of the cells [42]. Depending on the number of cells required for the inoculation 

of the production bioreactor, a cascade of seed reactors with increasing volumes is used. 

For seed and production, cultivation can be accomplished in batch, perfusion or fed-batch (FB) process 

mode. In the batch mode, the entire process volume consisting of cells and media is loaded into the 
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bioreactor at the beginning of the cultivation. This mode is not particularly efficient but is commonly 

used in the seed train due to its simplicity [43]. Another process mode is perfusion, where a cell 

retention device keeps the cells in the bioreactor while the media is continuously exchanged, providing 

fresh nutrients to the cells and removing potentially cytotoxic metabolites. Therefore, perfusion 

processes enables an increased cell growth and thus the generation of high cell concentrations which 

can be used as alternative seed train [44]. Although it has been shown that also increased mAb 

concentrations of more than 25 g/L can be achieved [45,46], this process has rarely been applied for 

industrial production so far. Limitations of the applicability are, for example, the consumption of large 

amounts of expensive media, large membrane devices for cell retention, and a complex process control 

[47]. 

In the FB mode, the cells are supplied with nutrients during the cultivation process by feeding 

concentrated solutions to the bioreactor. Depending on the needs of the cells, the feeding rate can be 

adjusted, resulting in enhanced growth and production, while the reactor volume is filled over the 

process time. Therefore, most of industrial processes typically are operated in the FB mode [48]. In 

large scale biomanufacturing, production bioreactors can have volumes of more than 10 m³ [49] to 

generate batch sizes of up to 100 kg mAb [50]. In such FB processes, cell concentrations in the order 

of 20 million cells/mL are usually achieved [51], allowing production of average mAb concentrations of 

3 g/L [12]. The appropriate harvest time point of the bioreactor is a trade-off between maximizing the 

use of cells for product formation and increasing release of impurities in the cell death phase at the 

end of the FB cultivation. 

 

3.2.2 Downstream Processing 

After the removal of cells and debris in the clarification step, the mAb is purified from soluble product 

and process related impurities in the DSP to preserve activity of the therapeutic and ensure safety for 

the patient. Product related impurities consist of undesired aggregates, fragments, and charge variants 

of mAb [52]. Process related impurities released from host cells or by the applied steps of USP and DSP 

consist of DNA, host cell proteins (HCP), virus contaminates, leached protein A, and media components 

[13].  

Since therapeutic mAb are administered intravenously, they have to meet high quality and purity 

standards. The World Health Organization (WHO) recommends a residual amount of DNA of less than 

10 ng in the final product [53]. In addition, HCP residues that may cause immunogenic patient reactions 

are usually limited by the regulatory authorities to a final level of less than 100 ppm per dose, which is 

assessed using a risk-based approach for the particular product [54,55]. Moreover, two orthogonal 
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virus inactivation steps are mandated by the FDA because virus-contaminated host cell lines pose a 

serious risk to patient health [56]. 

To fulfill these high purity demands, a multitude of UO´s are necessary, starting with the product 

capture using protein A affinity chromatography. This commonly used platform approach uses the 

binding between the Fc region of the antibody and the immobilized protein A. Due to the high 

selectivity, most impurities flow through the column or are subsequently washed out, resulting in 

consistent high purities of more than 95 % [57]. Elution of the mAb is performed with low pH buffer 

and additionally cause concentration of the product in the harvest pool. In the following step, the 

already low pH of the eluate facilitates further acidification for a first virus inactivation, which requires 

a pH-value of 3.8 or lower for a sufficient inactivation of retroviruses [58]. As most mAb´s are only 

stable for a short time at low pH conditions, a neutral titration is conducted after the process for 

stabilization [59]. 

The subsequent polishing steps target the removal of the residual impurities to meet the specifications 

of the authorities. Generic process platform uses at least two chromatographic steps based on the 

separation by molecular net surface charge or hydrophobicity. Depending on the isoelectric point of 

mAb, the pH value and conductivity of the environment determine the operation windows of the 

chromatography process [60]. The isoelectric point is the pH where the mAb has a net surface charge 

of zero; a pH below this point results in a positive charge and above this point results in a negative 

charge of the molecule. A commonly used chromatography combination is cation exchange 

chromatography (CEX) executed in the bind and elute mode followed by anion exchange 

chromatography (AEX) executed in flow through mode [61,62]. During CEX, the positively charged mAb 

adsorbs on the negatively charged column resin while the negatively charged impurities, such as a 

large group of HCP, flow through. During AEX, the mAb flows through the column while impurities, 

mainly the negatively charged DNA, leached protein A, and viruses, are adsorbed [63]. As an alternative 

or in addition, hydrophobic interaction chromatography or mixed mode chromatography are applied 

which are particularly suitable for the removal of mAb aggregates [64]. After or during polishing, a 

second virus removal step is incorporated using virus filtration. 

In the final product formulation, the buffer is exchanged and the mAb is concentrated using 

ultrafiltration/diafiltration [38]. Membranes with a molecular weight cutoff below the mAb are applied, 

usually 100 kDa or 30 kDa, allowing the retention of product. The formulation buffer, which is finally 

filled with the therapeutic product in a medical dosage, aims to ensure the stability and optimal 

bioavailability of the drug [65]. 
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3.2.3 Process Intensification 

Intensification of biopharmaceutical manufacturing is the key to satisfy the increasing demand for 

affordable therapeutics [13]. A variety of approaches is used to intensify UO´s, which consider 

throughput, recovery, robustness, scalability, time to market, product purity, and costs of goods [38]. 

By improving the cell line characteristics, the productivity of USP has been steadily enhanced. Due to 

selection of highly productive clones, improved cultivation media, and advanced feeding strategies, 

the specific growth rates and the cell specific production rates were increased [37]. As a result, average 

product titers increased from 0.1 g/L in initial commercial production to 3 g/L in current processes [12]. 

In some studies, mAb titers of more than 10 g/L have been achieved with FB processes [66,67].  

For these and higher titers in USP, cultivation of high cell densities (HCD) is essential, where cell 

concentration of 100 million cells/mL have already been reached [14,44]. Alternative HCD process 

scenarios are provided by perfusion and concentrated FB processes using cell retention devices for 

continuous exchange of cultivation media while the cells are retained in the bioreactor [68]. The supply 

of cells with fresh nutrients and the flush out of metabolites favors proliferation and increases 

productivity. In perfusion processes, microfiltration cell retention devices, such as alternating 

tangential flow filtration, allow continuous harvest of product and therefore also require a continuous 

DSP [69]. Concentrated FB processes additionally retain the product by applying ultrafiltration devices, 

which requires clarification of the HCD broth at the end of the cultivation [70]. Both approaches can 

be applied to increase USP productivity, however, so far most industrial platforms are based on FB 

processes due to their high flexibility, lower investment costs, lower consumption of expensive media 

and simplified process control [9,48]. 

For the intensification of DSP, continuous UO´s such as multicolumn chromatography offer high 

potential for increasing throughput, reducing the use of expensive chromatography resin and thus 

saving costs [71,72]. Hybrid approaches that combine batchwise USP plus clarification UO with 

continuous DSP are also promising for that purpose [73,74]. 

Another driver of process intensification is the application of single-use (SU) based technologies. 

Compared to conventional processes using stainless steel equipment, disposable process equipment 

is exchanged after each process run, eliminating the need for cleaning, sterilization, and validation. 

This prevent cross-contamination between batches, reduce setup times and thus reduce production 

costs [75]. Furthermore, SU allows efficient utilization of plant capacities by increasing the flexibility of 

UO´s [76]. In recent years, the share of SU-equipment in commercial production has increased sharply 

[77]. In USP, stirred SU bioreactors are widely established for small- and intermediate-scale production 

up to a volume of 2,000 L [78]. The DSP follows by transferring more complex steps into SU, such as 

chromatography, centrifugation or tangential flow filtration, and by implementing new technologies 
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[79]. For specific process scenarios and scales, the feasibility of a complete SU-based production 

stream was already demonstrated [80]. However, for larger process scales and certain UO´s the 

applicability of SU equipment often limited, for example, by low biomass loading capacities of filters 

at the clarification of HCD broths [17].  

To develop intensified platform concepts suitable for industrial mAb production, combinations of HCD 

cultivation, SU technologies, and integrated continuous processing are considered the most promising 

[15,79,81]. 



  Theoretical Background 

10 
 
 

 Cell Clarification Strategies 

Cell clarification aims to remove all particles, such as cells and cell debris, from the cell culture 

suspension while recovering the mAb in the clarified liquid. A cascade of clarification steps is used for 

harvesting the production reactor, except for perfusion processes, where the cells are retained. Since 

the clarification operation connects USP with DSP, it is challenged by both: On the one hand, the UO 

needs to be suitable for the respective characteristic of the feed stream, such as biomass 

concentrations, cell viability and particle size distributions. On the other hand, it needs to meet the 

high requirements of a subsequent DSP, such as clarity, product quality, and throughput. This chapter 

reviews the existing clarification strategies, focusing on their limitations and advantages in clarifying 

mammalian cell broths. 

 

3.3.1 Cell Broth Pretreatment 

Prior to the primary clarification, pretreatments of the cell broth using additives target the aggregation 

of impurities to facilitate their removal (Figure 3). Various pretreatment approaches have been 

described in the scientific literature, which are usually classified according to their aggregation 

mechanism: precipitation or flocculation [20,82]. 

In precipitation approaches, the solubility limit of dissolved impurities such as certain HCP´s is 

exceeded to allow their separation as a particulate system in the subsequent clarification UO. For this 

purpose, the cell broth conditions such as pH value or ionic strength are changed [13]. A well-known 

approach is the lowering of the pH value to 5 in combination with subsequent filtration [82,83] or 

centrifugation [84]. In flocculation approaches, the size of particles already present in a suspension is 

increased using charged additives that cover or bridge the repulsive forces between similarly charged 

particle surfaces while dissolved impurities can additionally be bound to the aggregates [85,86]. Since 

most of the impurities are negatively charged under neutral pH conditions, cationic polymers such as 

polyethylenimine or polymer poly(diallyldimethylammonium chloride) (pDADMAC) are widely used 

[13,87,88]. With both pretreatment approaches, improved the filterability [89] and an additional 

reduction of DNA impurity by several log-levels [51] can be achieved. Some pretreatments may provide 

further advantages for the DSP, such as the inactivation of viruses [90]. 

However, the application of pretreatments is limited by their often cytotoxic nature and the risk to 

alter the mAb [20]. Cytotoxicity may result in the release of even more impurities through cell lysis in 

the broth, and additionally requires complete removal of the additives in the subsequent DSP to ensure 

patient safety of the final product [91,92]. In addition, the harsh environmental conditions in 

pretreated cell broth pose risks that mAb is lost through co-aggregation or degradation. Moreover, 

there is also the risk of a loss in mAb activity due to an additive-induced change in glycan structure 
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[93]. Therefore, the stability of mAb and host cells as well as regulatory quality requirements must be 

considered for the selection of suitable additives.  

 

 

Figure 3. Pretreatment mechanisms using cationic flocculants to aggregate negatively charged virus, 
cells, cell debris, DNA, and host cell proteins (HCP), maintaining the antibody in solution (adapted from 
[13]). 

 

3.3.2 Filtration 

To remove the entire biomass by filtration, at least two subsequent filter stages are required. In the 

primary clarification stage, cells and larger debris are removed. In the secondary filtration, a dead-end 

sterile filter for the removal of sub-micron debris and colloids is used to protect the chromatographic 

columns of the subsequent DSP from fouling [10,13]. 

As a primary filtration technology, tangential flow filtration enables reduced filter cake formation and 

thus high throughputs [94,95]. However, this approach is rarely used in industrial processes because 

of low recovery rates and the risk of damaging cells and releasing impurities due to shear forces [61]. 

A widely used method for primary cell clarification is depth filtration [96]. The approach has a long 

history of success, as it has been used for water purification for more than 4,000 years [97]. In 

biopharmaceutical production, depth filters consist of synthetic or cellulose fibers and a filter aid that 

increases the surface area and provide a porous structure, such as diatomaceous earth [98]. Some 

depth filters are additionally charged using a binder chemistry [99]. Particles are retained by their size 

on the surface and, unlike membrane filters, in the depth of the porous structure [100]. In addition, 

smaller particles and soluble impurities, such as DNA or HCP, can be adsorbed onto the depth filter 

material through electrostatic and hydrophobic interactions [101,102]. Depending on the amount and 

particle size distribution, a proper selection of the filter grade is required, where often multilayer depth 
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filters as well as two successive depth filter stages are used [96]. Another method is dynamic body feed 

filtration using diatomaceous earth or other filter aids which are added directly to the cell broth to 

increase the retention capacity of the filters [103]. 

However, since the biomass loading capacities of dead-end filters remain limited, clarification of large 

volumes and high cell concentrations is challenged by high filter costs and technological feasibility, 

such as high plant footprint, long setup times, and large amounts of waste that need to be treated. 

 

3.3.3 Centrifugation 

Centrifugation-based separation uses the differences in the density between culture media and 

biomass particles. The centrifugation step is usually applied for the primary clarification, followed by a 

small depth and sterile filter stage [13]. 

Disc stack centrifuges (DSC) are widely used in industrial processes for 2,000 L batch scales and above, 

providing low cost operation at large scale and a scalable continuous process platform [10,38,104]. 

The separation is achieved by pumping the cell broth through a rotating stack of discs. Due to the 

centrifugal force, the cells are accelerated towards the outside of the bowl and collected in the solids 

holding space, while the supernatant leaves the centrifuge using an axial outlet [10]. The biomass in 

the solid holding space is continuously or frequently pushed out by a specific bowl periphery. However, 

the required high shear forces can cause cell disruption, thus releasing impurities, which reduces 

clarification efficiency and increases stress on the DSP [96,105]. In addition, a high biomass content in 

HCD cultures can result in a loss of recovery due to the need to remove solids more frequently 

combined with a poor dewatering capability of the system [104]. Furthermore, the stainless steel 

system requires pre-sterilization, evaluation, and cleaning for each batch. 

Therefore, there are efforts to manufacture centrifuges and all parts that come into contact with the 

product as SU equipment [79]. The designs are based either on the classical DSC technology [106] or 

on an alternative technology that allows the capture of cells in a fluidized bed [107]. 

The working principle of a fluidized bed centrifuge (FBC) was first described in 1948 [108], however, 

only the recent transfer to a SU concept made the technology attractive for biopharmaceutical cell 

clarification applications [107]. Separation of cells is achieved by pumping a cell broth through a 

conically shaped chamber against the centrifugal force which results from the radial rotation of the 

chambers. While the supernatant flows through the chamber, the cells are captured in it at the point 

where the drag force of the fluid flow and the opposing centrifugal force are equal [109]. The FBC is 

operated semi-continuously in repeating cycles, consisting of loading of the chambers with cells, 

washing of the cells, and discharging the chambers, which enables low shear rates on the cells [19]. So 

far there are no reports on the use of SU centrifuges in commercial production. 
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3.3.4 Alternative Clarification 

In addition to the commonly applied mechanical separation methods based on density or size, there 

are some alternative technologies. The following examples have already been demonstrated to be 

capable for cell clarification in laboratory or pilot scale mAb processes. 

Aqueous two-phase extraction is an integrated approach that combines cell clarification, product 

capture, and initial polishing [110]. To obtain a suitable biphasic system, two hydrophilic components 

whose concentration are above a certain threshold are added to the cell broth and mixed [111]. The 

mAb is enriched in the light phase due to its selective solubility, while some impurities are soluble in 

the heavy phase and the biomass accumulates in the interphase [112,113]. However, subsequent 

separation of the phases, adaption of the following DSP, and careful selection of the phase system for 

the respective mAb is required [113]. 

Acoustic cell separation is another approach for primary clarification that uses the density and different 

mechanical properties of cells to capture them in the knots of a three-dimensional standing wave [114]. 

The captured cells inside the flow channel aggregate and sediment, resulting in a biomass reduction in 

the cell broth. Systems with SU flow path were developed, but most applications focus on microfluidic 

cell processing [115]. 

Microfluidic spiral separation was shown to be suitable for continuous removal of CHO cells with high 

efficiency [116]. Due to internal fluidic shear characteristics of a flow in spiral channel geometry, cells 

are concentrated on the inner sidewall and can be removed at the outlet [117]. Since the effect is 

limited to microfluidic channels, so far there are only applications for research and in small-scale 

perfusion processes. 

A further approach was demonstrated by a concept study aiming for direct capture and purification of 

mAb from the cell broth by magnetic beads to circumvent the cell clarification UO [118]. However, it 

needs to be investigated whether such approaches are scalable, sufficiently robust, and economically 

feasible to operate.
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4 Experimental Results 
Aim of this PhD thesis was to establish an intensified clarification strategy for biopharmaceutical 

manufacturing of mAb´s due to the lack of appropriated HCD clarification technologies and the need 

to increase efficiency of established processes. The experimental work for this purpose was divided 

into four closely related parts: development of a fluidized bed centrifugation approach to enable HCD 

clarification (Chapter 4.1), investigation of robustness for various cell suspension and modeling of the 

developed approach (Chapter 4.2), intensification of this approach using cell broth pretreatments 

(Chapter 4.3), and implementation of a rationalized setup to streamline the clarification process 

(Chapter 4.4). The results of the first three parts were published in separate research articles in 

different peer-reviewed journals. The developed setup of the last part was published as an 

international patent application due to its high industrial relevance. 

In a preliminary study of this work, different SU clarification technologies were investigated to identify 

a suitable approach for the clarification of high CHO cell concentrations. For this purpose, depth 

filtration, dynamic body feed (DBF) filtration, and fluidized bed centrifugation were examined for 

clarification of HCD broths with concentrations in the range of 100 million cells/mL. As a result of the 

proof-of-concept experiments, the tested filtration technologies showed relatively low biomass 

loading capacities and thus were hardly applicable for HCD clarification. Interestingly, the investigated 

SU fluidized bed centrifuge (FBC) was capable to separate cells in HCD broth from the mAb containing 

supernatant which suggests a high potential of the approach to be used for HCD clarification. This 

results were presented on a poster with the title “High Cell Density Clarification Using Single-Use 

Technologies” at the 26th European Society for Animal Cell Technology (ESACT) Meeting 2019 and 

published in the conference proceedings [119].  

Due to these findings, a FBC-based HCD clarification approach was developed in the first part of this 

work. To enable efficient separation of biomass with simultaneous high recovery of mAb, the FBC 

process parameters for loading of the centrifuge chambers with cell broth, washing out of mAb from 

the captured cells, and discharging of biomass were optimized. The investigation of cell amount and 

viability during the processes suggested mild separation of almost all cells and confirmed a maximum 

FBC chamber loading capacity of approximately 10 billion cells per 100 mL chamber volume [120]. In 

contrast to the conventional applied disc stack centrifuge, where high particle loads results in reduced 

product recoveries [10], a high mAb recovery of 95 % was achieved due to the adaption of the washing 

strategy of cells which were captured in the fluidized bed. 

After the FBC process step, small amounts of residual biomass in the supernatant needed to be 

removed by an appropriated subsequent filtration step. Therefore, a filter screening was conducted to 
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identify a filter setup with high filter throughput and high filtrate clarity. As a result of the screening, a 

double layer depth filter with nominal pore sizes of 8 µm and 0.8 µm, followed by a 0.2 µm membrane 

filter, was found to be best suited to clarify the FBC supernatant and thus was used to complete the 

HCD clarification approach. The results of the developed approach using a FBC as first and a small 

filtration step as a second clarification step were published, entitled “Clarification of intensified mAb 

processes with up to 100 million cells/mL using a single-use fluidized bed centrifuge” (Biochemical 

Engineering Journal, 2021) [121].  

In order to investigate the applicability and the robustness of the approach for various cell broth 

characteristics a further study was conducted, which is presented in the second part of this work. The 

cell broths with concentrations ranging from 20 million cells/mL to 110 million cells/mL were 

successfully clarified. The achieved consistent mAb recoveries of approximately 95 % and harvest 

turbidities below 13 NTU again demonstrates that FBC followed by filtration is a suitable alternative 

clarification approach. Furthermore, a process model was developed to predict the process throughput 

and product pool dilution in dependency of the cell concentration. The experimental results confirmed 

the calculated values, showing an increase in throughput and a decrease in dilution being associated 

with a decrease of cell concentration in the cell broth to be clarified. These results were published as 

a part (chapter 3.7) of an industrial review highlighting different approaches for process intensification, 

entitled “Process Intensification in the Biopharma Industry: Improving Efficiency of Protein 

Manufacturing Processes from Development to Production Scale Using Synergistic Approaches” 

(Chemical Engineering and Processing, 2022) [122]. 

In addition, based on these results, another application was identified where the viable cells could be 

re-used in a second production cycle after their mild and sterile separation by the FBC. This enables 

the development of novel USP modalities to further intensify mAb production. The results of a first 

proof-of-concept study indicated a high potential to more than double the productivity in FB processes 

which was presented at the ECCE&ECAB 2021 conference with the title “Boosting monoclonal antibody 

productivity of fed-batch processes by recovering viable cells.”. 

The third part of this PhD thesis represents a feasibility study to intensify the developed clarification 

approach by treatments prior to the FBC step using flocculation and precipitation of cell broth. The 

primary goal of these pretreatments was to facilitate the removal of cell debris as well as to additionally 

remove process related impurities. Therefore, model CHO cell cultures with a low viability and thus a 

high content of impurities were used. A screening of potential cell broth additives was accomplished, 

identifying low pH precipitation by acetic acid and cationic flocculation by pDADMAC as promising 

pretreatments. However, due to a significant change in cell broth conditions by the pretreatment 

additives, their application can lead to the release of impurities from damaged cells and alter the 
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product. This effect can be additionally exacerbated by the subsequent clarification process. Therefore, 

the applicability of these two different pretreatments in combination with the FBC approach was 

investigated. In this study, focus was placed on the aggregate formation and stability of cells as well as 

on the impact of the pretreatments on selected critical product quality attributes. Overall, it was found 

that pretreatments tailored to the cell cultures can be successfully used to intensify FBC clarification. 

The results of this feasibility study were published as a research article, entitled “Fluidized bed 

centrifugation of precipitated and flocculated cell cultures: An intensified clarification approach for 

monoclonal antibodies” (Journal of Biotechnology, 2022) [123].  

In the fourth part of this work, a novel clarification setup with a corresponding method of operation 

was developed and filed as an international patent application with the title “Clarification setup of a 

bioprocessing installation” (WO 2022/008536 Al) [124]. This SU approach based on the clarification 

process developed in the preceding parts of this PhD thesis consisting of a cyclical FBC step and a depth 

and sterile filtration step, which have so far been operated independently of each other. The novelty 

of the invention is that both process steps have been combined in a single unit operation and 

implemented into the biomanufacturing process, aiming for a closed flow path from the bioreactor to 

the sterile harvest vessel, which was so far not possible with any other centrifugation approach. In the 

streamlined setup no intermediate surge vessels and only the pumps of the FBC system were used, 

resulting in a reduction of peripheral devices, SU materials and process time. 

A proof-of-concept study was conducted to evaluate the applicability of the intensified setup as a 

platform approach. The robustness of the approach was assessed by the clarification of different cell 

broth characteristics including HCD broth with 110 million cells/mL. To conclude, the scalability of the 

approach was successfully demonstrated by clarifying various volumes of cell broth up to 200 L 

bioreactor pilot scale. The results were published as a conference poster at the 5th European 

BioProcessing Summit 2022 [125]. Overall, a scalable and robust clarification process was developed 

that can be used for different cell broth characteristics, supporting the efforts of bioprocess 

intensification. 
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 Development of a High Cell Density Clarification Approach 

 

 

Figure 4. Overview of the developed high cell density (HCD) clarification approach consisting of a 
fluidized bed centrifugation as a first clarification step, and a depth filter stage followed by a sterile 
filter stage as a second clarification step to connect HCD upstream processing (USP) with downstream 
processing (DSP). 

 

Biopharmaceutical manufacturing using high cell concentration poses a challenge for conventional cell 

clarification UO´s due to low product recoveries of stainless-steel disk stack centrifuges and low 

biomass loading capacities of filters [17]. Therefore, cell clarification represents a technological 

bottleneck in intensified mAb production processes. In addition, there is an ongoing trend to apply SU-

based UO from research up to production scale due to higher flexibility, lower hardware costs and 

reduced setup times [79].  

Therefore, the first publication focuses on development and optimization of a novel, SU-based 

clarification approach, which overcomes the limitations of conventional clarification UO´s. The 

approach is based on fluidized bed centrifugation as a first clarification step (Figure 4). This technology 

enables the capture and concentration of mammalian cells in a fluidized bed by balancing the drag 

force of a continuous flow and an opposing centrifugal force which is generated inside a rotating 

chamber. As the cells undergo zero-net-force in the fluidized bed, mild process conditions were 

expected. As a result of this study, this effect was confirmed by determination of high cell recoveries 

and high viabilities of processed cells, additionally suggesting a low release of host cell impurities.  

Furthermore, the publication focuses on the parameter optimization for HCD broth with 

100 million CHO cells/mL, since several FBC process parameters, such as flow rates and void volumes, 

are critical for efficient cell capture and supernatant washout. Suitable flow rates were identified that 

enables almost complete removal of cells and almost complete recovery of mAb. In order to achieve 

acceptable dilution of product and short process times, process volumes were adjusted to obtain mAb 

recoveries of 95 %, which was validated in a 2 L scale. It was found that the complete HCD broth was 
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clarified within 30 minutes and successfully achieved the predefined high mAb recovery of 95 ± 2 %. In 

addition, a high turbidity reduction from 8,000 NTU in the HCD broth to 170 NTU in the clarified 

supernatant was obtained.  

However, for protection of the expensive column material in the DSP product capture step, the 

turbidity of the obtained supernatant must be further reduced by removing the remaining small 

particles, such as cell debris. Therefore, a small depth filter followed by a sterile filter was applied as a 

second clarification step. A screening of six different depth filters with different nominal pore sizes 

followed by a 0.2 µm sterile filter was conducted. The most promising filter combination using as depth 

filter stage a double layer filter with nominal pore sizes of 8 µm and 0.8 µm achieved high filter capacity 

of 157 L/m² in combination with a filtrate turbidity below 5 NTU. 

To conclude, it was possible to develop a novel method that enable the clarification of HCD broth with 

100 million cells/mL. In contrast to the commonly applied methods, the FBC followed by a small filter 

step provides a complete SU-based approach. The optimization of process parameters achieved short 

process times and high recovery of product, offering great potential for process intensification. 
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 Validation and Modeling of Clarification for Various Cell Suspensions 

As demonstrated in the previous section, fluidized bed centrifugation enables the clarification of HCD 

broth with 100 million cells/mL. However, to use the FBC setup as a platform approach for cell 

clarification, its robustness and adaptability for a wide variety of USP modalities must be ensured. 

Indications for robustness of the clarification UO are the overall mAb recovery as well as the harvest 

turbidity. Furthermore, important parameters to predict process performance are the average cell 

broth throughput and the harvest dilution rate. These parameters enable the calculation of process 

time and wash buffer consumption and thus enable adaption of the UO to different process volumes. 

Furthermore, these parameters are also an indication of the process efficiency.  

In order to investigate the impact of different cell broth characteristics, suspensions with cell 

concentrations ranging from 20 × 106 cells/mL to 110 × 106 cells/mL and viabilities variating from 60 % 

to 97 % were clarified. The optimized FBC parameters of the previous study were used as a basis and 

adapted to the cell concentration. It was found that the maximum FBC loading capacity of 

approximately 1010 CHO cells per 100 mL chamber volume is independent of the cell concentration in 

the feed. Therefore, the maximum cell broth volume loaded into a FBC chamber mainly depends on 

cell concentration, indicated by lower load volumes with increasing cell concentrations. Consequently, 

higher cell concentrations increase the number of FBC cycles to clarify a specific volume and thus also 

increase the process time and buffer consumption. This effect on the clarification process was modeled 

using the adapted process parameters for calculation. It was shown that the experimental results 

correspond to the calculated throughput and dilution rates for all tested cell concentrations. The 

model is therefore suitable to predict process times and buffer consumption for various process 

scenarios. 

After completing the clarification UO by the subsequent filtration step, overall high mAb recoveries of 

approximately 95 % were achieved. Furthermore, the initial cell broth turbidities, which ranged from 

2,300 NTU to 8,000 NTU, were reduced to below 13 NTU in all sterile harvest pools, also confirming 

consistent clarification results. 

Overall, this study was the first to successfully demonstrate the capability of a clarification approach 

over a wide range of cell concentrations. Despite a lower throughput and higher buffer consumption 

at higher cell concentrations, the FBC approach is particularly suitable for high cell densities 

clarification due to the consistently high recovery rates, which have not been reported from any other 

approach to date. As shown in the industrial review where the results were published, process 

intensification in biomanufacturing requires multiple efforts and holistic approaches. In this context, 

the developed robust clarification UO promises to be an efficient platform approach suitable for 

connecting intensified upstream processes with intensified downstream processes. 
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 Intensification of Clarification by Pretreatments 

 

 

Figure 5. Overview of the clarification process using cell culture pretreatment approaches to intensify 
the subsequent fluidized bed centrifugation and filtration steps 

 

In the previous chapter, the suitability of an FBC-based platform approach for cell clarification was 

demonstrated. However, it was also found that cell broths with low viability (< 90 %), in some cases 

achieved lower filter capacities in the second clarification step compared to capacities of ≈ 150 L/m² 

at viabilities > 90 % (chapter 4.1). One explanation for this effect could be that low cell viabilities are 

accompanied by a higher proportion of debris from already apoptotic and lysed cells. These cell debris 

might probably not be retained in the fluidized bed of the centrifuge and thus are removed by the 

subsequent filter stages which increases the ability to block the filters. In addition, these cell cultures 

tend to have higher levels of dissolved impurities, which place an additional burden on the subsequent 

DSP. 

To overcome the limitations in the clarification of low viable cell cultures, flocculation and precipitation 

pretreatment approaches were investigated for their potential to intensify the developed cell 

clarification process platform (Figure 5). For this purpose, the effect of different treatments on the 

particle size distribution and on the stability of the low viable cell broth was examined. Furthermore, 

the possibility of additionally remove dissolved process related impurities by the pretreatments was 

determined. Another criterion that was also taken into account for selection of suitable additives was 

the effect on the product quality indicated by the aggregation level and the glycan profile of mAb. 

As a result of an additive screening, low pH precipitation by 2 M acetic acid and cationic flocculation 

by 0.75 g/L pDADMAC were identified as promising pretreatments. As observed by a particle size 

analysis, the pH treatment caused formation of small impurity aggregates in a sub-micrometer 

diameter range whereas the cells were not aggregated. In contrast, the flocculation treatment caused 

formation of large cell aggregates with an average diameter of approximately 170 µm compared to an 



  Experimental Results 

44 
 
 

average particle size of 21 µm of an untreated reference. In both approaches, the treated cell broths 

were stable for at least one hour, what allows their application in combination with FBC clarification. 

However, both pretreatments showed hardly any effect on the FBC step, but enhanced the subsequent 

filtration step, resulting in an increase in filter capacities by precipitation to more than 200 L/m² and 

by flocculation to more than 400 L/m². Further advantages of both approaches were, that more than 

90 % of the dissolved DNA impurities were removed and the harvest turbidites were reduced below 

3.1 NTU compared to approximately 6.5 NTU achieved in an untreated reference process. In addition, 

mAb glycosylation pattern and aggregate formation were studied in which only minor effects of the 

treatments on these critical quality attributes were found. All tested cell clarification approaches 

achieved overall mAb recoveries of ≈ 90 % and above. 

To conclude, this part of the thesis again proves that fluidized bed centrifugation followed by a small 

filtration step is suitable to clarify various cell broth characteristics. Additional pretreatment of the cell 

broth with suitable flocculants or precipitation additives can improve the clarification process by 

requiring less filter area and lowering the obtained harvest turbidity, which is both particularly 

beneficial for cell cultures with low viability. The additional removal of DNA host cell impurities through 

the treatments offers high potential to simplify and reduce the size of subsequent DSP steps as well as 

to increase the lifetime of expensive chromatography materials in the capture step. Even though the 

positive effects of pretreatments beyond the cell clarification still need to be proven, the results of this 

chapter provide a basis for intensification of the clarification operation and the subsequent DSP of 

mAb. 
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 Implementation of a Streamlined Single-Use Clarification Setup 

 

 

Figure 6. Schematic process flow of a streamlined clarification unit operation with a direct connection 
of bioreactor, fluidized bed centrifuge as a first clarification step, depth and sterile filter as a second 
clarification step, and harvest vessel. Inline single-use pressure sensors (P1, P2) and flow sensor (F) are 
installed for process monitoring. Pinch valves indicate certain lines that are activated and deactivated 
for filter flushing.  

In the previous chapters, the suitability of a novel clarification approach for robust processing of cell 

broths even at HCD or low viability conditions was demonstrated. The two clarification steps applied, 

FBC and two-stage filtration, were operated one after another in this approach, as it is also the case in 

conventional processes with disc stack centrifugation and subsequent filtration. Performing both steps 

separately is usually accomplished to reduce the complexity of each process step and to adapt the 

steps more flexible to different conditions of the cell broth. However, such stepwise operation requires 

separate sets of equipment for controlling and pumping as well as surge vessels for intermediate 

product storage. This increases capital expenditure for equipment, labor costs for operation, footprint 

of the manufacturing plant and thus decreases the cost efficiency of the UO. Another challenge can be 

the relatively low overall product throughput and thus long process time, which increases the risk of 

product degradation or impairment of the mAb quality. A way to overcome the limitations of stepwise 

clarification could be a direct connection of both process steps. 

To enable the connection in the developed FBC-based clarification approach, a basis is provided by the 

work of the previous chapters. Due to the ability to model the FBC throughput in dependency of the 

cell concentration in the production bioreactor (chapter 4.2) as well as to predict (or even to influence) 

the maximum filter capacities for post-FBC processing (chapter 4.3), appropriated filter sizes can be 

preselected depending on the respective FBC flow rates as well as the cell broth volume and the cell 

concentration to clarify. In addition, the automated FBC system with its presterilized SU equipment 
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allows flexible connection of all inlets and outlets by sterile welding of the thermoplastic tubes. On 

that basis, the clarification approach was modified to integrate the filtration step into the preceding 

fluidized bed centrifugation step aiming for an intensification of the clarification platform. 

The general concept underlying the integrated clarification setup is based on a liquid tight connection 

between the FBC harvest outlet and the filter setup inlet (Figure 6). This allows the operation without 

any surge vessel for intermediate storage of the FBC supernatant between the FBC outlet and the inlet 

of the connected depth and sterile filters. Moreover, the FBC pumping arrangement is used to pump 

the supernatant through the filters. The resulting elimination of a surge vessel and a filtration pump 

streamlines the setup, which is not only cost efficient, but is also making the overall process faster. The 

accompanied reduction in the footprint of clarification setup is particularly advantageous for large-

scale applications in biopharmaceutical manufacturing, where clean room spaces are limited and cost 

drivers of the process.  

Further notable characteristics of the setup are the also liquid tight connections between the 

bioreactor and the FBC as well as between the sterile filter and the harvest vessel. Due to the achieved 

completely closed fluid path from the bioreactor to the sterile harvest, no fluid may come into contact 

with any components outside, which leads to a reduced risk of contamination and thus an increased 

process safety. In addition, it is advantageous that all components that are in direct contact with the 

product are SU components, which reduces the set-up times and eliminates the need for cleaning and 

validation between different batches. Furthermore, SU pressure and flow sensors are installed in front 

of the filter stages to increase the controllability of the clarification. When a predefined pressure limit 

is reached in the process by blocking of filters, valves can be actuated in a pressure control loop to stop 

the centrifugation process and start the filter post-flush or open an additional backup filter line (backup 

filters not shown in Figure 6). 

In addition to these sensors, a supernatant sensor arrangement, preferably an optical supernatant 

sensor arrangement, for measuring an occurrence level of supernatant in the respective liquid line can 

be used to control the process. During the FBC loading and washing cycles, depending on the measured 

occurrence level of supernatant, the FBC process controller deactivates or activates the outlet 

supernatant line and the outlet waste line via the valves installed in the respective lines. The 

advancements in the control strategy thus achieved, was filed as an independent international patent 

application with the title “Automated centrifuge setup of a bioprocessing installation” (WO 

2022/008543 Al), which is not further discussed in this thesis [126]. 

Another feature of the approach is that only one buffer vessel and one waste vessel is connected with 

the FBC but used for both steps, what again streamlines the clarification setup. Before the 

centrifugation process is started, the buffer is used for conditioning of filters by pre-flushing them. For 
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that purpose, the control unit, a pump, and a predefined filter flushing line of the FBC is applied. During 

the clarification process the cells captured inside fluidized bed of the FBC can be washed from the 

same buffer vessel to increase mAb recovery. After the clarification process, the FBC and the filter 

flushing line are again used for post-flushing of the filters to wash out the product containing liquid 

from the void volume of the filter assembly into the harvest vessel. 

The waste vessel is connected with the FBC waste outlet to collect the separated biomass of the 

centrate. An additional connection between the depth filter outlet and the waste vessel was 

established to collect the buffer from depth filter pre-conditioning, allowing the removal of filter 

associated impurities and preventing unwanted dilution of the harvest pool with buffer. 

The described clarification setup may be operated in different modes. A first operating mode, which is 

the focus of this thesis, is the clarification of any solid particles from the cell broth by centrifugation 

and subsequent filtration. A second operating mode, which could be realized by the present approach 

as well, is the separation of cells from supernatant whereas the supernatant could additionally contain 

a product of interest, like mAb´s, exosomes, or viruses. The obtained product in this second operating 

mode can therefore be both, cells and supernatant, which is not further addressed in this work. 

However, in both operating modes, the cyclic fluidized bed centrifugation process, consisting of loading 

the cells into the FBC chambers, washing out the supernatant from the fluidized bed, and discharging 

of the washed cells, determines the overall clarification throughput of this UO. Therefore, the FBC 

system is used for controlling and harmonization of the centrifugation as well as the filtration steps. 

During the loading of cells from the bioreactor into the FBC chambers, the valves of the FBC outlet 

lines are actuated to guide the first volume fraction containing the system void volume to the waste 

vessel and the second volume fraction containing the cell broth supernatant with the mAb to the filter 

assembly. The fluid flow in the subsequent washing step of the FBC chamber is also guided to the filters. 

Residual particles particularly cell debris of the FBC supernatant are removed in the filter assembly 

resulting in a slow increase of the pressure by an increased flow resistance through the progressed 

blocking of filter materials. In the last FBC cycle step, the discharging of cells, the flow direction through 

the FBC chamber is turned in the opposite direction to transfer the biomass to the waste vessel. During 

this step, no fluid is pumped through the filter assembly for a short time. Due to this interruption of 

fluid flow, the filter pressure decreases. However, with the start of another FBC cycle and thus again 

pumping supernatant through the filters, the pressure increases again. This pressure monitoring in 

front of each filter stage can be used to activate a valve of a backup filter assembly or stop the process 

when a pre-defined threshold of the peak pressure is achieved. 

Both, the described clarification setup as well as the methods for its operation, were filed as an 

international patent application with the title “Clarification setup of a bioprocessing installation” [124]. 
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In order to evaluate the feasibility of the invention an application study was conducted. As an example, 

the results of two performed proof-of-concept clarification runs, which were also presented at the 5th 

European BioProcessing Summit 2022 [125], are shown in the following section.  

For investigation of the process robustness, CHO cell broth with different characteristics were clarified. 

In both trials, the maximum centrifugal force of the FBC system of 1,000 × g was applied, all four 

chambers were loaded with its maximum capacity and washed with 260 mL buffer per chamber, as 

established in the FBC parameter optimization (chapter 4.1). Stop criteria of the process was a pressure 

limit of 1.5 bar (sensor P1 in Figure 6) or a complete clarification of the cell broth volume. 

In the first run, 170 L fed-batch cell broth from a pilot-scale 200 L SU bioreactor with a moderate cell 

concentration of 16.7 million cells/mL (719 NTU) was processed. For depth filtration, two cassettes 

with an effective filter area (EFA) of 1.6 m² in total were used. A sterile filter with an EFA of 0.8 m² was 

applied. The FBC loading flow rate was set to 1.2 L/min in total for all four applied chambers. 

In the second clarification run, approximately 3 L cell broth from an intensified process with a cell 

concentration of 110 million cells/mL (7970 NTU) was used. A depth filter EFA of 0.08 m² and a sterile 

filter EFA of 0.065 m² was applied. In order to reach the maximum specific flow rate at the depth filters 

of 300 L/m²/h, the FBC loading flow rate of all four chambers was set to 0.4 L/min. 

The pressure measured at the filter inlets and the FBC outlet flow rate were recorded for a complete 

clarification run (Figure 7). During the pre-flushing of the depth filter using the FBC, fluctuations in the 

flow rate indicate air bubbles that were removed by venting. After a sufficient volume of buffer was 

flushed through the filter, the residual liquid was blown out by pumping air, which cannot be measured 

by the flow sensor, but results in a slight pressure increase (visible after approximately 0.3 h process 

time in Figure 7). Thereafter, the FBC was sterile connected to the bioreactor and the cyclic FBC 

clarification was started. During the loading and washing of the cells in the FBC chamber, the 

supernatant was directly pumped into the filter assembly, resulting in an increase in pressure. At the 

end of each cycle, the filtration was interrupted for 1.5 minutes while the biomass inside the chamber 

was discharged into the waste vessel and a new cycle was automatically started. Although the flow 

was interrupted, typical blocking behavior of the depth filter (pressure 1) was observed. A very low 

pressure drop over the sterile filter (pressure 2) observed in both runs suggests that the sterile filter 

device was oversized. In both runs, the complete cell broth was processed without reaching the 

pressure limit. After FBC clarification, post-flushing was performed with half of the flow rate, to ensure 

that the pressure remained low and to avoid breakthrough of impurities. 

For the clarification of a 200 L bioreactor (run 1), 100 FBC cycles were performed during 8 h process 

time. The FBC system was capable to run the process automated without any interruption or manual 

adjustments, suggesting high robustness of the approach (data not shown).  
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For the clarification of 3 L HCD broth (run 2), 8 FBC cycles were performed in 34 min (Figure 7). Due to 

the applied small filter area and a probably higher level of cell debris, an increase in pressure (P1) up 

to 0.7 bar was observed, which was significantly below the pressure limit of 1.5 bar. 

 

 

Figure 7. Pressures and flow rate during the clarification of a high cell density broth with 
110 million cells/mL using a fluidized bed centrifuge (FBC) with integrated filtration (run 2). Prior to the 
clarification, the depth filter was pre-flushed with buffer including the blow out of remained liquid 
using the FBC. The FBC supernatant of each clarification cycle was directly filtered. After clarification, 
depth and sterile filter were post-flushed by the FBC. 

 

Despite the difference in cell concentration and processed volume in both runs, turbidities in the sterile 

harvest pools were below 4 NTU, demonstrating high product clarity, which could further facilitate the 

subsequent downstream processing. In addition, a high mAb recovery above 95 % was obtained due 

to the sufficient washing of cells and post-flushing of the filters showing again the high efficiency. 

In summary, high clarity of the harvest as well as high recoveries of mAb were achieved, confirming 

robustness of the approach to clarify a very broad range of cell broth characteristics from various mAb 

production processes. Furthermore, the limitations of stepwise clarification were bypassed through a 

direct connection of both clarification steps in the streamline setup. Therefore, FBC with integrated 

filtration can be used as a SU platform approach, which contributes to the intensification efforts in 

biomanufacturing. As a next step, the UO could be connected with a subsequent continuous capture 

step to achieve further intensification in mAb processing. 
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5 Conclusion and Outlook  
Cell clarification is the connective unit operation between USP and DSP. In the biomanufacturing of 

mAb, clarification must therefore meet both the robust product harvest from various cell culture 

broths after USP and the requirements of the subsequent DSP to ensure the high purity standards of 

the authorities for biopharmaceutical products.  

In recent years, the USP have been continuously intensified to increase productivities in order to satisfy 

the growing global demand for affordable mAb´s. However, the high cell concentrations usually 

applied for this purpose increase the burden on all subsequent steps. As a result, established platform 

approaches for cell clarification, such as disc stack centrifugation and depth filtration, are limited by 

low biomass loading capacities and low product recoveries, making them unsuitable for the 

clarification of HCD processes. 

Due to the lack of appropriated technologies, the motivation of this study was to develop and optimize 

a process platform enabling efficient clarification of HCD broth with up to 100 million cells/mL. A 

further requirement on the approach was its ability to be integrated into SU-based production 

processes, which is an additional strategy for process intensification. Focus of this thesis was also 

placed on the process robustness to reach a high mAb recovery and a high purity for a broad range of 

different cell broth characteristics. Beside the removal of all particulate cell and cell debris impurities, 

additional removal of molecular process related impurities should also be investigated with the aim of 

further intensifying a potential clarification operation. Finally, the impact of the clarification approach 

on critical mAb quality attributes should be assessed to evaluate the efficiency and safety of the 

process. 

As one of the main findings of this PhD thesis, SU-based fluidized bed centrifugation was identified as 

an efficient first step for the removal of CHO cells from HCD cultures. Due to an optimization of the 

FBC process parameters, the cell broth throughput, supernatant purity, and mAb recovery were 

increased. It was shown that the ability to wash the captured cells in the fluidized bed is one of the 

most significant impact factors to obtain high mAb recoveries of approximately 95 %. In order to 

achieve complete removal of all particulate impurities, a suitable filter assembly consisting of a depth 

filter followed by a sterile filter was selected by a screening. 

An experimental study to clarify various cell broth conditions ranging from 

20 × 106 to 110 × 106 cells/mL confirmed applicability and robust process performance of the approach. 

This finding demonstrated that a FBC step with a small filtration step has a high potential to be used 

as a platform approach in industrial biomanufacturing. 
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In addition, a process model of the FBC step was established to determine the average throughput and 

dilution rate of the supernatant. The knowledge gained in this work, can be used to adapt the 

clarification UO depending on the bioreactor volume and the cell concentration in the cultivation broth. 

In order to intensify the clarification process and additionally improve the removal of process related 

impurities in the subsequent DSP, the clarification approach was combined with pretreatments of the 

cell cultures. A flocculation and a precipitation treatment were found, that had both hardly any effect 

on the FBC process as well as the quality of mAb but were capable to increase the maximum depth 

filter capacity up to four-fold and remove approximately 90 % of DNA impurities already in the 

clarification UO. However, on the one hand, this study showed that due to the harsh environmental 

conditions caused by the pretreatments, evaluation and careful adaptation to the particular mAb is 

required. On the other hand, the approach promises significant improvements in the process, which is 

particularly advantageous for low-viability cell cultures with a high load of cell debris and process-

related impurities. 

A further achievement of this work is the development of an enhanced SU process platform based on 

the mentioned approach. Through a direct connection of both clarification steps the limitations of 

stepwise clarification were bypassed, resulting in improved process control, faster clarification, and 

significant reduction of required process equipment. Furthermore, the established connected and thus 

closed flow path from the bioreactor to the sterile particle free harvest vessel increases the process 

safety. In a proof-of-concept study, the feasibility of this streamlined clarification approach using 

fluidized bed centrifugation with integrated filtration was successfully demonstrated up to 200 L 

bioreactor pilot scale. 

Another interesting field of application identified during this work could be the re-use of viable cells 

after the removal of the product containing supernatant by the FBC. Usually, the concentrated and 

washed cells are discharged after the clarification, however, it was found that the mild process 

conditions in combination with sterile processing keeps the cells intact during the FBC process. After 

transferring the cells back into fresh culture medium further cell growth and mAb production were 

observed, suggesting that the cells can be re-used in a second production cycle. Since this approach 

could significantly increase the productivity of USP, further studies are needed to evaluate this effect 

and use it in new USP modalities. 

In further studies, additional focus should be placed on integration of the developed clarification 

platform in continuous production to meet the requirements of fully continuous mAb processing and 

connection of further DSP UO. Such operation could enable synergistic effects, like the combination of 

the cyclic clarification processing and the continuous product capture using multi column 

chromatography, and thus further intensify the overall manufacturing process. 



  Conclusion and Outlook 

88 
 
 

Moreover, further studies are needed to validate the developed process platform using upscaled FBC 

systems to increase the throughput so that they can be used in large-scale industrial SU manufacturing, 

where typical bioreactor volumes of 2,000 L are applied. Additional cost-of-goods modeling is 

recommended to identify the largest cost drivers of the process and to compare the costs of other 

platform concepts with the developed approach.  

In conclusion, a robust and efficient clarification UO is a key to connect USP with DSP enabling 

production of large quantities of affordable mAb´s. The developed SU approach using a FBC followed 

by a filtration step allows such intensified clarification for various process streams including HCD 

processes. This and the ability to perform both connected clarification steps in an automated way 

offers great potential to use the approach as a process platform. The outcome of this work therefore 

supports the holistic efforts to intensify biopharmaceutical production, which helps to provide patients 

with better treatments. 
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