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Abstract 
 

Perfusion operation mode is currently under fast expansion in mammalian cell based 

manufacturing of biopharmaceuticals, not only for labile drug protein but also for 

stable proteins such as monoclonal antibodies (mAbs). Perfusion mode can 

advantageously offer a stable cell environment, long-term production with high 

productivity and consistent product quality. Intensified high cell density culture 

(HCDC) is certainly one of the most attractive features of a perfusion process due to 

the high volumetric productivity in a small footprint that it can provide. Advancements 

in single-use technology have alleviated the intrinsic complexity of perfusion processes 

while the maturing in cell retention devices has improved process robustness. The 

knowledge for perfusion process has been gradually built and the “continuous” concept 

is getting more and more acceptance in the field. 

  

This thesis presents the development of robust perfusion process at very high cell 

densities in various culture systems. Four HCDC perfusion systems were developed 

with industrial collaborators with three different mAb producing Chinese Hamster 

Ovary (CHO) cell lines: 1-2) WAVE Bioreactor™ Cellbag prototype equipped with cell 

separation by hollow fiber filter utilizing Alternating Tangential Flow (ATF) and 

Tangential Flow Filtration (TFF) techniques; 3) Fiber matrix based CellTank™ 

prototype; 4) Glass stirred tank bioreactor equipped with ATF. In all the systems, 

extremely high viable cell densities above 130 million viable cells per milliliter 

(MVC/mL) up to 214 MVC/mL were achieved. Steady states were maintained and 

studied at 20-30 MVC/mL and 100-130 MVC/mL for process development. Perfusion 

rate selection based on cell specific perfusion rate (CSPR) was systematically 

investigated and exometabolome study was performed to explore the metabolic 

footprint of HCDC perfusion process.  
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Sammanfattning 
 
Perfusionssystem för produktion av biobaserade proteinläkemedels, via cellodling, är 

ett område som just nu expanderas och utvecklas i snabbt takt, inte bara med avseende 

på labila proteiner men också mer stabila produkter så som monoklona antikroppar 

(mAb). Den stora fördelen med perfusionssystem, över andra odlingstekniker, är dess 

kompakta formfaktor, en kontinuerligt hög produktivitet under lång tid, konsekvent 

hög produktkvalitet och stabila odlingsförhållanden. Perfusionsteknikens främsta fördel 

är möjligheten att erhålla extremt hög celltäthet, vilket resulterar i mycket hög 

volymetrisk produktivitet. Utveckling inom engångsodlingssystem och 

cellretentiontekniker har skapat möjligheter för att underlätta nyttjandet av 

perfusionsprocesser samt ökat robustheten. Allt eftersom kunskapen om 

perfusionssystem har ökat, har kontinuerliga produktionsystem blivit mer accepterade 

inom forskningsområdet.  

 

Den här avhandlingens fokus är utveckling av en robust perfusionsprocess som kan nå 

oerhört höga celltäthet, i flertalet odlingssystem. Fyra olika system för hög celltäthet 

har utvecklats, med industriella samarbetspartners, för produktion av tre olika mAb 

genom olika Chinese Hamster Ovary (CHO) cellinjer: 1-2) WAVE Bioreactor™ Cellbag, 

vågbaserad reaktor prototyp med cellseparation genom varierande tangentialt flöde 

(ATF) och tangential flödes filtrering (TFF); 3) Fiber matris baserad CellTank™ 

prototype; 4) Glasbioreaktor med ATF, för cellretention. I samtliga system nås extremt 

höga celltäthet, över 130 miljoner viabla celler per milliliter (MVC/mL), och som högst 

214 MVC/ml. ”Steady state” förhållanden upphölls under processutvecklingen på 

cellkoncentrationer motsvarande 20-30 MVC/ml respektive 100-130 MVC/ml. En 

systematisk studie för optimering av perfusionsflöden utfördes, baserad på cellspecifika 

perfusionshastigheter (CSPR), samt en exometabolomestudie för att utreda 

metaboliska avtryck under höga cellmassor i perfusionssystem. 
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1 Introduction 
 
 

1.1 Outline of this thesis 
 

This thesis begins with an introduction to the background of current cultivation 

techniques in recombinant protein production by mammalian cell-based systems. 

Using Chinese Hamster Ovary (CHO) cells producing monoclonal antibodies (mAbs) as 

model system, the thesis focuses on High Cell Density Culture (HCDC) perfusion 

process development and covers mainly two parts.  

 

The first part is HCDC perfusion system development with our industrial collaborators.  

 

The second part addresses the HCDC perfusion process development and highlights 

investigations of high cell densities and perfusion rate tuning from a more general 

process perspective. The cell metabolism and product quality at HCDC perfusion 

process are also discussed. 
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1.2 Recombinant protein production in mammalian cell 

systems 

 

Following on the recombinant DNA technique breakthrough by biochemist Herbert 

Boyer and geneticist Stanley Cohen in the early 1970s, recombinant therapeutic 

proteins have been under fast development. Before 1994 the approved 

biopharmaceutical products were 25 in United States and European Union markets, 

and this number increased significantly to 246 products by 2014 (including 34 

products that have been withdrawn after approval in both markets)1.  

 

Host cells are genetically engineered so that the gene encoding for a protein of interest 

is incorporated and expressed during cultivation of the host cells. To be fully biological 

functional, the expressed target proteins have to be correctly folded and processed with 

proper post-translational modifications2, 3. There has been an ongoing shift from non 

mammalian-based to mammalian-based expression system: from 50%/50% used in 

biologics manufacturing in 1990-1994, to mammalian cell systems occupying 60% for 

biologics approved between 2010-20141. Expression based on mammalian cells have 

been favored due to the increase of products that require post-translational 

modifications, particularly glycosylation. Microbial systems such as prokaryotic cells 

Escherichia coli lack such machinery, but still dominate the production of approved 

products quantitatively.  

 

The CHO cells were first used in laboratory work in 1919 but the culture technique was 

established in 1957, when Dr. Theodore T. Puck identified conditions for good viability 

and fast growth. After that, CHO cells began to be intensively used as host cells. They 

grow fast with good viability and are easy to culture. The post-translational 

modifications of CHO cells provide folded proteins close to human proteins. They can 
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be genetically manipulated to reach high expression level and obtain other attributes 

such as metabolic modification. Robust and effective gene amplification systems are 

available for CHO cells such as dihydrofolate reductase (DHFR) and glutamine 

synthetase (GS). They are also a safe choice with low risk for virus contamination4. 

Since the recombinant biopharmaceutical t-PA (tissue plasminogen activator) 

expressed in CHO cells was approved in 1987, CHO cells as host cells have 

cumulatively occupied 35.5% of the total biopharmaceutical product approvals in US 

and EU markets by 20141.  

 

There are also other mammalian host cells available such as human cell lines HEK293 

and Per C6 cells, mouse myeloma cell lines NS0 and Sp2/0. Human cell lines are 

mainly used in products demanding specific post-translational modifications1. NS0 cells 

have competitive high cell specific productivities similar to CHO cells, but have 

exhibited less “human glycosylation pattern” compared to CHO cells, with potential 

risk of non-human glycosylation and sialylation5. In addition, NS0 cells require 

cholesterol supplementation6. 

 

 

From a bioprocess point of view, CHO cells are relatively easier to be adapted to 

suspension growth in serum-free and animal components free media compared to 

other mammalian expression systems. Suspension cell culture is advantageous in 

homogenous culture environment allowing easy scaling up of the process6, 7. 
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1.2.1 Monoclonal Antibodies (mAbs) manufacturing 
 

Among the 54 recombinant biologics (biologically produced pharmaceuticals) 

approved from 2010 to 2014 in US and EU markets, 17 were mAbs. The others were 

hormones, enzymes, vaccines etc. and one gene therapy product1. Therapeutic 

indications for mAbs range from cancers, inflammatory diseases to autoimmune 

diseases. Table 1 presents the top 6 prescription drug biopharmaceuticals in 2015 

showing that 5 of them are mAbs. The expiring patents of many of these blockbusters 

makes them very attractive targets for biosimilars, copies of approved original mAbs 

out of patents.  

 
Table 1 Top 6 Best-selling biologics of 2015 

 

Rank Biologics 
Expression 

System 
Company 

2015 

Revenues 

billion$ 

Patent expiry 

(EU) 

Patent expiry 

(US) 

1 
Humira® 

(adalimumab) 
CHO AbbVie 14.01 2018 2016 

2 
Rituxan® 

(rituximab) 
CHO Roche 7.33 2013 2016 

3 

Lantus® 

(insulin 

glargine) 

Escherichia 

coli 
Sanofi 7.09 2014 2014 

4 
Avastin® 

(bevacizumab) 
CHO Roche 6.95 2019 2017 

5 
Herceptin® 

(trastuzumab) 
CHO Roche 6.8 2014 2019 

6 
Remicade® 

(infliximab) 
CHO Janssen 6.56 2015 2018 
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Taking Remicade® as example: Remicade® is the trade name for infliximab, an anti-

TNFα (Tumor Necrosis Factor alpha) chimeric mAb drug for autoimmune diseases 

treatment. It was originally approved by the US Food and Drug Administration (FDA) 

in 1998. In 2016, two biosimilars of Remicade®, Inflectra® (Pfizer) and Remsima® 

(Celltrion) have been registered by FDA. Another biosimilar, Flixabi® (Biogen), has 

been approved in a few countries in EU. The race about titer, time, and cost is no 

longer the privilege of larger pharmaceutical corporations, but many small companies 

are present with a lot of efforts devoted to process development and optimization8. 

 

There are three production technologies commonly used in mAb manufacturing9: 

transient expression, stable cell pool, and stable clonal cell line. All three methods 

involve getting the foreign target gene into the cells. In the transient expression 

method the foreign DNA does not integrate into the host genome. Therefore the target 

gene does not replicate and eventually gets lost over several days. It yields ≈ 50 µg to 

gram per liter level expression in a short time (6-10 days from the point of 

transfection) depends on the host cell line and it is suitable for milligrams to grams of 

mAb production under short time constraints, for instance in preclinical development10-

12. As an alternative for rapid protein production, stable cell pool refers to a 

heterogeneous pool of transfected host cells where the foreign gene was integrated into 

the host genome and reproduce along when the host cells proliferate. This method 

yields ≈ 300 mg to over gram per liter and the turnaround time is also relatively fast as 

early as 8 weeks13, 14. It is ideal for antibody reagents generation and has certain 

advantages over the transient expression: it can be frozen down to working stock for 

production to avoid repeated transfections; the medium change that is difficult to 

operate at large scale in transient expression is eliminated.  

 

Compared to cell pool method that contains cells with different expression levels, the 

stable clonal cell line method screens and selects high producers in the pool, leading to 
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cell clones with multiple gram-level expressions. A single clone is then used to establish 

a cell line that is then amplified and cryopreserved. The cryopreservation is called cell 

banking, usually is a two-tiered system - a master cell bank (MCB) and a working cell 

bank (WCB). A MCB usually contains 50-400 ampoules and a WCB is derived from one 

ampoule of the MCB15.  The establishment of stable production cell lines usually takes 

14 weeks up to a whole year and they are used over many manufacturing cycles for 

consistent manufacturing of the mAb products.  

 

The mAb manufacturing is a process taking several weeks that can be separated into 

upstream process (USP) and downstream process (DSP). In the USP cells are thawed 

from the WCB and expanded in shake flasks placed in CO2 supplemented incubators. 

The culture is then amplified in seed train in bioreactors in increasing sizes. The 

production cultivation takes place in the production bioreactor by one of the following 

modes: batch, fed-batch or perfusion. In batch/fed-batch processes, the harvested cell 

broth is processed in DSP that usually starts with centrifugation to collect the cell-free 

supernatant where the mAb product has been excreted, while in perfusion the cell-free 

supernatant is available in the harvest tank. A series of filtration and chromatography 

steps are carried out to purify, concentrate and finally put the product in an adequate 

formulation buffer.  

 

The current thesis focuses on USP only.  
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1.2.2 Immunoglobulin G (IgG) 
 

IgG is the most abundant immunoglobulin in human serum (70-75%). Figure 1 

illustrates IgG and its Fc N-glycosylation. Immunoglobulin glycosylation is one of the 

most important post-translational modifications. For this, sugar moieties are covalently 

added to specific amino acid residues of the protein. Correct glycosylation is critical to 

protein solubility, functionality and stability to generate biologically effective 

biotherapeutics. For IgG the N-glycosylation site on the Fc fragment is highly conserved 

at CH2 domain Asn-297 of each heavy chain. It is a biantennary structure that is often 

core-fucosylated. Figure 1 lists the most common four structures G0F, G1F, G2F, and 

Man5 based on the degree of galactosylation. Variation in glycosylation profiles mainly 

focus on the degree of fucosylation, N-acetyl-glucosamine (GlcNAc), galactosylation, 

and sialylation. 

 

 

 

 

 

 

 

 

 

Figure 1 IgG and Fc N-glycosylation 
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1.2.3 CHO cell cellular metabolism 

 

Mammalian cells are complex systems with a large amount of biochemical reactions 

taking place simultaneously. To be able to improve recombinant cell performance in 

culture, it is important to understand the cellular metabolism. 

 

1.2.3.1 Energy and amino acid metabolism 

 

Figure 2 illustrates the energy metabolism pathways in CHO cells focusing on 

glycolysis, TriCarboxylic Acid (TCA) cycle, and glutaminolysis. Glucose serves as the 

main energy source for the cells and the aerobic complete oxidation (via TCA cycle) of 

glucose generates 32 molecules of ATP per mole of glucose. However cultured cells 

also utilize the anaerobic glycolysis that generates only 2 ATP known as Warburg 

effect16, producing lactate in the cytosol before it is excreted. Lactate acidifies the 

culture and is considered one of the most critical byproducts. 

 

Previous studies have shown that the cells utilize glucose more efficiently when a low 

glucose level is present in the culture medium17, 18. At a low environmental glucose 

concentration, the cells tend to use the TCA cycle pathway to generate more energy, 

while at a high environmental glucose concentration, the cell metabolism switches to 

anaerobic glycolysis and produces mainly lactate17, 19, 20.  

 

The other main byproduct ammonia comes from amino acids catabolism, mainly from 

glutamine. Glutamine is an unstable essential amino acid that is the major source of 

nitrogen, carbon and energy for the cells. Its oxidation (glutaminolysis) leads to 

ammonia and lactate, as well as non-essential amino acids such as Ala and Asn21-24. 

Glutamine produces ammonia from the metabolic degradation in the mitochondria but 

a cell-free spontaneous degradation in culture medium is also taking place due to 
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instability at physiological pH. Both lactate and ammonia are known to be toxic to 

mammalian cell growth above certain levels, but the actual inhibitory concentrations 

vary with cell lines and processes25-28.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Simplified metabolic pathways for CHO cells showing mostly amino acids catabolism 

 

 

To minimize the adverse effect of lactate and ammonia to the culture, controlled 

feeding strategies of glucose and glutamine have been adopted29, 30. As an alternative, 

the introduction of GS gene in host cell genome allows the cells to grow without 

glutamine supplement31-33. This is now widely used as a highly efficient selection 

system in different mammalian cell lines34-37. Alternatively dipeptides containing 

glutamine, such as glutamax (AlaGln), are used.     
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Amino acids are essential for biomass building up, energy metabolism and also protein 

products formation. They are important building blocks of cellular components such as 

glutathione. Glutathione (GSH) is a tripeptide generated from glutamate, cysteine, and 

glycine, a key survival antioxidant that protects cells from damaging caused by reactive 

oxygen species (ROS) such as free radicals and peroxides. It maintains cellular 

reduction-oxidation reaction (redox) balance and alleviates cellular oxidative stress38-40.  
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1.2.3.2 Metabolomics profiling of extracellular metabolites 

 

Nowadays various omics analytical techniques/platforms e.g. transcriptomics, 

genomics, proteomics, metabolomics and statistical tools have become available for 

mammalian cell engineering application41-50. This has largely enhanced the 

understanding of mammalian cell metabolism. Metabolomics profile of the culture 

provides knowledge about numerous extracellular metabolites and has a great 

potential in discovery and biomarker identification for cell engineering purpose51-60. 

Compared with other omics based tools, metabolomics reveals the phenotype defining 

processes that pinpoint the exact metabolites directly responsible for cell behavior61.  

 

Metabolomics profiling is usually performed on High Performance Liquid 

Chromatography Mass spectrometry (HPLC/MS) analytical platform and huge data sets 

are generated. Intensive data-mining is then needed to obtain useful information and 

interpret the data, which is still very technically challenging in reality62-65. Different 

multivariate data analysis tools are therefore been employed to extract information 

from the data, both the metabolomics analysis results and their correlation with the 

bioprocess parameters in cultures65, 66. Among all the available tools Principal 

Component Analysis (PCA), Partial Least Square (PLS) regression and Partial Least 

Squares-Discriminant Analysis (PLS-DA) are the most commonly used in bioprocess 

field65, 67, 68.  
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1.2.4 Cultivation techniques  
 

There are four cultivation modes commonly used for mammalian cells based 

recombinant protein manufacturing: batch, fed-batch, continuous and perfusion as 

shown in Figure 3 below.  

 

 

 

 

 

 

 
 

Figure 3 Four main cultivation techniques in recombinant protein production 

 

Since the first approved recombinant therapeutic protein Activase (Genentech) 

produced in CHO cells in 1987, the manufacturing techniques of recombinant proteins 

have significantly evolved. Early manufacturing employed 7-day batch cultivation with 

medium containing animal components such as serum. In batch process, the cells grow 

in a nutrient-rich base medium with a fixed volume and the whole batch is harvested 

when the production is terminated. The process usually lasts for a week and the whole 

batch is harvested when the viability drops to below 30%69. Its simple setup makes it 

relatively easy to perform compared with the other techniques, but there are several 

drawbacks such as low productivity, low cell density, nutrients depletion, byproducts 

accumulation, etc.  

 

In fed-batch mode, a nutrient-rich feed medium is added to the cultivation with a 

defined feeding profile to avoid nutrients depletion and to support higher cell densities 
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and longer period of production. The production processes are 10-21 days with an 

average of 14 days. In the fed-batch processes the production bioreactors are reaching 

25,000 liters. Drawbacks are however that byproduct accumulation is inevitable in fed-

batch mode and that the culture is changing with time, which can cause a product 

quality variation with time70.  

 

In chemostat, the feed medium is added at the same rate as part of the culture broth is 

removed. In this mode a constant volume is maintained and steady state can be 

maintained for a long time. This mode is sometimes adopted in process development 

but not in production, due to intrinsic disadvantages of this technique, such as low 

achievable cell densities due to the low growth rate of mammalian cells, and the 

complex product recovery from collected cell broth71.  

 

In perfusion process the cells are retained in the bioreactor, cell-free supernatant is 

continuously collected and fresh medium is continuously added at the same rate. In 

this cultivation mode, the cells are accumulated in the bioreactor, nutrients are 

continuously fed and inhibiting waste products are continuously discarded so it is 

possible to reach high cell densities with high cell viabilities and long duration of the 

culture. Although process specific, protein synthesis is usually proportional to the 

number of productive cells. Therefore a high cell density implies a high volumetric 

productivity for both growth related and non-growth related products. Generally 

speaking perfusion systems are able to achieve 4-10 times higher volumetric 

production rates compared to fed-batch process due to potential high cell densities72. 

The collected cell-free supernatant can be either stored at 4°C until preparation for 

purification, or directly to a continuous DSP, depending on the facility infrastructure. 

 

With the maturation of cell culture technology in the past decades, high titers with 

desired quality have been successfully achieved in fed-batch processes. New progresses 
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in gene cloning and clone selection have largely enhanced the cell growth, viability, 

cell specific productivity as well as stability. Chemically defined media can nowadays 

support better culture performance with higher productivities, longer production time 

and higher cell viability. Product titer of 10 g/L or even higher have been reported73. 

Despite the high performances of fed-batch technique, there is today a shift of process 

development motivated by cost reductions, process intensification and higher control of 

the product quality and process consistency74. 

 

 

 

1.3 Perfusion process 
 

A perfusion process has a constant renewal of the culture medium, which provides a 

stable environment to cells and the product as well as a short retention time to the 

product. Due to the high cell densities, high volumetric productivities can be achieved 

leading to higher space-time yields. Although the process is relatively more 

complicated than fed-batch, perfusion technique has recently received an increasing 

interest in the biopharmaceutical industry75 and is widely acknowledged nowadays as 

an efficient cultivation technique for production, for seeding train, and/or for high cell 

density banking76-78. Due to the shorter residence time of continuous renewal of the 

culture medium, perfusion process is the ideal choice for unstable active 

pharmaceutical ingredients (APIs), for example coagulation factor VIII Kogenate® 

(Bayer), ReFacto® (Pfizer), and coagulation factor VIIa Novoseven® (Novo Nordisk). 

Interestingly, although the majority of biopharmaceuticals are still manufactured using 

fed-batch process, historically big pharmaceutical companies have successfully applied 

perfusion process in their commercial biologics manufacturing7, 79. Some biologics 

manufactured with perfusion systems are Protein C Xigris® (Eli Lilly), mAbs such as 
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Campath® (Sanofi), Simulect® (Novartis), ReoPro®, Remicade®, Simponi® and Stelara® 

(Janssen Biotech, formerly Centocor). 

 

Perfusion technology has several advantages over fed-batch and batch modes: 

o Optimum and stable environment for the cells and protein products 

o Low byproducts accumulation due to the continuous medium removal 

o High cell density with potentially high viability 

o High and consistent product quality 

o Long-term production 

o Reduced manufacturing facility cost capital expenditure and associated costs 

o Much smaller size bioreactors to reach the same yearly yield of product 

o Amenability to disposable equipment 

o Manufacturing flexibility 

o … 

 

Some of these listed advantages correlate with each other, for instance an optimum 

and stable environment for the cells leads to high viability and less apoptosis in the 

culture, which minimizes the host cell protein (HCP) released into the culture that 

simplifies downstream purification process.  

 

Since a couple of years, there has been a paradigm shift towards continuous 

manufacturing in biopharmaceutical industry80-82. Integration of perfusion process with 

continuous downstream process has been explored and is under fast development83-85. 

It has been described that compared with existing fed-batch production process, a fully 

integrated continuous process of upstream and downstream can cut down the 

recombinant protein manufacturing costs of goods (COGS) by an average of 55%, in 

particular due to a smaller capital expenditure86. 
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1.3.1 Perfusion systems 
 

The cell retention module is a unique feature in perfusion systems. Perfusion systems 

can be generalized into two types (Fig.4A&B) based on the cell separation techniques: 

i) cell separation ensured by a device and ii) cell immobilization/entrapment in a 

system continuously perfused with circulation of medium.   

 

Case i) is shown in Fig.4A: the cells are cultured in suspension in a bioreactor, and a 

separate cell retention device is used to retain the cells in the bioreactor while the cell-

free supernatant is processed to the harvest tank. Such cell separation devices can be 

connected with any kind of bioreactor to establish a perfusion system. The most 

commonly used cell separation devices are filtration-based methods, acoustic settler, 

gravity settler, centrifuge, etc. as in Fig.4A187. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4 Perfusion systems  

A): Cell suspension with cell retention system outside (A1) and inside (A2) the bioreactor  

B): Cell immobilized or entrapped in a matrix outside (B1) and inside (B2) the bioreactor 
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The cell separation module can also be integrated into the bioreactor as shown in 

Fig.4A2. This system has the advantages that there is no need to pump the cell broth 

out, so that the potential pump shear stress is removed, and that the cells are less 

subject to varying environment; for instance there is no temperature drop due to 

circulation in the tubing and to/from the cell retention system. Some filtration-based 

devices have been developed and are widely used for this case, for example internal 

spin filters are used in the manufacturing of ReoPro® and Remicade® in 500 L 

bioreactors in Janssen Biotech79. A summary of the cell retention devices is given in 

Table 2.   

 

Fig.4B demonstrates the other type of perfusion system (ii), where the cells are 

anchored or entrapped in a support such as a membrane or a matrix/scaffold. The cell-

loaded matrix is often outside (Fig.4B1) of the perfused tank, but configurations inside 

the tank have been developed (Fig.4B2). In this setting the homogenization of the 

culture is performed by either magnetic stirrer or propellers in the perfused tank, 

where the control of the culture parameters such as temperature, dissolved oxygen 

(DO) and pH takes place. The concept is that as long as the medium circulation 

between the cell-loaded matrix and the perfused tank is rapid and adequate, the 

culture environment in the tank is similar to the environment of the matrix where the 

cells are located.  

 

Typical examples of such bioreactors are packed bed bioreactor and fibrous bed 

bioreactors with different scaffolds for instance depth filter88, ceramics matrix89 and 

fibrous matrix90. It can also be cells attached or captured on immobilized 

microcarriers91, 92 or hollow fibers93. Gradients of nutrients, metabolites, gas exchange, 

and dead cells accumulation are common drawbacks in such setting94, 95. Such 

heterogeneous cell environment could potentially trigger cell population shift, 

productivity and product quality variations, even necrosis in extreme cases. This 
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heterogeneity also implies scaling up limitation96, therefore this kind of perfusion 

system has not yet been adopted in very large-scale production process, except for 

Rebif®, an interferon β-1a by Merck-Serono, was reported to be manufactured using 

multiple 75 L fixed bed bioreactors79.  
Table 2 Summary of cell retention devices 

Type Principle Cell retention device Reference 

Cells immobilized or 

entrapped in a 

matrix/scaffold 

Packed bed 

FibraCel™ nonwoven polyester 

base carriers 
97-99 

iCELLis® bioreactor (polyester 

microfibers) 
 

Quantum hollow-fiber-based 

(Beckman-Coulter) 
 

Ceramic matrix 89 

Porous glass sphere 92 

3D annular porous scaffolds 100 

Fibrous bed 
Polyester fabric sheet 90 

Depth filter 88 

Suspension cells with 

individual separation 

device 

Centrifugation Centritech® 101-103 

Sedimentation Inclined settler, gravity settler 104-109 

High frequency resonant 

ultrasonic waves 
Acoustic settler 110-118 

Acceleration Hydrocyclone 119-121 

Dielectrophoresis Dielectrophoretic separator 122 

Filtration 

Dynamic rotating disc filter 123 

Floating membrane filter 124-128 

Coiled porous fibers 129 

Hollow fiber 130 

TFF 77, 131, 132 

ATF 77, 131, 133 

Spin filter 134, 135 

Vortex flow filtration 136, 137 

Ceramic filter 138 
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Among all the available methods, filtration based systems have a very high retention 

(100%) of the cells. A drawback of filtration based systems is the clogging and fouling 

of filters, which may lead to retention of the product of interest or termination of the 

cultivation, alternatively need of replacement by a new cartridge. The tangential flow 

filtration (TFF) is also known as crossflow filtration, where the feed in flow travels 

along the filter surface instead of passing through the filter (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5 TFF and ATF process for IgG production 

 
In this flow pattern the filter cake that is clogging the filter is largely removed, leading 

to a substantially increased operation time of the filter. It uses hollow fiber (HF) that 

packs numerous long porous filaments in parallel inside a cartridge. Crossflow 

filtration alleviates fouling, but the increased flow rate in the filter leads to increased 

shear rate. The alternating tangential flow filtration (ATF) shares the same principal as 

TFF, except that the cell broth is drawn through the filter and pushed back to the 
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reactor by a diaphragm pump, which functions cyclically using vacuum and 

compressed air. The rapid flow back and forth helps preventing fouling, and the 

pressure variation over the membrane occurring during pump cycles leads to back flush 

of the filtration system. 

 

Hollow Fiber cartridges used in cell culture perfusion processes are generally divided 

into two main types based on the membrane pore size: microfiltration 0.1 to 0.65 µm 

and ultrafiltration 30 to 750 kDa of molecular weight cut off (MWCO). The selection of 

the HF membrane depends on the application. In the case of a production process for 

IgG with approximate molecular weight of 150 kDa, a microfilter allows the retention 

of all the cells in the bioreactor and the product is collected in the permeate side of the 

cartridge as shown in Fig.5. 

 

An ultrafiltration filter with much smaller pore size retains both the cells and the 

protein product inside the bioreactor. The product accumulation can reach very high 

titer due to the fast increasing cell density and is suitable for stable protein products 

with no or little degradation issues. 
 

 

1.3.2 High Cell Density Culture (HCDC) 
 

By implementing a cell retention device, a high cell density culture (HCDC) is 

achievable and definitely one of the most advantageous features of a perfusion process 

if accompanied by a high volumetric productivity. Compared to cell densities 5-25 

MVC/mL reached in a typical fed-batch mode139, cell densities of 20 to 100 MVC/mL in 

perfusion cultivations (homogenous suspensions) have been previously reported76, 123, 

126, 127, 132, 135. HCDC is very challenging from both the culture system performances and 

process techniques perspectives. Limiting oxygen and mass transfer are commonly 
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observed140 and excessive accumulation of CO2 in HCDC large bioreactors is also a 

problem for the cell growth and product quality.  

 

In the case of a non-growth related production, a perfusion process can be divided into 

two phases: a growth phase where the cell density reaches a desired high number, 

followed by a production phase where the high cell density is maintained by cell 

bleed141-145 or hypothermia146-150. Cell bleed refers to partial removal of cell broth and 

contains as well dead cells and cell debris. Hypothermia induces cell cycle arrest at the 

G0/G1 phase151 and slows down the cell growth and cellular metabolism. In many 

cases, cell arrest is accompanied by an enhanced productivity146-150. 

 

As part of the perfusion system development, the feasible HCDC for production phase 

needs to be determined. Earlier studies have recommended an optimum viable cell 

density (Cv) of 40-80 MVC/mL to reach a high volumetric production152 but Wright et 

al have reported that only very few processes were able to achieve such high Cv
145. 

 

It is unclear which cell density can be (or should be) called 'high cell density', and this 

value is certainly evolving due to the progresses of perfusion processes enabling higher 

cell densities. In this context, the present thesis reports extremely high cell densities 

well above 100 MVC/ml. Table 3 summarizes published data of HCDCs restricted to ≥ 

40 MVC/mL and using commonly used cell lines. These HCDCs have been mainly 

established during process development and not in manufacturing.  

 

It is worth pointing out that some of the high cell densities reported were not from 

direct cell sample analysis. For example Oh et al. reported a density of 187 MVC/mL 

hybridoma cells achieved in a hollow fiber bioreactor, calculated from the production 

data by assuming a constant cell specific productivity qp. This is however not always 

correct due to cellular metabolism variation. The same group compared two 
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approaches for CV calculation, one based on a constant cell specific glucose 

consumption rate qglc and another based on a constant qp and obtained 60 MVC/mL 

using the first method and 30 MVC/mL using the second method on exactly the same 

culture153.  

 
Table 3. HCDC of mammalian/human cells above 40 MVC/mL reported in the literature 

Cell line Product CV 

(MVC/mL) 

D 

(RV/day) 

Cell retention device Reference 

S2 mAb 104 9.9 Floating filter 126 

Sf21  55 6 
HF 

154 

CHO mAb 68.3 1 ATF 155 

CHO mAb 132 6 ATF 131 present thesis 

CHO mAb 214 10 TFF 131 present thesis 

CHO mAb 2001 10 Fibrous bed 156 present thesis 

CHO mAb 50-60  ATF 85 

CHO TNK-tPA 60 6 Acoustic filtration 

system 

157 

Hybridoma mAb 1872 39 Dual hollow fiber 

bioreactor 

153, 158 

Hybridoma mAb 1003  Packed bed 99 

Hybridoma mAb 101  Fibrous bed 159 

SP20 IgM 45 11 Vortex flow filter 136 

HEK293  100 ~6.4 HF 160 

1cell density given by online biomass probe 
2cell density calculated from culture productivity  
3cell density per cm3 of packed bed volume 
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1.3.3 Single-Use-Bioreactor (SUB) systems 
 

Despite several obvious advantages, perfusion operation mode has still limited 

application due to its inherent technical complexity. Disposable systems can help to 

alleviate the technical operational complexity and decrease the risk of contamination. 

Disposable technologies are under fast development in the biopharmaceutical industry, 

covering the whole manufacturing process from vial thaw to the final product. The 

disposable systems offer benefits such as161:  

 

o Elimination of contamination risk due to pre-sterilization 

o Minimization of turnover time between cultivations due to absence (or high 

reduction) of cleaning or sterilization   

o Elimination of clean validation 

o Reduction of staff training and simplified set up 

o The process can be replicated or transferred between different facilities due to small 

footprint and close systems 

o Low risks of cross contamination. Various products can be produced at the same 

facility, a factor critical for contract manufacturing organizations (CMOs). 

o … 

 

Three kinds of SUB systems based on different agitation principles can be 

distinguished: 1) disposable culture bags on a rocking table; 2) conventional stirred 

tank bioreactors where the stainless steel or glass vessel is replaced by polymer-based 

containers, including plastic stirred tanks and stirred bags that are placed in a 

supporting tank; 3) Hollow fiber bioreactors. Table 4 summarizes the SUB systems 

used in mammalian cell based upstream processes for scale ≥ 1 L. Here traditional 

shake flasks, roller bottles and (multi-layer) culture dishes are not included. 
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Table 4 SUB systems used in mammalian cell based upstream processes for scale ≥ 1 L 

Type Name Vendor Scale Stirring Ref. 

Plastic 
stirred tank 
or stirred 

bag 

UniVessel® SU Sartorius-Stedim 2.6 L 

Impeller 

 

162, 163 

Mobius® CellReady 
Applikon/Merck 

Millipore 
3 L 164 

Brunswick™ CelliGen® 
BLU 

Eppendorf 5L, 14L 165 

CellVessel™ Cercell 
500 mL - 30 

L 
 

Bio Bench SUB Solida Biotech 
250 mL - 75 

L 
 

BIOne Distek   
HyClone S.U.B. Thermo Fisher 50 - 2000 L 166 

Xcellerex XDR-50 - 2000 GE Healthcare 
50, 200, 500, 
1000, 2000L 

167 

Biostat® STR Sartorius-Stedim 12-1000 L 168 

BaySHAKE® Bayer 50 L - 1000 L 
Rotary 

oscillation 
169 

SB10/50/200-X 
(OrbShake) 

Kühner 
10L, 50L, 

200L 
Orbital 
shaking 

 

Nucleo™ 
Bioreactor/PadReactor® 

ATMI/PALL 25 - 1200 L Paddle 163 

Disposable 
bags on a 
rocking 

table 

WAVE Bioreactor™ GE Healthcare mL - 1000 L 

Rocking 

124-127, 

170 

Biostat® RM Sartorius-Stedim 
100 mL - 300 

L 

162, 171-

173 
AppliFlex Applikon 10 L - 50 L  

Cell-tainer® Celltainer biotech 20 L, 200 L 
2-dimensional 

movement 
174 

Hollow fiber 
bioreactor 

FiberCell Systems FiberCell Systems   175 
CellMax Spectrum labs    

Others 

PBS PBS 
3, 15, 80, 

500 L 
Vertical-
Wheel™ 

176 

iCellis Applikon/PALL 1 - 70 L 
Magnetic 

drive impeller 
 

CellMaker Plus 
Cellexus 

Biosystems 
1 - 50 L 

Airlift+magne
tic stirring 

177 
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Since the introduction of the disposable cell culture bag178, this idea has been rapidly 

adapted to existing technologies and platforms. One of the most successful SUB, the 

wave bioreactor, has a wave like rocking motion instead of traditional mechanical 

mixing. It facilitates the gas and mass transfer, and generates less damaging bubbles 

compared to a sparged bioreactor, leading to a significantly reduced shear stress 

environment for the cells. It is widely used mainly for the seeding train but also as 

production bioreactor in various biologics manufacturing from different cell lines124, 179-

182as well as for cell banking.   

 

To provide a closer mimic of conventional stirrer tank bioreactors and to address the 

oxygen transfer challenge at high cell densities in large-scale cultivation, large 

disposable stirred tank bioreactors are made of a culture bag placed in a support tank, 

and are called “stirred bag”. They are available in different scales up to 2000 L, and 

reported to have comparable performance to their stirred tank counterparts183-186 with 

all the advantages offered by disposable systems. 

 

The benefits from SUBs make them the ideal support for perfusion process. 

Development of both perfusion process and disposable techniques are currently 

pushing the industry towards a next-generation continuous manufacturing process. 
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1.4 Perfusion process development and optimization 
 

Upstream process (USP) development includes different aspects, is commonly 

platform-based and preferably performed in-house. The ultimate goal is to reduce the 

cost per product9, 187, 188 and obtain a robust process ensuring a safe product with the 

targeted quality. The factors involved in perfusion process optimization are described 

in Table 5. 
Table 5 Perfusion process optimization 

 Target Optimization goal Candidates 

Cell line 
Gene cloning 
Clone selection 
 

o Cell growth 
o Productivity 
o Cell line stability 
o Product quality 
o … 

 

Medium 
formulation 

Media/additives 

o Cell growth and survival 
o Productivity 
o Byproducts 
o Product quality 
o … 

o Carbon sources 
o Amino acids 
o Vitamins 
o Inorganic salts 
o Trace metals 
o Lipids 

Equipment Cell retention set up 

o Cell retention efficiency 
o Product retention 
o Viability 
o … 

o Selection of device 
o Flow rate 
o Shear stress 
o Specific operational 

parameters 
o …  

Process control 
and scale up 

o Temperature 
o pH 
o Perfusion rate 
o Working cell density 
o Dissolved oxygen 
o pCO2 
o … 

  

Analytical 
methods 

o Cell density/Biovolume 
o Metabolites 
o Product titer 
o Product quality  
o HCP 
o DNA 
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1.4.1 Perfusion rate D 
 

The perfusion rate is one of the most important parameters in a perfusion process. An 

optimal perfusion rate is vital in delivering nutrients and removing byproducts in 

accordance to the cell needs to support high productivity and product quality. It is also 

essential for the product cost, since large media expenses in perfusion mode is always a 

big concern. In some applications where the protein quantity is prioritized within a 

short time restraint, such as research and preclinical studies, excessive medium feeding 

can be preferred to minimize the risk. However in most cases, the medium 

consumption needs to be taken into consideration, and mainly three strategies are 

considered for the selection of the perfusion rate: nutrients/metabolites based, cell 

density based and in-house experience based, depending on the experience of the 

company or the scientist developing the process (Table 6).  

 
Table 6 Perfusion rate selection strategies 

Adjustment principle Based on References 

Cell density-based Cell specific perfusion rate (CSPR) 131, 189, 190 

   

Metabolite-based 
Residual nutrients/metabolites 191-194 

OUR 160, 195 

Experience-based Previous know-how 98 

 

Among all the metabolite-based strategies, although oxygen uptake rate (OUR) is the 

most accurate online analysis for cellular metabolism196, the residual glucose 

concentration in the culture is often used approach due to its simple implementation. 
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1.4.2 Cell specific perfusion rate (CSPR)  
 

A strategy for the perfusion rate selection based on CSPR (unit nL/cell/day) assumes 

that the medium is exchanged at a rate proportional to the cell density. It provides a 

consistent microenvironment to the cells in the culture, regardless of the cell density. It 

is a straightforward strategy that links the perfusion rate to the cell density, a culture 

parameter that is easily accessible and highly reliable. This strategy does not take 

potential metabolic variations in consideration. 

 

The CSPR is the ratio of the perfusion rate D (unit Reactor volume/day, RV/day) to the 

viable cell density CV (unit MVC/mL), as shown in eq. 1: 

                                  CSPR =   ! 
!!

                        eq. 1 

For a defined CSPR, D is given as a function of CV. CSPR based feeding strategy can be 

applied automatically by the control station with online biomass measurement. It 

allows minor and steady regulation of D in response to CV variations and can be 

preferred instead of step-wise change of D.  

 

A key factor is the minimum CSPR (CSPR_min) that delivers nutrients meeting cell 

needs and supports high productivity. Not to mention that the lower CSPR is, the lower 

medium amount is spent, which becomes substantial at high cell densities. 

Konstantinov et al. suggested that a CSPR below 50 pL/cell/day offers batch-like titer 

and that CSPR of 40-50 pL/cell/day has been successfully used to support HCDC 85, 131. 

However the CSPR value is determined by the “richness” of the culture media, also 

known as “medium depth”. Fortified media are able to sustain HCDC at much lower 

CSPR, for example Xu S et al. maintained steady states at 42.5 and 68.3 MVC/mL at 

CSPR 23 and 15 pL/cell/day respectively in two processes155. 
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To determine the CSPR_min for a process it is usual to employ a steady state or 

pseudo-steady state screening strategy. A perfusion culture at a reference CSPR is first 

stabilized, then the CSPR is stepwise varied and at each step a new steady state (or 

pseudo-steady state) is established. The culture performances are monitored to decide 

whether the CSPR needs to be further varied 152, 197. During this procedure, the 

perfusion medium can be optimized to improve the performances.  

 

Steady states investigation is rather time-consuming as it usually takes over a week to 

establish steady states152, 198. This not only raises development cost, but also brings in 

concerns for potential cell population shift due to the long time span. Transient 

responses to process parameter variation have been reported previously to show a 

qualitative prediction similar to steady states198. Therefore in our study a strategy based 

on pseudo-steady states was adopted for process parameter screening and 

optimization. Each process parameter variation was usually maintained for minimum 5 

days and the first 2 days of each variation was considered as "transient" and thus was 

not taken into data analyses. For simplicity in the text, pseudo-steady state is simply 

named steady state.  
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2 Present investigations 
 
 

2.1 Aim of investigation 
 

Monoclonal antibodies are used intensively in biomedical science and as effective 

therapeutic treatments against autoimmune disorders, cancers. Since the first use of 

CHO cells in recombinant protein production, the manufacturing techniques have been 

steadily developed. There has been a changing processing paradigm towards 

continuous manufacturing and leading pharmaceutical companies such as Janssen, 

Genzyme, Novartis have already adopted perfusion process in their mAb/recombinant 

protein products pipeline. As one of the key advantages that perfusion process offers, 

high achievable cell density is attractive but very demanding in equipment advances 

and process knowledge.  

 

The aim of this thesis is to contribute to the understanding and evolution of 

mammalian cell based perfusion process in general. We target at high cell density 

perfusion process and intend to provide know-how for its establishment as well as 

optimization.  

 

By working closely with our industrial collaborators, we develop high cell density 

perfusion systems for antibody producing CHO cells that includes both equipment 

development from industrial prototypes and process knowledge advancement. The 

present investigation thus starts with HCDC perfusion system development, followed 

by HCDC perfusion process development. 
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2.2 HCDC perfusion system development 
 

The thesis includes three projects and four perfusion system configurations (Table 7): 

WAVE bioreactor™ with a Cellbag prototype connected with ATF or TFF, named 'ATF'  

and 'TFF'  respectively; CellTank™ prototype named 'CT' ; stirred tank connected with 

ATF named 'ST' . Three cell lines, exhibiting different productivities, were used in the 

thesis. Cell line #1 (used in ATF and TFF runs) was a research cell line CHO DHFR- 

producing IgG1, named K4. Cell line #2 (used in CT and ST#1) was CHO DP-12 clone 

#1934 (ATCC), a research cell line with low productivity. Cell line #3 (used in ST) was 

an industrial high producer CHOM provided by Selexis (Switzerland). All the cell lines 

were adapted to suspension growth in serum-free and medium free of animal derived 

component.  
Table 7 Summary of the perfusion runs 

Perfusion system Exp. Cell line Collaborations Paper 

WAVE™ + ATF 

'ATF' 

ATF#4 

K4 
GE Healthcare  

(Sweden, USA) 
I, IV 

ATF#5 

ATF#8 

ATF#9 

ATF#15A 

ATF#15B 

WAVE™ + TFF 

'TFF' 

TFF#6 

TFF#10 

Fiber matrix based – CellTank™ 

'CT' 

CT#1 

DP-12 
Belach (Sweden) 

PerfuseCell (Denmark) 
II CT#2 

CT#3 

Glass stirred tank + ATF 

'ST' 

ST#1 DP-12 Belach (Sweden) 

Iprabio (Belgium) 

Selexis (Switzerland) 

III ST#2 
CHOM 

ST#3 
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2.2.1 Perfusion system general set-up 
 

The perfusion was performed by either the control systems WAVEPOD™ for ATF&TFF, 

and CytoSys™ for some ST runs, or peristaltic pumps with manual tuning. Except one 

run (ST#2) where the CytoSys™ was used to perform automatic bleeding at given cell 

density according to online biomass sensor, the cell bleeding was done with peristaltic 

pump based on daily cell growth information. The hollow filter cartridges were 

ReadyToProcess™ filters (GE Healthcare) with 0.2 micron pore size and surface area 

850 cm2 for ATF&TFF runs and 420 cm2 for ST runs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 Perfusion system general set-up 
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A general perfusion system scheme is given in Figure 6, showing the bioreactor 

connected with ATF system as an example. The bioreactor was a stirred tank equipped 

with propellers or magnetic stirrer, or a disposable culture bag on a rocking table. 

Alternatively a CellTank™ prototype system was used where a matrix was immersed in 

a reservoir (Paper II). Daily feed was prepared in an intermediate flask with feed 

medium, glutamine and glucose fulfilling cells’ daily needs, calculated from the cell 

consumption. Antifoam was supplemented if needed. The intermediate flask helped to 

deliver a homogenized and accurate feed according to the needs of the cells, as well as 

minimize glutamine degradation in the feed.  

   

In the case of suspension culture, daily samples were taken via the sampling line, 

which was also used as cell bleeding line. Cell bleed was performed manually to reach 

the target CV or continuously via a peristaltic pump that was calibrated to keep a given 

CV. An alternative was that online biomass probe was installed in the system, with 

control based on the biomass signal to carry out the cell bleed according to a CV set 

point. This bleeding set up was used in experiment ST#2 in in stirred tank with 

CytoSys® control system from Iprabio, Belgium. For simplicity, the inoculation line is 

not represented in Figure 6. The inoculation was performed using the feed or bleeding 

line depending on the connections available and experimental settings. A “bubble 

flask” is a sterile flask, half filled with water, where the exhaust air enters and the 

bubbles are monitored. This is a practical setting to watch the aeration of the whole 

system, as well as to maintain a slight overpressure of the bioreactor system to lower 

the risk of contamination. In the configurations involving ATF and TFF systems, the HF 

cartridges (GE Healthcare, Uppsala, Sweden) were mounted vertically on an ATF-2 

station (Refine Technology) or installed with a Watson-Marlow 620S pump as the 

recirculation pump. Cell free harvest was pumped out continuously from the permeate 

side of the HF and collected in a harvest tank. The perfusion was performed by the 
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control station with assigned perfusion rates or manually through two peristaltic 

pumps, one for feed in and one for the harvest.  

In all the experiments of ATF, TFF and ST, cell samples were taken twice a day from the 

bioreactor and harvest. For CT runs, samples from the matrix, reservoir and harvest 

were daily taken. The cell density, viability, average cell diameter (ACD), pH, pCO2, 

pO2, osmolality, concentrations of glucose, lactate, glutamate, glutamine, ammonia 

were analyzed offline with Bioprofile FLEX (Nova Biomedical). In CT runs, cell samples 

were not available, so the viable cell number was monitored by on online biomass 

sensor and the culture viability was calculated from the activity of lactate 

dehydrogenase (LDH, Promega) in the supernatant. The perfusion rate was calculated 

from daily weight of feed medium, harvest and cell bleeds.  

The process parameters dissolved oxygen (DO), pH, biomass etc. were on-line 

monitored and controlled as listed in Table 8.  

 
Table 8 Monitoring and feedback control of the bioreactor 

Control Set-point Up regulation Down regulation ATF TFF CT ST 

Agitation - 

Propeller    � 

Rocking on a rocking table � �   

Magnetic stirring   �  

Tempera

ture 
37°C 

Heating jacket around the bioreactor   � � 

Heating element on the rocking table � �   

DO 40% 

O2, Air to headspace  � � � � 

Open tube/ porous sparger    � � 

 N2 to headspace   �  

pH 7.0 

Addition of NaCO3  � � � � 

 
CO2 to 

headspace 
� � � � 

 

The product IgG concentration was quantified by high-performance liquid 

chromatography (HPLC) protein A method (Waters). The IgG concentrations in the 
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bioreactor and the harvest line – or the matrix, the reservoir and the harvest in CT 

experiments - were analyzed to study the product retention by the filter. Reducing 

sodium dodecyl sulfate-polyacylamide gel electrophoresis (SDS-PAGE) was performed 

on products and glycan analysis was performed using capillary electrophoresis (CE) 

method for some of the experiments to investigate the product quality.  

 

The calculation of the cell specific perfusion rate (CSPR), cell specific 

consumption/production rates of glucose (qglc), lactate (qlac), glutamine (qgln), ammonia 

(qamm), cell growth rate (µ), cell specific productivity (qp) are given in table 9.    

 
Table 9 Main process parameters 

Parameter Equation 

  

µ µ =   
1 
C!
(
dC!
dt

+
V!"##$
V ∆T

C!) 

qglc q!"#  =   
1 
C!
(D Glc!"#$%! − Glc −

dGlc
dt

+
V!"##$ Glc!"#$%

V ∆T
) 

qgln q!"#  =   
1 
C!
(D Gln!"#$%! − Gln −

dGln
dt

+
V!"##$ Gln!"#$%

V ∆T
−r!"#$Gln) 

qlac q!"#  =   
1 
C!
(D Lac +

dLac
dt

) 

qamm q!""  =   
1 
C!
(D Amm − Amm!"#$%! +

dAmm
dt

−r!"#$Gln) 

qp q!  =   
1 
C!
(
dP!"
dt

+ D −
V!"##$
V

P!" +
V!"##$ 

V
P!") 

Accumulated 

production in 

harvest 

HT!"!  =   P!"V!"dt
!

!
 

For abbreviations, see List of Abbreviations. 

 

 

For the metabolomics study, UHPLC was performed on low molecular weight (<10 

kDa) fractions of the culture media and each sample was analyzed by both positive and 
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negative ionization mass spectrometry to increase the range of ions detected. The 

components in the elutes were then analyzed by an ESI-QTOF MS in both positive and 

negative ion modes.  

 

After synchronizing the data from different experiments using peak detection and 

alignment, peaks found in all the samples were chosen and multivariate statistical 

analyses were performed using Unscrambler-X (CAMO, Norway). PCA was used in 

dimensionality reduction and visualization of the complex dataset. PLS regression 

models were used to identify the correlation between LC-MS data and bioprocess 

variables in cultures.   

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 37 

2.2.2 WAVE Bioreactor™ Cellbag prototype perfusion system 

with ATF and TFF  (Paper I) 
 

Figure 7 shows part of the perfusion systems developed for the Cellbag prototype. 

Perfusion system with ATF (Figure 7A) and TFF (Figure 7B) were established through 

a series of experiments and process parameters were gradually established and 

optimized. Before the perfusion cultivations listed in Table 7, water model ATF#1 was 

carried out using the first version of Cellbag prototype to identify basic parameters 

such as working volume, rocking speed and rocking angle etc. Supplement of antifoam 

at 0/10/50 ppm were screened to determine working volume that eliminated bubble 

occurrence in the dip tube, which was detrimental to both cells and filters. ATF#2 and 

ATF#3 were two batch cultures to build fundamental understanding of the cells, 

medium, and the system. Several fed-batch runs were also carried out in the same 

experimental setting to gain knowledge of the system from comparative studies 

(Paper IV). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Perfusion system development (part) for the Cellbag prototype 

(B) (A) 
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Through a series of HCDC perfusion runs, various technical obstacles were identified 

and addressed accordingly. Here take ATF system for example, more details can be 

found in Paper I. In ATF system the ATF alternated flow stopped after CV reached 132 

MVC/mL in ATF#15A. This CV was then confirmed by ATF#15B, where the ATF 

function was interrupted at 123 MVC/mL again. By pressurizing the Cellbag with 0.02-

0.03 bar the ATF function was successfully restored and the culture was continued. 

This clearly suggested the vacuum limit in present settings to pull the highly viscous 

cell broth at high CV. Potential answers to that were: 1) lower the vacuum effect to <-

0.53 bar; 2) pressurize the bioreactor to facilitate the vacuum; 3) increase the total 

lumen section area. These solutions were verified experimentally and thus contributed 

to the perfusion system understanding. Furthermore several other bottlenecks were 

overcome such as oxygen transfer limitation at extremely high cell densities and 

rocking conditions suitable for ATF operations. 

 

 

2.2.3 CellTank™ prototype perfusion system (paper II) 
 

In the CT system, suspension cells were entrapped inside a non-woven polyester matrix 

that was sealed in a cassette. The cassette was immersed in a 2 L tank (reservoir) 

where the actual perfusion took place. Figure 8A shows the perfusion system 

configuration and Figure 8B is a closer look of the system design and how the cells are 

located in the fibrous matrix observed under microscope. Limited access to the cell 

sample necessitated the implementation of an online biomass probe based on dielectric 

spectroscopy. Unlike other cell immobilized or entrapped fibrous bed bioreactor 

systems that always suffer from nutrients/metabolites gradient and gas transfer 

heterogeneity, CellTank™ advantageously provides a very homogeneous environment. 

Furthermore no product retention was observed.  
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Figure 8 Perfusion system for the CellTank™ prototype 

 

The CellTank™ prototype design, stirrer table prototype, as well as the control system 

were optimized during the perfusion system development. 

 

(A) 

(B) 
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2.2.4 Glass stirred tank bioreactor with ATF (Paper III)  
 

HCDC perfusion system was developed in a bench top 

glass stirred tank bioreactor using HF cartridge and 

ATF as cell separation module. Figure 9 is a close look 

at the connection between the bioreactor and HF 

mounted on an ATF station. CSPR based perfusion 

rate selection strategy was systematically studied at 

steady states. A CSPR optimization strategy was 

experimentally proposed and two CSPR adjustment 

approaches, D variation and CV variation, were 

performed and compared. The critical role of the 

glucose concentration per cell was emphasized and 

discussed (Section 2.3).                 
 

 

 

 

2.3 HCDC perfusion process development (Paper I - IV) 
 

As described in Section 2.2, four HCDC perfusion systems were developed. The 

maximal CV (CVMAX) supported by each system configuration was achieved in one of the 

runs. The goal was to explore the system limitations in our perfusion process settings 

and to overcome various challenges during this operation by optimizing industrial 

prototype design as well as process parameters. Other than pushing the system limit by 

reaching the CVMAX, steady states at 20-30 MVC/mL and at 100-130 MVC/mL were also 

established and studied for process development. Steady state at 20-30 MVC/mL is 

known as a highly suitable system to screen the process parameters152, 197 and we were 

Figure 9 ST Perfusion system 

development (part) 
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able to perform the same study at 100-130 MVC/mL to explore further the potential of 

perfusion processes. Table 10 summarizes the experiments in various perfusion systems 

for HCDC perfusion process development and more details are presented separately.   
 

Table 10 Summary of the perfusion runs  

Perfusion 

system 
Exp. CVMAX 

Steady state study at 

20-30 MVC/mL 

Steady state study at 

100-130 MVC/mL 

ATF 

ATF#4  �  

ATF#8  �  

ATF#9  �  

ATF#15A �   

TFF 
TFF#6  �  

TFF#10 � � � 

CT 

CT#1 �   

CT#2   � 

CT#3   � 

ST 

ST#1 � �  

ST#2  � � 

ST#3 � � � 

 

 

2.3.1 Maximal viable cell density (Paper I-IV) 
 

A summary of the CVMAX achieved in all the perfusion systems and some process details 

are given in Table 11. The perfusion rate selection was based on a CSPR of 50-55 
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pL/cell/day, except in ST experiments where the CSPR effect was systematically 

studied. 
Table 11 CVMAX achieved in the different perfusion systems 

Perfusion system ATF TFF CT ST 

Cell line K4 K4 DP-12 DP-12 CHOM 

Experiment no. ATF#15A TFF#10 CT#1 ST#1 ST#3 

Working volume (L) 4 4 150 mL 1 1 

Culture duration (day) 11 44 27 37 30 

CVMAX (MVC/mL) 132 214 
≥200 (200 

pF/cm) 
188 165 

CtotMAX (106 cells/mL) 137 224 - 198 174 

Cell viability (%) 96.3 - 99.2 85.1 - 98.3 87.4-97.9 91-99.3 92.9-98.2 

ACD (µm) (a) 20-30 

MVC/mL; (b) 100 MVC/mL; 

(c) above 150 MVC/mL 

16.4a; 17.3b 
17.1a; 

17.1b; 16.7c 
- 

16.7a; 

16.5b; 

17.7c 

18.5a; 

17.3b; 

17.9c 

Average CSPR 

(pL/cell/days) 
50 55 50 varied varied 

Maximal D (RV/day) 6 10 10 3.7 6.5 

Average µ during perfusion 

(day-1) (a) 20-30 MVC/mL; 

(b) 100 MVC/mL; (c) above 

150 MVC/mL 

0.57a; 0.26b 
0.35a; 

0.28b; 0.15c 

0.17a; 0.26b; 

0.14c 

0.54a; 

0.26b; 

0.11c 

0.38a; 

0.34b; 

0.14c 

Average qp during perfusion 

(pg/c/d) (a) 20-30 

MVC/mL; (b) 100 MVC/mL; 

(c) above 150 MVC/mL 

6.0a; 7.8b 
9.6a; 16.5b; 

13.6c 

2.5a; 1.6b; 

1.3c 

2.8a; 

1.5b; 0.9c 

39.2a; 

32.7b; 

26.7c 

pCO2 (kPa) 2.4 - 21.9 3.1 – 28.8 2.7-8.6 4.9-10.6 2.5-13.8 

CtotMAX = maximal total cell density; ACD = average cell diameter; qp = cell specific IgG productivity  

 

In ATF#15A, CV reached 132 MVC/mL but no higher value due to the vacuum power 

limitation of the diaphragm pump to pull highly viscous cell broth from the bioreactor 

into the HF. This maximum CV was later confirmed with a new HF in run ATF#15B 
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(Paper I). In a TFF system we were able to reach a higher CV of 214 MVC/mL, which 

is the currently highest CHO cell density ever reported according to our knowledge. 

This cell density is definitely approaching the theoretical limit of biovolume using cells 

with am average cell diameter of 17 µm (both K4 and DP-12). However this high cell 

density above 200 MVC/mL lasted only for 2 days before the system collapsed due to 

high pressure in the recirculation loop caused by high viscosity and a very high pCO2 of 

31 kPa that was deleterious for the cells (Paper I). 

 

In the CT the cells were entrapped in the matrix and, therefore, it was not possible to 

take cell samples for offline cell density analysis. An independent experiment was 

carried out in Paper II to compare the online biomass probe analysis with offline 

image-based cell density analysis of Bioprofile instrument. It was confirmed that the 

biomass sensor reading of 1 pF/cm equaled the offline measurement of 1 MVC/mL up 

to CV 160 MVC/mL, above which the online sensor gave lower cell densities and 

saturated at around 203 pF/cm. Therefore we believe that CV above 200 MVC/mL was 

reached in CT#1 when the online biomass sensor indicated 200 pF/cm (Paper II).   

 

In ST experiments, high CV 188 MVC/mL was achieved in ST#1 at ultra low CSPR 26 

pL/cell/day however HF fouling and clogging led to termination of the run. 165 

MVC/mL was achieved in ST#3 using another cell line with slightly larger size, at 

CSPR 34 pL/cell/day. Compared with the ATF runs performed in the disposable 

Cellbag, the working volume was smaller relatively to the filter area, resulting in higher 

CV (Paper III).   

 

All the perfusion cultures had high viabilities despite the extremely high cell densities. 

None of the runs were terminated due to cell death, but intrinsic limitation due to the 

cell retention were encountered such as high viscosity and excessive bubble formation. 
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2.3.2 HCDC established and stabilized in the perfusion systems 
(Paper I-III) 
 
 

Table 12 gives a summary of HCDC at steady states in all 4 perfusion systems.  
 

Table 12 HCDC at steady states 

Sys. Exp.no. 

Days at 

20-30 

MVC/mL 

Days at 

100-130 

MVC/mL 

Approach to 

maintain cell 

density 

CSPR 

(pL/cell/

day) 

Cell 

viability 

(%) 

Purpose of study 

ATF 

ATF#4 4  

Bleeding 

80 92.6-98.9 

Perfusion system 

development, 

Process consistency 

and reproducibility 

ATF#8 9  60 89-98 

ATF#9 16  60 88.3-98 

TFF 
TFF#6 16  60 88.5-98 

TFF#10 14 19 60 85.1-98.3 

CT 
CT#2  14 

Hypothermia 
60 90.6-97.1 

CT#3  15 60 71-97.9 

ST 

ST#1 44  

Bleeding 

40/60/80 92.7-99.3 Perfusion system 

development, CSPR 

optimization 

strategy 

ST#2 12+8* 5 45/65/85 91-98.1 

ST#3 11 9 45/65 92.4-98.2 

* Cv was maintained at 15 MVC/day (12 days) and 35 MVC/days (8 days) respectively. 

 

Cell arrest by hypothermia is known to improve the DP-12 cell productivity. In CT#2 

we studied the possibility of arresting the cell growth and maintain the high CV at 100-

130 MVC/mL to explore the potential of operation at such high CV with elevated IgG 

production. The culture temperature was gradually lowered from 37°C to 32°C, 31°C, 

30°C, finally to 29°C which led to a complete cell growth arrest (Figure 10A). By doing 

so we were able to maintain the culture at 100-130 pF/cm for 14 days and the viability 

was ≥90% during the whole run. The cell specific productivity at hypothermia 

increased by 47% compared to 37°C. CT#3 was a high CV production process based on 
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information collected from CT#1&2. The culture temperature was decreased directly to 

31°C on day 13 when CV reached 100 MVC/mL (Figure 10B)C. After a stable 

production phase at 100-130 pF/cm for 15 days, the temperature was set back to 37°C 

and the cell growth successfully resumed.  

 

 

 
 

 

 

 

 

 

 

 

 

Figure 10 Hypothermia applied to CellTank cultures for cell growth arrest 

 

Packed bed bioreactor and fibrous bed bioreactor have intrinsic drawback of culture 

heterogeneity as presented in Section 1.3.1, but the CellTank was able to overcome this 

nutrients/metabolites gradient due to its very efficient recirculation system. The 

successful implementation of hypothermia enables its application in fast product 

manufacturing and the collected product is completely cell free, which alleviates the 

downstream processing as well.  
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2.3.3 Perfusion rate optimization (Paper III) 
 

CSPR based perfusion rate selection was applied in all the studies. In ATF, TFF and CT 

runs, a constant CSPR 50-60 pL/cell/day was applied. It supported all the cultures very 

well and extremely high cell densities were achieved. In ST runs this approach was 

reviewed and investigated in details.  

 

CSPR is calculated from D and CV (eq.1). This indicates that the regulation of CSPR can 

be done via varying either of the two values and the outcome should be the same for a 

given CSPR from a mathematical point of view. This assumption was investigated in 

ST#1 by implementing the same CSPR using both approaches. According to discussion 

in the previous section, a perfusion culture stable at 20-30 MVC/mL is a perfect tool to 

study various process parameters. The idea was that starting from a steady state at 30 

MVC/mL, the CSPR was varied by changing D at constant CV or changing CV at 

constant D. Steady states were then established for each variation and the average cell 

growth rate µ in each state was monitored to determine whether another variation was 

needed (in case an improvement/deterioration was observed). The µ was used as the 

optimization indicator because it was easily accessible and highly reliable. µ could be 

replaced by another important process parameter such as qp to be used as the 

optimization target. 

 

As part of the results, Figure 11 shows the culture performances obtained for CSPR 

increase by increasing D (from 1.5 RV/D) at constant CV of 30 MVC/mL or decreasing 

CV (from 30 MVC/mL) at a constant D 1.5 RV/mL. Both approaches suggested the 

same optimum CSPR 60 pL/cell/day for cell growth or culture maintenance while 

minimizing the medium consumption. The highest qp was observed at 60 pL/cell/day 

when increasing D, but at 80 pL/cell/day when decreasing Cv. As mentioned above, if 

qp had been selected as the reference parameter instead of µ, the CV would have been 
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lowered further attempting to reach even higher qp. The optimum of 60 pL/cell/day 

CSPR should however be put in regards to the increased medium cost brought by the 

relatively high resulting perfusion rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 11 CSPR variation study by (A) increasing D at constant CV of 30 MVC/mL;  

(B) decreasing CV at constant D = 1.5 RV/day  
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It is worth noticing that these two approaches do not deliver identical effect in terms of 

productivity and cell metabolism (Paper III). A potential explanation to this 

observation is the glucose metabolism switch between TCA cycle and anaerobic 

glycolysis, determined by the instantaneous glucose concentration available per cell, 

and not by the glucose mass available per cell, which relates only to the stoichiometric 

consumption. The same calculated CSPR from both D and CV variation by eq. 1 gives 

the same stoichiometric glucose availability (mass per cell), not the same glucose 

concentration per cell. Based on this we suggest that glucose concentration per cell is 

used to analyze the influence of a component. 

 

2.3.4 Product quality at HCDC (Paper II, III) 
 

As the cell productivity is highly cell line specific, here we take a closer look at DP-12 

cells because they have been used both in CT and ST runs. The average qp of DP-12 

cells in a 7-day fed-batch process is 1.5 pg/c/d and the average qp at different cell 

densities in perfusion cultures CT#1 and ST#1 are presented in Table 11. At 20-30 

MVC/mL the average qp was 67%-87% higher in perfusion processes and the average 

qp at 100 MVC/mL was almost identical as in fed-batch cultures, where the peak cell 

density hardly reaches 5 MVC/mL in the same medium. From this, one can easily 

figure out the volumetric productivity benefit that HCDC perfusion process provides, 

not to mention the additional 47% increased qp when hypothermia was applied as 

discussed in section 2.3.2.  

 

At the same time, product quality is certainly as important as productivity. As 

presented in the introduction, perfusion process generally provides a stable 

environment to have a more consistent product. Despite that it still raises concern for 

product quality at very high CV due to limited publishing of such information.  
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Reduced SDS-PAGE was performed in CT experiments to study the product quality in 

HCDC (Paper II). The product was very consistent in CT#1 for all the CV's, even when 

CV reached 200 x106 cells/mL. However fragment variant of the light chain appeared in 

CT#2 after hypothermia was applied. It was postulated that the light chain variation 

appeared as a result of different glycosylation pattern, potentially due to lower 

temperature.  

 

An industrial high producer CHOM cell was used in ST runs and N-glycosylation 

related product quality profiles were analyzed (Paper III). Figure 12 shows the main 

glycan of G0F, G1F, G2F and Man-5 with corrected peak area in percentage. ”Other” 

refers to other structures such as afucosylated G0, G1, etc. Only the steady states are 

shown for better visualization. In ST#2, the cell density was maintained at 15, 35 and 

100 MVC/mL at CSPR 45, 65 and 80 pL/cell/day respectively (Figure 12A). G0F, G1F, 

G2F and Man-5 were very consistent at CV 15 and 35 MVC/mL at both CSPR 45 and 65 

pL/cell/day, but obvious decrease of G1F and G2F and increase of Man-5 and G0F 

could be seen at 92 MVC/mL under 80 pL/cell/day CSPR. This could be due to the 

elevated concentration of lactate with this CSPR. A different glycosylation profile has 

been also observed by the company Selexis in fed-batch cultivations with high lactate 

concentrations.  

 

The same glycan analysis was applied to ST#3, where the CV was maintained at 20 and 

100 MVC/mL and a much lower CSPR of 45 pL/cell/day was applied at 100 MVC/mL 

(Fig.12B). After the CSPR variation was studied at 100 MVC/mL the cell bleeding was 

stopped and the CV was maximized at low CSPR. It is very clear that the glycan pattern 

was very consistent at different CV, indicating that the process was very robust with no 

product quality shift from beginning to the end at these different CV's. As this 

commercial cell line is a cell line for the manufacturing of a biosimilar, it is very 

important that the product quality closely resemble the originator drug. 
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Figure 12 Glycosylation profiles of CHOM cells. (A) 5 steady states in ST#2: CV 15MVC/mL (i&ii), CV 35 

MVC/mL (iii&iv), at CSPR 45 (i&iii) & 65 (ii&iv) pL/cell/day respectively. CV 92 MVC/mL at CSPR 85 

pL/cell day (v). (B) ST#3, where CV was 15, 20, 88, 106, 86, 131, 165 MVC/mL at low CSPRs. 
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2.3.5 Cellular metabolism in HCDC 
2.3.5.1 Energy metabolism 

 

A CSPR around 50 pL/cell/day was applied in all the perfusion runs other than the ST 

experiments where the CSPR strategy was investigated. In all the runs the cell specific 

uptake rates of glucose and glutamine, as well as cell specific production rates of 

lactate and ammonia were calculated and monitored as part of the daily routine. The 

medium used contained 25 mM pre-mixed glucose so it was impossible to lower the 

glucose concentration in the feeding. Here we take DP-12 cells for example because 

they have been used in different systems. In CT experiments, the maximum residual 

lactate and ammonia concentrations were 86 mM and 8 mM respectively (CT#2). Due 

to the high and probably inhibiting concentrations of both byproducts, CT#3 was 

performed with a low substrate feeding strategy that led to moderate production of 

lactate (40 mM) and ammonia (5 mM) with very low residual levels of glucose and 

glutamine. In ST, by applying lower CSPR's, the residual glucose and glutamine in the 

cultures were maintained at 1-2 mM and ≈ 0 respectively. The lactate was mainly 

maintained below 10 mM with peaks at 21.9 mM at high CSPR during CSPR variation 

study. The ammonia concentration was comparable to the other experiments with a 

maximum value of 4.9 mM in ST#1.  

 

Our results are consistent with previous reports describing that at low glucose 

concentrations, the cells consume glucose more efficiently and utilize mainly the TCA 

cycle pathway. We have also demonstrated that qglc was linear to CSPR independently 

of the cell density, and that the cells unnecessarily consumed more glucose when more 

glucose was fed, leading to lactate accumulation in the culture. This speaks against the 

alternative method to tune the perfusion rate based on the residual glucose level in the 

culture in the development of a perfusion process.       
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2.3.5.2 Metabolomics profiling of extracellular metabolites (Paper IV) 

 

An exometabolome study, i.e. metabolomics of the extra-cellular components in the 

culture, was performed in perfusion culture TFF#10 (Figure 13A) where the CV 

reached 214 MVC/mL in TFF system, in comparison to two fed-batch runs (Figure 13B) 

FB#11 (37°C) and FB#16 (37°C à 35.5°C on day 7). The cell growths in both process 

modes are shown in Figure 13. Both fed-batch cultures at different temperatures were 

compared to HCDC perfusion process, especially at extremely high cell densities.  

 

 

 

 

 

 

 

 

 
Figure 13 Growth profiles of TFF#10 and two fed-batch runs, illustrating the samples selected for 

metabolomics profiling study. (A) Sample events (red), at different cultivation stages in TFF#10 

perfusion run and cell density (blue). (B) Sample events in fed-batch runs FB#11 (37°C) and FB#16 

(37°C à 35.5°C on day 7).  

 

Figure 14 shows the PCA score plots for the perfusion run TFF#10 (red) and for both 

fed-batch runs (blue). Figure 14A is a score plot where the model has been calibrated 

and validated with the data from the three runs. Figure 14B is a score plot showing a 

model calibrated with the data from the fed-batch runs only, and then used for the 

predictions of the perfusion run and fresh medium. Figure 14A clearly exhibits that fed-

batch samples are mostly defined by PC1 while perfusion samples are mostly defined 

by PC2 with much less spreading than fed-batch samples. This indicates that the 
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extracellular metabolites profile was more constant in the perfusion run despite the 

huge difference in cell density and the much longer cultivation time. In Figure 14B it is 

also very interesting to observe that the data from the perfusion run process cluster 

with fresh medium samples and are close to fed-batch at day 3 to 5. It suggests that 

throughout the whole perfusion process regardless of the cell density, the extracellular 

metabolites might be growth-related similarly to day 3 to 5 in a fed-batch process.  

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 PCA score plot for TFF#10 and FB#11&16. (A) A model calibrated and validated with the 

data from three runs. (B) A model calibrated with the data from the fed-batch runs only. 
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In perfusion mode, almost all the detected metabolites were highly consistent 

irrespective of the cell density due to the fact that the same CSPR had been applied 

throughout the culture. However we identified some potential extracellular biomarkers 

that varied with the cell density. They were all involved in glutathione metabolism and 

potentially imply an escalation of oxidative stress at cell density above 110 MVC/mL 

even though a constant CSPR was applied (Paper IV).  This hypothesis needs further 

investigation in the future. 
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3 Concluding remarks 
 
HCDC perfusion process is very attractive due to the high volumetric productivity it can 

offer, which allows much smaller production footprints with improved productivity and 

product quality. However outcome can be uncertain and the process development can 

be complex due to many unknowns at high cell densities. This thesis is about HCDC 

perfusion process development and it is divided into two main parts.  

 

The first part of the work presents four HCDC perfusion systems developed with our 

industrial collaborators: WAVE Bioreactor™ Cellbag prototype coupled with ATF and 

TFF respectively, a non-woven polyester matrix based CellTank™ prototype, and a 

bench top stirred tank bioreactor equipped with ATF. In the HCDC perfusion system 

development, industrial prototypes were optimized and perfusion processes were 

gradually established.  

 

The second part of the work focuses on HCDC perfusion process characterization and 

optimization. As part of the perfusion system development, maximal viable cell 

densities were achieved in all the systems to identify the capacity of the different 

system configurations to support HCDCs. In WAVE Bioreactor™ coupled with TFF and 

ATF, the CVMAX was 214 MVC/mL and 132 MVC/mL respectively. 214 MVC/mL is 

definitely approaching the higher physical limit of the possible CV where the cells are 

compressed against each other with no liquid between cells131. In the ATF equipped 

system, the achieved cell density was lower due to the limitation of vacuum pump to 

draw the highly viscous cell broth at such high cell density. This was later alleviated by 

a filter size larger relatively to the culture volume, and the extremely high CV of 188 

MVC/mL was achieved in the stirred tank bioreactor equipped with ATF. In the 

CellTank™ system the maximum CV was 200 pF/cm measured from online biomass 
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probe based on dielectroscopy principle. This has been verified to be at least 200 

MVC/mL during the study156.  

 

During HCDC perfusion process development, steady states at 20-30 MVC/mL and 100-

130 MVC/mL were established and maintained by cell bleeding or hypothermia. These 

were used to screen the key process variables, as well as to verify the process 

consistency and reproducibility.  

 

As one of the key process variables in perfusion processes, perfusion rate is important 

not only for the culture performances but also for the process cost. CSPR based 

perfusion rate selection has been widely used because it ensures a constant 

environment to the cells, and it has been successfully applied to all our perfusion 

processes to support the HCDCs. Two approaches to vary the CSPR via CV and D do not 

deliver the same effect despite the identical value of CSPR. This is probably due to the 

glucose concentration per the cell, resulting in different glucose consumption kinetics 

despite similar glucose mass available per cell.  

 

Note that a medium containing 25 mM glucose was used in all our experiments. 

Balanced feeding of glucose and amino acids is very important regarding the cell 

growth, productivity and glycosylation related product quality. The byproducts 

accumulation observed in all the runs is related to sub-optimally balanced feed, which 

is addressed in this thesis by perfusion rate variation. Medium development, outside 

the focus of the current thesis, would definitely be helpful as part of the process 

development, and associated to the perfusion rate strategy. We foresee that our studies 

will add value to the development of perfusion technology in recombinant protein 

production in mammalian cell systems. 
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