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Do not deceive yourselves. If any of you think you are wise by the standards of this age, you should 

become fools so that you may become wise. 

(New Testament, 1 Corinthians 3:18) 
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Summary 

Monoclonal antibodies (mAbs) are successful biopharmaceuticals playing an important role in the 

treatment of cancer, autoimmunity and inflammatory diseases. Mammalian cells are the dominant 

system for the recombinant production of the biopharmaceuticals due to complex protein processing 

machinery for proper protein folding and assembly. Like other proteins, mAbs tend to form higher 

molecular weight aggregates during manufacturing, which negatively influence quality, safety and 

efficacy of the biotherapeutics. The protein aggregates can be removed during downstream 

processing, but this cost-intensive step leads to a reduction of process yields. An alternative to this 

expensive removal of HMW species during DSP represents the reduction of protein aggregates at its 

origin during upstream processing using bioprocess optimization. Such bioprocess optimization has 

been performed mainly to improve cell growth, product yield and glycosylation instead of decreasing 

protein aggregation of mAbs. One reason for this is the lack of analytical methods for the upstream 

characterization of mAb aggregation. In order to study protein aggregation upstream several methods 

were established for the characterization of soluble protein aggregates and large aggregate particles 

in cell culture samples. Using these novel methods cell culture conditions were screened for their 

influence on protein aggregation in cell cultures of Chinese hamster ovary (CHO) production cell lines. 

After identification of the most critical factors influencing protein aggregation, conditions were found for 

the reduction of aggregates in the cultures of the tested cell lines. Strikingly, the aggregate reducing 

conditions were validated in another cell culture medium and another CHO production cell line. 

Furthermore, it was revealed that leachables from cell culture vessels like Bisphenol A do not 

influence protein aggregation during bioprocessing, but can influence cellular performance of 

production cell lines. Moreover, this study revealed that the production enhancer VPA increased the 

specific productivity of mAbs produced in CHO, but also induced protein aggregation in a 

concentration dependent manner and negatively influenced the glycosylation pattern. Alternatively, 

cell line engineering using a miRNA enabled enhancement of specific productivity without negative 

impact on protein aggregation and glycosylation. Finally, it was discovered that protein aggregation 

during bioprocessing occurs at two different levels, in particular at the cellular level and at the level of 

the bioprocess. The findings highlight that protein aggregation is an important issue during upstream 

processing and the implementation of methods to reduce aggregate formation at its origin may help to 

improve the production of mAbs in mammalian production cells.  



 

 
 

Contents 

1 Introduction ...................................................................................................................................... 1 

1.1 Monoclonal antibodies ............................................................................................................. 1 

1.2 Bioprocessing of monoclonal antibodies ................................................................................. 3 

1.2.1 Production systems ......................................................................................................... 3 

1.2.2 Mammalian expression systems for mAb production ...................................................... 4 

1.2.3 Chinese hamster ovary cells – Predominant production host for recombinant protein 

production ........................................................................................................................................ 5 

1.3 Protein aggregation of monoclonal antibodies ........................................................................ 6 

1.3.1 Aggregation pathways and problems .............................................................................. 6 

1.3.2 Common methods for the analysis of protein aggregates ............................................... 6 

1.3.3 Protein aggregation during upstream processing ............................................................ 8 

1.4 Bioprocess optimization using design of experiments............................................................. 9 

1.5 Objective of the thesis ........................................................................................................... 10 

2 Results and Discussion ................................................................................................................. 11 

2.1 Establishment of methods for protein aggregate analysis in mammalian cell culture ........... 11 

2.1.1 Analysis of soluble aggregates using SE-HPLC ........................................................... 11 

2.1.2 Fluorescence dye based aggregation assay (FDBA) for aggregate analysis ............... 17 

2.1.3 Analysis of insoluble aggregate particles using automated fluorescence microscopy .. 22 

2.1.4 Bis-ANS – A novel dye for viability staining ................................................................... 29 

2.2 Reduction of protein aggregation during upstream processing ............................................. 35 

2.2.1 MAb aggregation during batch cultivation of Chinese hamster ovary cells ................... 35 

2.2.2 Process parameters and cell culture additives influencing protein aggregation during 

upstream processing ..................................................................................................................... 38 

2.3 Other factors influencing protein aggregation during bioprocessing ..................................... 45 



 

 
 

2.3.1 Effects of leachables on protein aggregation – Bisphenol A ......................................... 45 

2.3.2 Protein aggregation is influenced by valproic acid ........................................................ 48 

2.3.3 miRNAs – Productivity enhancement without negative impact on protein aggregation 51 

2.4 Origin of protein aggregation during bioprocessing............................................................... 53 

3 Conclusions ................................................................................................................................... 55 

4 References .................................................................................................................................... 56 

5 Appendix ........................................................................................................................................ 75 

5.1 Peer-reviewed publications, submitted manuscripts and manuscripts in preparation .......... 75 

5.1.1 Direct analysis of mAb aggregates in mammalian cell culture supernatant. Albert 

Jesuran Paul, Karen Schwab and Friedemann Hesse. BMC Biotechnology 2014, 14:99............ 75 

5.1.2 Fluorescence dye-based detection of mAb aggregates in CHO culture supernatants. 

Albert Jesuran Paul, Karen Schwab, Nina Prokoph, Elena Haas, René Handrick, Friedemann 

Hesse. Analytical and Bioanalytical Chemistry 2015, 407:4849–4856 ......................................... 87 

5.1.3 miR-2861 as novel HDAC5 inhibitor in CHO cells enhances productivity while 

maintaining product quality. Simon Fischer, Albert Jesuran Paul, Andreas Wagner, Sven Mathias,  

Melanie Geiss, Franziska Schandock,  Martin Domnowski,  Jörg Zimmermann, René Handrick, 

Friedemann Hesse, Kerstin Otte. Biotechnology and Bioengineering 2015, 112(10): 2142-53 ... 96 

5.1.4 The influence of bisphenol A on mammalian cell cultivation. Fabian Stiefel,  Albert 

Jesuran Paul, Troisi Jacopo, Angelo Sgueglia, Martina Stützle, Eva Maria Herold, Friedemann 

Hesse. Applied Microbiology and Biotechnology 2016, 100:113–124 ........................................ 109 

5.1.5 High-throughput analysis of sub-visible mAb aggregate particles using automated 

fluorescence microscopy imaging. Albert Jesuran Paul, Fabian Bickel, Martina Röhm, Lisa 

Hospach, Bettina Halder, Nina Rettich, René Handrick, Eva Maria Herold, Hans Kiefer, 

Friedemann Hesse. Submitted. ................................................................................................... 122 

5.1.6 Identification of process parameters influencing protein aggregation in Chinese hamster 

ovary cell culture. Albert Jesuran Paul, René Handrick, Sybille Ebert, Friedemann Hesse. In 

preparation. .................................................................................................................................. 146 



 

 
 

5.1.7 Bis-ANS: A new dye for the assessment of viability in mammalian cell culture. Albert 

Jesuran Paul, Karen Schwab, Simon Fischer, Alina Handl, Martina Stützle, Michael Kleemann, 

Eva Maria Herold, René Handrick, Friedemann Hesse. In preparation. ..................................... 172 

5.2 Curriculum vitae ................................................................................................................... 193 

5.3 Acknowledgments................................................................................................................ 195 

5.4 Declaration / Erklärung ........................................................................................................ 196 

 

 

 

 

  



 

 
 

Abbreviations 

aFMI   Automated fluorescence microscopy imaging  

AI   Aggregation index  

ANS   1-anilinonaphthalene-8-sulfonate  

BHK   Baby hamster kidney 

Bis-ANS  4-4-bis-1-phenylamino-8-naphthalene sulfonate  

BPA   Bisphenol A  

CAP   CEVEC`s amniocyte-derived production  

CHO   Chinese hamster ovary  

DNA   Deoxyribonucleic acid  

DCVJ   9-(Dicyanovinyl)-julolidine  

DHFR   Dihydrofolate reductase  

DLS   Dynamic light scattering  

DoE   Design of experiments 

DSP   Downstream processing  

E. coli   Escherichia coli  

EEMs   Excitation/emission matrices  

EMA   European Medicines Agency  

FBS   Fetal bovine serum 

FDA   Food and Drug Administration  

FFF   Field-flow fractionation  

FT   Freeze-thawing  

GS   Glutamine synthetase  

HCPs   Host cell proteins  

HDAC   Histone deacetylase 

HEK   Human embryonic kidney  

HMW   Higher molecular weight  

HPLC   High pressure liquid chromatography  

HTS   High-throughput screening 

IC50   Half maximal inhibitory concentration  



 

 
 

IgG   Immunoglobulin G  

LV   Latent variables 

mAbs   Monoclonal antibodies 

MALS   Multi angle light scattering  

miRNAs  Micro RNAs  

mRNA   Messenger RNA 

MTX   Methotrexate  

NGNA   N-glycolylneuraminic acid  

PC   Polycarbonate  

PETG   Poly-ethylene terephthalate glycol  

PLS   Partial least square  

RNA   Ribonucleic acid 

RSM   Response surface methodology  

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SEC   Size exclusion chromatography  

SFL   Shake-flasks 

SFM   Serum-free medium  

SV-AUC  Sedimentation velocity analytical ultracentrifugation  

TFL   T-flasks  

ThT   Thioflavin T  

tPA   Tissue plasminogen activator  

TPP   TubeSpin® Bioreactor 50  

USP   Upstream processing  

VPA   Valproic acid  

w/o   without 

w/v   Weight/volume



Introduction 1 

 

 
 

1 Introduction 

After more than one century Paul Ehrlich´s “Magic Bullet” theory of a protein therapeutic specifically 

targeting diseases (Ehrlich and Bolduan 1907) was realized by biotherapeutics such as antibodies, 

which entered the market in the past quarter-century (AlDeghaither et al. 2015). Since the first 

monoclonal antibody drug was approved by the United States Food and Drug Administration (FDA) in 

the year 1986, the pharmaceutical industry has entered a new era of targeted therapy (Li et al. 2013). 

1.1 Monoclonal antibodies 

Monoclonal antibodies (mAbs) provide new therapies for the treatment of cancer, autoimmunity and 

inflammatory diseases (Leavy 2010). Around 7 % of the global market for pharmaceuticals in 2010 

was generated by mAbs by the combined sales of 25 marketed therapeutics (Elvin et al. 2013). This 

success of mAbs in the pharmaceutical market would not have been possible without great 

achievements in the fields of molecular biology, genetics, protein engineering, cell biology, 

biotechnology and pharmaceutical sciences (Strohl 2009). The mAb-based products (Table 1) 

generated revenues up to $43 billion in 2010, mainly by the success of bevacizumab (Avastin®), 

rituximab (Rituxan®), adalimumab (Humira®), infliximab (Remicade®) and trastuzumab (Herceptin®). 

Bevacizumab is a humanized mAb, which binds the VEGF-A ligand leading to a downregulation of 

angiogenesis (Economopoulou et al. 2015). It is approved by the European Medicines Agency (EMA) 

and the FDA for the treatment of solid tumors in cancer therapy. Rituximab was the first approved mAb 

for the treatment of cancer patients and binds to the large loop of CD20 on B-lymphocytes leading to 

increased destruction by natural killer cells (Teo et al. 2015). Both, adalimumab and infliximab 

intercept and neutralize the tumor necrosis factor alpha, a key inflammatory cytokine, and are 

approved for the treatment of rheumatoid arthritis (Lichtenstein et al. 2015; Ueda et al. 2015). The last 

of the top five selling mAbs trastuzumab is used as targeted anti-Her2 therapy for the treatment of 

patients with early and with metastatic HER2-positive breast cancer (Jackisch et al. 2015). The 

remaining 20 mAb products are approved for therapeutic use in oncology, autoimmune or 

inflammatory indications, neovascular or infectious diseases, hemostasis and transplant rejection 

(Elvin et al. 2013). Therapies using these mAb products require large doses over a long period of time. 

In order to produce the large mAb quantities required for the antibody therapies cost-effective and 

time-efficient, bioprocessing of the mAbs has become an important issue (Li et al. 2010). 



Introduction 2 

 

 
 

Table 1: Sales of marketed mAb products in 2010 (Elvin et al. 2013).  

Product Sales 2010 ($ m) Market (%) 

Avastin 6973 16.02 

MabThera/Rituxan 6859 15.76 

Humira 6548 15.04 

Remicade 6520 14.98 

Herceptin 5859 13.46 

Lucentis 3106 7.14 

Erbitux 1791 4.12 

Tysabri 1230 2.83 

Synagis 1038 2.38 

Xolair 750 1.72 

Soliris 541 1.24 

Actemra 464 1.07 

Vectibix 402 0.92 

Stelara 393 0.90 

Cimzia 283 0.65 

Simponi 226 0.52 

ReoPro 205 0.47 

Simulect 110 0.25 

Campath/MabCampath 67 0.15 

Arzerra 48 0.11 

Prolia/XGEVA 41 0.09 

Zevalin 29 0.07 

Ilaris 26 0.06 

Bexxar 10 0.02 

Removab 4.3 0.01 

 



Introduction 3 

 

 
 

1.2 Bioprocessing of monoclonal antibodies 

Since the introduction of insulin, human growth hormone, blood-clotting factor VII and finally mAbs in 

the year 1986 into the market, bioprocessing of biopharmaceuticals has progressed (Birch and 

Onakunle 2005; Kelley 2009). The production systems for biopharmaceuticals are mainly mammalian 

cell lines and Escherichia coli (E. coli), but some are also produced using yeast, transgenic animals 

and plant cells (Walsh 2014).  

1.2.1 Production systems 

Microbial systems like E. coli have several advantages including low costs, fast production cycles, 

easy in-process control and high productivity, but the production of complex proteins containing 

multiple subunits, cofactors, disulfide bonds and posttranslational modifications is still challenging (Zhu 

2012).  

Yeast cells have some advantages over bacteria, since they are eukaryotes and secrete large 

amounts of matured recombinant protein (Houdebine 2009). Although bioprocessing of yeast cells is 

robust and leads to high cell concentrations in chemically defined media, proteins expressed in yeast 

are of limited therapeutic value due to non-human high-mannose type N-glycans, which are 

immunogenic in humans (Hamilton et al. 2003).  

Plants have been proposed as an attractive alternative to microbial cell-based systems due to 

eukaryotic protein processing, reduced production costs and low risk for mammalian pathogen 

contamination and other impurities (Pogue et al. 2010). However, there are also some considerable 

drawbacks like slow genetic transformation requiring months to years, concerns regarding horizontal 

transmission of the recombinant genes, human food supply or livestock contamination and non-human 

glycosylation.  

Transgenic animals offer the advantages of cost-effective production as well as the high quality of the 

proteins, but suffer from contaminating animal proteins, pathogens and the disadvantage that some of 

the recombinant proteins are active and deleterious for transgenic animals (Houdebine 2009).  

Although mammalian cells were historically considered to be challenging to work with due to low yield, 

medium complexity, serum requirement and shear sensitivity, they are now the dominant system for 

the production of biopharmaceuticals (Li et al. 2010).  
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1.2.2 Mammalian expression systems for mAb production 

MAbs are large, multi-domain proteins which require a complex folding machinery for proper protein 

folding and assembly (Aricescu and Owens 2013). Moreover, post-translational modifications are 

essential for the majority of protein-based biotherapeutics, since such modifications can profoundly 

affect protein properties relevant to therapeutic application (Walsh and Jefferis 2006). Mammalian 

cells meet these criteria required for complex folding and post-translational modifications, which 

makes them the dominant production system for the biopharmaceutical industry (Jenkins et al. 2008). 

The major mammalian expression systems for the production of biotherapeutics include NS0 cells, 

baby hamster kidney (BHK) cells, hybridoma cells, PER.C6® cells, human embryonic kidney (HEK) 

cells and Chinese hamster ovary (CHO) cells (Cruz et al. 1999; Seifert and Phillips 1999; Spens and 

Haggstrom 2007; Thomas and Smart 2005; Wurm 2004).  

NS0 cells are murine cholesterol auxotroph myeloma cells, which are used e.g. for the expression of 

Palivizumab (Synagis®), which is applied for the prophylaxis of respiratory syncytial virus (Chu and 

Robinson 2001; Zhou et al. 1997). However, like all rodent cell lines NSO cells express endogenous 

retroviruses that require appropriate testing (Shepherd et al. 2003). Moreover, NS0 cells produce high 

amounts of N-glycolylneuraminic acid (NGNA), which is a sialic acid not present in humans and thus 

leads to immunogenicity concerns in humans (Li et al. 2010). These may be the main reasons for the 

limited demand of NS0 cells for therapeutic antibody production. BHK cells are of kidney origin and 

were used for the production of highly complex proteins requiring post-translational modifications such 

as Factor VIIa and VIII (Butler and Spearman 2014). Hybridoma cells are derived from myeloma cells 

and immune B-lymphoblasts expressing a specific antibody gene. The hybridoma technology was 

used e.g. for the production of mAbs against the T-cell marker CD4 for the suppression of adverse 

immune activity (Fishwild et al. 1996). Human cell lines, such as HEK293 and PER.C6 cells, emerged 

as alternative for the production of therapeutic proteins mainly due to their native human glycosylation 

machinery (Swiech et al. 2012). HEK 293 cells, derived from human embryonic kidney cells, were 

used for the production of only one licensed therapeutic protein called Xigris® (Durocher and Butler 

2009). The PER.C6 production system was established from human embryonic retinoblasts and 

already used for the production of recombinant immunoglobulin G (IgG) (Jones et al. 2003).  
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Although human cells represent a powerful alternative, the CHO cell line is still the major and most 

widely used host for the production of recombinant biotherapeutics (Durocher and Butler 2009; Swiech 

et al. 2012; Wurm 2004). 

1.2.3 Chinese hamster ovary cells – Predominant production host for recombinant protein 

production 

In the year 1957 CHO cells were immortalized from the ovarian primary culture of a Chinese hamster 

(Cricetulus griseus) (Gottesman 1985). From the genuine CHO cell line, the glycine-dependent CHO-

K1 and the dihydrofolate reductase (DHFR) activity lacking CHO-DXB11 subclones were derived 

(Urlaub and Chasin 1980). Later the CHO-DG44 cell line was mutagenized from the CHO-DXB11 

strain (Urlaub et al. 1983). Transfection of mammalian expression vectors containing the gene of 

interest and the dhfr gene into DHFR-negative strains followed by selection in GHT-minus medium in 

the presence of methotrexate (MTX) results in stably transfected CHO cell lines for the production of 

recombinant therapeutic proteins (Hacker et al. 2009). Another selective marker system for the 

generation of stable CHO cell lines is the glutamine synthetase (GS) system (Bebbington et al. 1992). 

Nowadays, CHO cells are the most widely used cell line for the production of biotherapeutics. The cell 

line is well characterized and has been used successfully for the production of many recombinant 

proteins, which facilitates the regulatory approval for new biologic products (Butler and Meneses-

Acosta 2012). The first recombinant proteins produced by CHO-derived cell lines were the human 

interferons gamma and beta as well as the human tissue plasminogen activator (tPA) (Kaufman et al. 

1985; McCormick et al. 1984; Scahill et al. 1983). After the approval of tPA (Activase®), Genentech 

started the first large-scale suspension cultivation of mammalian cells using stirred tank bioreactors, a 

technology known form the large scale cultivation of bacteria (Hacker et al. 2009). Cultivation of 

mammalian cells in bioreactors helped to surpass bacterial systems with regard to the number of 

product entities and final product recovery (Wurm 2004).  

However, the conditions necessary for bioprocessing of mammalian cells are not always beneficial for 

the produced therapeutic protein. Typical production of a monoclonal antibody in mammalian cell 

culture includes near neutral pH and temperatures above 30 °C for several days. The protein of 

interest is secreted into the cell culture medium containing host cell proteins, ions, nutrients for the 

cells, dissolved oxygen, and other species (Cromwell et al. 2006). These conditions during 
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bioprocessing can lead to the formation of higher molecular weight (HMW) protein aggregates, which 

impact the quality, safety and efficacy of the biotherapeutics (Vázquez-Rey and Lang 2011).  

1.3 Protein aggregation of monoclonal antibodies 

1.3.1 Aggregation pathways and problems 

Protein aggregation can arise from different pathways including unfolding, self-association, chemical 

linkage and degradation (Wang et al. 2010). Protein folding and stability is ensured by Van der Vaals` 

interactions, hydrophobic interactions, hydrogen bonds and electrostatic interactions (Creighton 1990). 

However, such intramolecular interactions within the protein can also lead to intermolecular 

interactions between proteins and thus lead to the formation of HMW species (Roberts 2014). 

Regardless how the aggregates are formed, the presence of the HMW species upon administration is 

considered to be undesirable for protein therapeutics (Cromwell et al. 2006). Protein aggregates can 

induce immunological responses to the therapeutic protein ranging from neutralizing antibodies 

inhibiting the efficacy of the biotherapeutics up to even worse immunological responses such as 

anaphylaxis (Rosenberg 2006). Rosenberg suggested that protein aggregates may induce 

immunological responses similar to microbial pathogens, i.e. via multivalent ligand cross-linking of the 

B-cell receptor, which activates B-cells, targets the protein to class II major histocompatibility complex 

loading complexes and efficiently elicits T-cells. Due to these adverse side effects in patients the 

United States Pharmacopeia has limited the level of large aggregate particles ≥ 10 µm to 

6000 particles/container and aggregate particles ≥ 25 µm even to less than 600 particles/container 

with a nominal content of 100 mL (Joubert et al. 2011). Since regulatory authorities restrict the level of 

protein aggregates it is inevitably to have the analytical tools to determine such aggregation 

phenomena.  

1.3.2 Common methods for the analysis of protein aggregates 

The size of the HMW species ranges from small soluble aggregates to large insoluble particles, which 

complicates the analysis (Paul et al. 2014). Hence, there are several methods for the analysis of 

protein aggregates, which all cover a certain detection range (Figure 1). Soluble aggregates are small 

enough to pass chromatographic columns and cannot be filtered or separated by centrifugation 

(Mahler and Jiskoot 2012). The most important analysis method for the detection of soluble 

aggregates is size-exclusion high pressure liquid chromatography (SE-HPLC), since the method is 

fast, shows high resolution and is highly precise (Carpenter et al. 2010). However, proteins can adsorb 
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to the column matrix, can form aggregates or dissociate during the run. Furthermore, large protein 

aggregates cannot be quantified because they are excluded by the column resin. 

 

Figure 1: Detection range of different methods for the analysis of protein aggregates (Siew 
2015). 
 

Other methods for the determination of soluble aggregates include sedimentation velocity analytical 

ultracentrifugation (SV-AUC) or field-flow fractionation (FFF). SV-AUC offers benefits such as the 

absence of matrix interaction, minimal sample handling and analysis without dilution, but is also 

characterized by a relatively large and poorly understood variability (Arthur et al. 2009). FFF has the 

advantage that aggregate sizes ranging from the nanometer to micrometer range can be detected 

(Hawe et al. 2012). However, separation during FFF is based on hydrodynamic properties rather than 

on molecular mass, the method is not suitable for high protein concentrations and provides less 

resolution, particularly for aggregates formed by mAbs (Mahler and Jiskoot 2012). 

Larger insoluble aggregates can be determined by other methods, including visual inspection, light 

obscuration, flow imaging, turbidimetry and nephelometry, dynamic light scattering, optical microscopy 

and many more (den Engelsman et al. 2011). Visual inspection (VI) is suitable for particles larger 50-

100 µm, but it provides no information about number, size or origin of the aggregates (Zolls et al. 
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2012). Light obscuration is the current standard technique for analysis of subvisible particles for 

parenterally administered drugs, but shows only good reproducibility for diameters smaller than 10 µm 

(Ripple et al. 2015). Flow imaging provides information of size and number in a range from 

approximately 1-400 µm. However, the method has also limitations like samples sticking to the flow 

cell, the necessity of sample dilution and problematic samples with a small difference in the refractive 

index between sample and solvent (Demeule et al. 2010; Zolls et al. 2012). Turbidimetry and 

nephelometry are both light-scattering based methods, where particles with a diameter between 

0.03 µm and 0.4 µm can be theoretically detected, but for particles with a diameter >1 µm extreme 

concentration of scattering in the forward direction emerges, along with secondary peaks in the 

angular distribution of the scattered light making the analysis quite complex (Lawler 1995).  

With dynamic light scattering (DLS) the hydrodynamic radius of proteins and particles within a size 

range of 1 nm to 10 µm can be determined, but this depends strongly on sample properties and 

measuring conditions. Furthermore, the method is not suitable for quantitation of weight fractions and 

for distinguishing between species formed by product aggregates or particulate contaminants 

(Arakawa et al. 2007). With optical microscopy particles >1 µm up to several millimeters can be 

visualized. Additional advantages are counting and sizing of the particles enabling classification (Zolls 

et al. 2012). Fluorescence microscopy features high sensitivity to detect subtle changes in the 

aggregation state of proteins and allows for the analysis of high-concentration protein formulations 

with minimal impact on the protein’s local environment (Demeule et al. 2007). However, major 

drawbacks are the lack of automated quantification (Das 2012) and low sample throughput enabling 

validation as a quality control assay for aggregate detection. 

1.3.3 Protein aggregation during upstream processing 

The methods presented in chapter 1.3.2 work reliable within a certain size range, but there is no single 

method available which covers the complete relevant size range from 0.01 µm to 600 µm (Das 2012). 

Moreover, characterization of protein aggregation during bioprocessing is even more sophisticated. 

Host cell proteins (HCPs) and cell culture medium components complicate aggregate detection (Paul 

et al. 2014). Thus, efforts to study mAb aggregation during upstream processing were performed 

mostly by size exclusion chromatography after a Protein A capturing step (Franco et al. 1999; Jing et 

al. 2012; Rea et al. 2012; Yang et al. 2014). However, the Protein A purification procedure itself can 

influence the aggregation status, thus purified samples do not necessarily reflect the aggregation state 
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of mAbs (Paul et al. 2014). Furthermore, only soluble aggregates were analyzed, whereas the 

formation of large aggregate particles in cell culture was often neglected, although such particles are 

known to induce nucleation-dependent aggregation processes (Wang et al. 2010).  

Antibody manufacturing includes several steps, where environmental factors such as pH, temperature, 

ionic strength, protein concentration, dissolved oxygen and shear forces can lead to aggregate 

formation (Dengl et al. 2013; Vázquez-Rey and Lang 2011). Kramarcyk et al. reported up to 20-30 % 

aggregate content of a partially purified mAb produced in CHO cells (Kramarczyk et al. 2008). Since 

protein aggregation is often ignored and neglected, the level of protein aggregates is probably much 

higher than assumed (Silow and Oliveberg 1997). Downstream processing (DSP) offers the 

opportunity to remove protein aggregates, but this is expensive and often leads to a reduction of 

product yields (Jing et al. 2012).  

Another strategy is the inhibition of aggregate formation during upstream processing (USP) by proper 

control of culture conditions. Bioprocess optimization by varying culture conditions like temperature, 

pH, osmolality, agitation or the addition of cell culture additives such as valproic acid (VPA) has been 

extensively studied (Chen et al. 2004; Kou et al. 2011; Lakhotia et al. 1992; Trummer et al. 2006a; 

Trummer et al. 2006b; Yang et al. 2014). However, bioprocess optimization has mainly been 

performed to improve cell growth, product yield or glycosylation instead of protein aggregation of 

mAbs. There are only a few studies focusing on protein aggregation during USP (Franco et al. 1999; 

Gomez et al. 2012; Jing et al. 2012). Moreover, a comprehensive screening of cell culture conditions 

influencing protein aggregation in mammalian cell culture has never been performed before.  

1.4 Bioprocess optimization using design of experiments  

Design of experiments (DoE) methodology is a powerful technique for the evaluation of factor effects 

based on defined system responses (Montgomery 2013). DoE has been shown to be far more efficient 

and effective than the traditional one factor at a time approach and avoids experimental biases with a 

minimal number of experiments (Kumar et al. 2014; Mandenius and Brundin 2008). For bioprocess 

optimization, defined input factors of the bioprocess are investigated from which output factors or 

responses are generated, such as productivity and product yield (Mandenius and Brundin 2008). Such 

statistical DoE approaches can provide a deeper understanding of the cell culture process and how 

product quality attributes change upon variation of several process parameters (Horvath et al. 2010). 

After an initial screening of process parameters to identify the most important factors, these factors 
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can be used in response surface methodology approaches to determine optimal factor values 

(Mandenius and Brundin 2008). Hitherto, bioprocess optimization using DoE to improve product 

quality attributes has been performed to optimize protein glycosylation rather than protein aggregation 

(Agarabi et al. 2015; Grainger and James 2013; St Amand et al. 2014a; St Amand et al. 2014b). 

1.5 Objective of the thesis 

Monoclonal antibodies tend to form higher molecular weight aggregates during manufacturing. 

Downstream processing offers the opportunity to remove the higher molecular weight species, but this 

is laborious, cost-intensive and thus leads to reduced process yields. Reduction of mAb aggregation 

during upstream processing by bioprocess optimization could prevent aggregate formation, and thus 

represent an opportunity to improve the bioprocess towards high-quality antibody products.  

The objective of this thesis was the identification of process parameters, which influence the protein 

aggregation of monoclonal antibodies during upstream processing in mammalian cells. However, 

upstream analysis of protein aggregation is challenging since the size of protein aggregates ranges 

from small oligomers to large aggregate particles. Furthermore, host cell proteins and cell culture 

medium components complicate analysis. For this purpose, methods were established for the analysis 

of protein aggregation in cell culture samples. These methods should allow the assessment of protein 

aggregation without the use of falsifying pre-purification steps. Furthermore, the methods should 

enable the detection of soluble aggregates as well as larger aggregate particles. 

Using these established methods, aggregate formation of pharmaceutical relevant mAbs produced in 

batch cultures of industrially relevant CHO cells should be characterized. In particular, process 

parameters and cell culture additives had to be screened for their influence on protein aggregation. 

After identification of critical factors influencing aggregate formation upstream, conditions reducing 

protein aggregation should be explored. Finally, it should be determined whether these findings can be 

extended to other cell lines or to another cell culture media. 

Moreover, it should be elucidated whether other factors influence protein aggregation, such as the 

choice of cultivation vessels or productivity enhancers. Altogether, this thesis should give insights into 

the origin of these aggregates during upstream processing and thus provide a fundamental knowledge 

about protein aggregation during bioprocessing of mAbs in mammalian cell culture. 
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2 Results and Discussion 

2.1 Establishment of methods for protein aggregate analysis in mammalian cell culture 

As mentioned in the introduction upstream analysis of aggregate is challenging since the size of 

aggregates may range from small oligomers to visible particles. Furthermore, HCPs and cell culture 

medium components may complicate aggregate detection. Hitherto, investigation of protein 

aggregation during cell cultivation was usually performed using SEC analysis after Protein A 

chromatography based isolation of the mAbs from the cell culture supernatant (Franco et al. 1999; 

Jing et al. 2012; Rea et al. 2012; Yang et al. 2014). However, the Protein A capture step also exposes 

antibodies to extreme pH shifts, which impacts the aggregation state of the proteins, since the 

aggregation rate of proteins can be strongly influenced by pH (Arosio et al. 2013; Chi et al. 2003; 

Cromwell et al. 2006; Phillips et al. 2001). Thus, protein A purified samples do not necessarily reflect 

the aggregation state of mAbs in cell culture. Hence, several methods were developed to analyze 

soluble aggregate and particle formation directly in cell culture samples without a pre-purification step. 

The following chapters summarize the establishment of methods for characterization of protein 

aggregation during production of mAbs in mammalian cell cultures. The achievements in this field 

were published in the journals BMC Biotechnology as well as Analytical and Bioanalytical Chemistry, 

represent data of submitted manuscripts or manuscripts in preparation.  

2.1.1 Analysis of soluble aggregates using SE-HPLC 

Size-exclusion chromatography used in a high pressure liquid chromatography system is the most 

commonly applied analytical method for the analysis of soluble protein aggregates (Mahler and Jiskoot 

2012). This chapter describes an analytical method for the determination of soluble protein aggregates 

directly in the supernatant of mammalian cell cultures using SE-HPLC without any pre-purification 

step, published in BMC Biotechnology (Paul et al. 2014).  

Since analysis of cell culture samples using common SEC columns appeared to be a problem of 

separation capacity (Figure 2A), columns promising higher separation efficiencies were tested. Using 

a SEC column specifically designed for mAb analysis (Figure 2B) or using a 3 µm SEC column (Figure 

2C) allowed the separation of media components and cell culture components from the purified mAb 

monomer.  
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Figure 2: SEC analysis of mAb cell culture samples. CHO cell culture supernatant analyzed using 
a common SEC (TSKgel G3000SWXL) column (A). Analysis of purified mAb compared to SFM4CHO 
medium using MAbPac SEC-1 (B) and CHO DG44 supernatant using Yarra SEC-4000 (C). 
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Serum-free media often contain growth factors, lipoproteins and other factors as growth-promoting 

supplements. Cell culture samples contain host cell components, i.e. cellular proteins, 

deoxyribonucleic acid (DNA) and other components that usually complicate the detection of the target 

proteins (Guiochon and Beaver 2011). First results indicated that the tested SEC columns provided 

sufficiently high separation efficiency to separate cell culture and medium impurities from the mAb 

monomer. Therefore, both columns were tested for their applicability to analyze mAb aggregates in 

cell culture supernatants. 

For the analysis of aggregate formation during cultivation, it is important to measure and characterize 

all types of aggregates potentially present in the culture broth. Therefore, different types of mAb 

aggregates were generated by applying pH shift, high salt concentration and freeze-thawing (FT) for 

the use as standards for the analysis of cell culture supernatants (Table 2).  

As mentioned before a pH shift favors the formation of aggregates. Thus, two different mAbs were 

exposed to different pH values ranging from pH 3–8, which resulted in the formation of small as well 

as large aggregates. With increasing pH a loss of monomer was observed accompanied by the 

formation of dimer, which was already previously described (Ahrer et al. 2004). Besides dimer 

formation, a pH shift induced the generation of a smaller fragment, which was also shown for different 

antibodies (Ishikawa et al. 2010). Additionally, DLS revealed a pH-induced formation of large mAb 

aggregates. Both mAbs formed large aggregates up to diameters greater than 100 nm at pH values 

around pH 5. Since a pH shift provoked not only soluble aggregates, but also large aggregates and 

degraded products, pH shift was not used for the generation of aggregate standards. 

The cation concentration in the culture broth increases during the fermentation process due to pH 

control (Schmelzer et al. 2000). Increased salt concentration reduces the colloidal stability by 

suppressing electrostatic repulsion, which leads to aggregation (Saito et al. 2013). Consequently, the 

osmolality increase in the bioreactor over time could lead to salt-induced aggregates in the cell culture 

broth. Hence, high salt concentrations were used to induce aggregation of the two model proteins in 

this work. Increasing NaCl concentrations induced the formation of small aggregates as well as large 

aggregates. In comparison to pH shift induced aggregation, fewer aggregates were formed using 

NaCl, but NaCl specifically induced a 300 kDa mAb dimer as determined by SEC in combination with 

multi angle light scattering (MALS). This result correlates with other reports. It was shown that even in 

milli-molar concentrations salts can promote mAb aggregate formation by lowering mAb 
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conformational stability and reduced valence due to anion binding (Fesinmeyer et al. 2009). This work 

showed that increasing ionic strength by 100 mM NaCl is sufficient to induce mAb dimers, and at NaCl 

concentrations higher than 500 mM also to induce larger mAb aggregates.  

Table 2: Formation of mAb dimer, oligomer, fragment and large aggregates using the different 
induction methods. 

 mAb1 mAb2 

 
Dimer 

(%) 

Oligomer 

(%) 
Zave (nm) 

Dimer 

(%) 

Oligomer 

(%) 

Fragment 

(%) 
Zave (nm) 

pH        

3 1.8 - 34.2 ± 1.8 1.7 1.8 - 39.6 ± 2.4 

4 1.9 - 32.5 ± 3.3 2.1 0.9 - 49.5 ± 3.5 

5 2.3 - 84.3 ± 15.0 2.0 0.9 3.5 144.9 ± 35.8 

6 2.6 - 85.7 ± 1.9 3.5 0.6 5.7 47.9 ± 1.3 

7 3.1 - 51.1 ± 5.3 4.0 0.5 4.5 45.7 ± 0.8 

8 3.4 - n. a. 6.3 0.6 6.3 n. a. 

NaCl        

Control 0.6 - 33.7 ± 5.3 1.1 - - 33.2 ± 0.2 

500 mM 1.3 - 23.8 ± 0.2 3.0 - - 41.8 ± 1.9 

1 M 1.7 - 24.8 ± 0.6 4.2 - - 56.6 ± 8.8 

1.5 M 2.0 - 24.2 ± 1.6 4.6 - - 78 ± 9.2 

FT        

Control 0.6 - 19.7 ± 1.1 1.4 - - 10.6 ± 1.1 

1x 16.0 11.3 20.7 ± 1.8 17.1 3.6 - 14.4 ± 0.1 

2x 20.2 16.3 26.6 ± 1.9 19.3 3.9 - 12.9 ± 0.5 

3x 22.7 11.0 27.3 ± 2.8 21.0 6.6 - 12.1 ± 0.5 

 

Protein aggregation by FT is attributed to partial unfolding caused by perturbing conditions like low 

temperature, buffer crystallization, exposure to the ice-liquid interface, adsorption to the container 

surface, increasing salt or protein concentration (Kueltzo et al. 2008). Using FT, both of the tested 

model proteins formed the highest levels of soluble aggregates, which were identified as dimer and 

tetramer using SEC-MALS. Increasing the number of FT cycles resulted in a loss of monomer with a 
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corresponding increase of dimer. With more than 20 % dimer formation, FT induced three times higher 

aggregate levels than a pH shift to pH 8 (6.3 % dimer) and more than four times higher aggregate 

levels as the highest NaCl concentration (4.6 % dimer). Furthermore, FT led to the formation of a 

significant amount of tetramer (up to 11.0 %), which was not formed to that extent using the other 

stress methods. FT also induced formation of large aggregates, which were detectable using DLS. 

With increasing numbers of FT cycles the hydrodynamic diameter increased from 20 nm to above 

25 nm, corresponding to the monomer loss visible in the SEC chromatogram. These findings coincide 

with other results, reporting FT-induced mAb aggregation (Hawe et al. 2009; Printz and Friess 2012). 

Since FT induced more aggregates than the other stress methods, this technique was chosen in 

addition to NaCl-induction for further stability studies and the generation of aggregate standards. 

In order evaluate the stability of the aggregate standards, NaCl- and FT-induced aggregates were 

analyzed after storage at RT (Figure 3). NaCl-induced aggregates increased over time for two different 

mAbs (Figure 3A-D) revealing that the aggregation reaction was not finished. These observations 

were in accordance with other reports (Arosio 2012; Fesinmeyer et al. 2009; Majumdar et al. 2013). 

Stability analysis of FT-induced aggregates revealed that the aggregates formed were readily 

reversible reflected by mAb monomer recovery with a corresponding decrease in dimer and oligomers 

(Figure 3E-F), which was  also observed for other proteins (Philo 2006). Since the aggregates induced 

by NaCl and FT were unstable, all aggregate standards were prepared freshly for further experiments. 

To study the traceability under conditions similar to the cell culture environment, NaCl- and FT-induced 

mAb were spiked into cell culture medium (Figure 3G) and in the cell-free supernatant of non-

producing CHO DG44 cells (Figure 3H), respectively. Monomer as well as mAb aggregates were still 

detectable in medium and in cell culture supernatant, since HCPs and culture medium components 

eluted later than mAb monomer and aggregates without influencing aggregate quantification. The 

spiking experiments demonstrated that the aggregates induced by the selected stress methods were 

stable during the experiment and still detectable under conditions expected in cell culture.  

Both tested SEC columns enabled sufficient separation of mAb monomer and aggregates from CHO 

DG44 cell culture components. Since the SEC-based method presented here only allows for the 

determination of soluble aggregates in cell culture samples, fluorescence dye-based assays were 

established in order to analyze also larger protein aggregates.  
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Figure 3: Stability and traceability of mAb aggregate standards. The stability of NaCl-induced 
mAb1 (A + B) and mAb2 (C + D) aggregates was investigated. B is an enlargement of A, D is an 
enlargement of C. (E) Stability of FT-induced mAb1 using MAbPac SEC-1. (F) Stability of FT-induced 
mAb2 aggregates using Yarra SEC-4000. (G) Traceability of NaCl-induced mAb2 aggregates using 
MAbPac SEC-1. (H) Traceability of FT-induced mAb2 aggregates using Yarra SEC-4000 under cell 
culture conditions. 
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2.1.2 Fluorescence dye based aggregation assay (FDBA) for aggregate analysis 

Extrinsic fluorescence dyes are used in protein analysis to characterize folding intermediates, surface 

hydrophobicity and protein aggregates (Hawe et al. 2008b). One of the most extensively studied dyes 

is 4-4-bis-1-phenylamino-8-naphthalene sulfonate (Bis-ANS). Bis-ANS was used to detect oligomers 

of transthyretin and soluble aggregates of recombinant human factor VIII (Grillo et al. 2001; Lindgren 

et al. 2005). Thioflavin T (ThT) was traditionally used to analyze amyloid fibrils in tissue samples, but 

recent studies showed that ThT can also be used to detect dimers, trimers and larger aggregates of β-

lactoglobulin (Carrotta et al. 2001). In the mentioned studies the extrinsic fluorescence dyes were used 

to detect protein aggregates in high-concentrated and purified protein formulations, but none of them 

addressed the application in a cell culture environment. Hence, the suitability of both dyes to detect 

mAb aggregates in CHO cell culture supernatants was evaluated. This chapter describes an analytical 

method for the determination of protein aggregates in mammalian cell culture using the fluorescence 

dye Bis-ANS in combination with fluorescence spectroscopy, published in Analytical and Bioanalytical 

Biochemistry (Paul et al. 2015).  

ThT and Bis-ANS showed strong fluorescence enhancement upon binding to NaCl-stressed mAb 

aggregates. To investigate the linearity and sensitivity of dye-binding to mAb aggregates, ThT and Bis-

ANS were further tested using PLS regression modeling (Figure 4). In order to generate the target 

data for chemometric modeling, mAb aggregates were induced by storage at pH 7 for 7 days (Figure 

4A) and diluted into buffer containing ThT or Bis-ANS to final mAb concentrations ranging from 

2.4 µg/mL up to 21.8 µg/mL. Excitation/emission matrices (EEMs) of every sample were recorded and 

used as input x-matrices for the corresponding partial least square (PLS) modeling. EEMs of ThT 

(Figure 4C) and Bis-ANS (Figure 4D) showed a linear dependence of the fluorescence intensities with 

increasing mAb aggregate concentrations, with R
2
 >0.95 or R

2
 >0.98 for ThT and Bis-ANS, 

respectively. A RMSEC of ± 1.4 µg/mL was computed for the ThT calibration model, whereas Bis-ANS 

allowed detection limits of mAb aggregates down to 2.4 µg/mL with a RMSEC of ± 0.8 µg/mL. 
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Figure 4: Detection of mAb aggregates using ThT and Bis-ANS in buffer. MAb aggregates were 
induced by NaCl and long-term storage (A) or pH shift/65 °C (B). Soluble aggregates induced by 
500 mM NaCl and long-term storage at pH 7 were analyzed using SE-HPLC. Large aggregates 
induced by dilution into pH 5 buffer and heating at 65 °C for 15 min were analyzed by DLS. PLS 
regression models for calibration and validation (C and D). Predicted versus reference plots as result 
of the chemometric modeling is shown 25 µM thioflavin T (C) and 8 µM Bis-ANS (D). Two factors were 
used for all models; the best predictive power for unknown samples was evaluated based on the 
number of factors needed for the model calculation as well as on the explained y-variance of validation 
and calibration model.  
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Figure 5: Suitable wavelengths, concentrations, and stability of dye binding to mAb aggregates 
in bioprocess medium. Emission spectrum of 100 μM thioflavin T excited at 430 nm (A) and 
emission spectrum of 10 μM Bis-ANS excited at 390 nm (B) for 0.25 mg/mL

 
mAb induced by 0.5 M 

NaCl and pH 5/65 °C. (C) Different concentrations of thioflavin T used to detect 0.25 mg/mL pH 5/65 
°C induced mAb aggregates. (D) Different concentrations of Bis-ANS used to detect 0.05 mg/mL 
pH 5/65 °C induced mAb aggregates. One 100 µM ThT excited at 430 nm (E) and 10 μM Bis-ANS 
excited at 390 nm (F) were used to analyze the stability of dye-binding to 0.25 mg/mL pH 5/65 °C 
stressed mAb in SFM4CHO cell culture medium using emission at 480 nm. Experiments were 
performed in replicates (n=3±SD). *p<0.05; **p<0.01; ***p<0.001 and n.s. = not significant for a two-
tailed t test. P-values were calculated by comparison to unstressed mAb. 
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Since both dyes showed a linear dependence with increasing levels of mAb aggregates, the dyes 

were further evaluated regarding suitable excitation and emission wavelengths for mAb aggregate 

detection in cell culture samples (Figure 5). Therefore, ThT and Bis-ANS emission spectra of 

unstressed mAb, pH 5/65 °C- (Figure 4B) or NaCl-induced (Figure 4A) mAb samples were selected 

based on the EEMs and previous experiments. A fluorescence increase for NaCl- and pH 5/65 °C-

stressed mAb samples with an emission maximum at 480 nm using ThT (Figure 5A) or Bis-ANS 

(Figure 5B) was observed. MAb aggregates induced by heat-stress at pH 5 and mAb dimer formed by 

NaCl-induction were detected by ThT, indicating that the dye was not restricted to amyloid fibrils. 

Despite using a 10-fold lower concentration, Bis-ANS fluorescence signals of unstressed or NaCl-

stressed mAbs were 5 times higher and the signal for the pH 5/65 °C-stressed mAb was about 10 

times higher than for ThT.  

To determine suitable dye concentrations for mAb aggregate detection, different concentrations of ThT 

(Figure 5C) and Bis-ANS (Figure 5D) were tested to detect pH 5/65 °C-stressed mAb in bioprocess 

medium. Raising the ThT concentration also increased the fluorescence intensity of the unstressed 

mAb sample, most likely due to binding to mAb monomers, since the native structure of mAbs is 

dominated by β-sheets and other reports describe ThT binding to mAb monomer β-sheets (Kayser et 

al. 2011b). Concentrations above 1 µM ThT and Bis-ANS at concentrations above 2 µM allowed 

aggregate detection in bioprocess medium. A ThT concentration of 100 µM and a Bis-ANS 

concentration of 10 µM were considered most suitable for the analysis of CHO cell culture 

supernatants.  

Furthermore, ThT (Figure 5E) and Bis-ANS (Figure 5F) were tested regarding stability of the 

fluorescence signal upon binding to mAb aggregates in bioprocess medium. Analysis of pH 5/65 °C-

stressed mAb using both dyes resulted in a slow decrease of fluorescence intensity (ThT: ~40 RFU, 

Bis-ANS: ~125 RFU) over time upon fluorescence enhancement. Reasons for the decrease of 

fluorescence intensities could be quenching or bleaching of the dyes. The unstressed mAb control and 

SFM4CHO medium without protein showed no changes in fluorescence intensity for both dyes.  

Since ThT and Bis-ANS were capable of detecting mAb aggregates in bioprocess medium, both dyes 

were evaluated for mAb aggregate detection in the supernatant of CHO cells (Figure 6). MAb-

producing CHO cells cultivated in different culture vessels resulted in different mAb aggregate levels in 

the cell culture supernatants.  
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Figure 6: Influence of culture vessel on mAb aggregate formation in mAb-producing CHO cell 
line analyzed with SE-HPLC (A), thioflavin T fluorescence (B), and Bis-ANS fluorescence (C). 
CHO DG44 cells were cultivated at 37 °C, 80 % humidity, 5 % CO2, and seeded at 4x10

5
 cells/mL with 

a filling volume of 20 mL. The supernatants were analyzed after 120 h using SE-HPLC and 
fluorescence spectroscopy. Cells were separated at 10,000xg for 5 min, supernatant was 0.2 μm 
filtered, and stored at 4 °C until aggregate analysis. The respective amounts of mAb aggregates were 
quantified by calculation of monomer and aggregate peak areas detected by the UV detectors. 
Fluorescence spectroscopy was performed using 100 µM thioflavin T or 10 µM Bis-ANS emission at 
480 nm with excitation at 430 or 390 nm, respectively. As controls SFM4CHO medium, 0.05 mg/mL 
unstressed mAb in medium (negative control) and 0.05 mg/mL stressed (1 mg/mL heated at 65 °C for 
15 min in pH 5) mAb in medium (positive control) were used. Experiments were performed in 
replicates (n=3±SD). *p<0.05; **p<0.01; ***p<0.001 and n.s. = not significant for a two-tailed t test. P-
values were calculated by comparison to unstressed mAb (negative control). 
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Aggregate content in the supernatant quantified by SE-HPLC revealed 73 ± 0.2 %, 72 ± 1.6 % or 67 

± 0.7 % mAb aggregates in TubeSpin® Bioreactors, shake-flasks or T-flasks, respectively (Figure 6A). 

The same supernatants were analyzed using 100 µM ThT (Figure 6B) excited at 430 nm and 10 µM 

Bis-ANS (Figure 6C) excited at 390 nm using an emission wavelength of 480 nm. ThT and Bis-ANS 

revealed the same order of aggregate content as determined by SE-HPLC (TPP>SFL>TFL). 

Fluorescence intensities of the CHO supernatants analyzed with ThT were lower than the basal 

intensities of the SFM4CHO medium itself and the negative control, most likely due to the influence of 

media and culture components on the ThT fluorescence intensity in the cell culture samples. During 

cell growth, fluorescent amino acids, pyridoxine, riboflavin, folic acid or reduction equivalents 

(NADH/FAD) and other components are consumed or formed (Teixeira et al. 2009). These fluorescent 

components could influence ThT fluorescence intensity in this region and there is no way to reduce 

this fluorescence background, since the signal is caused by medium components and/or cell culture 

components. It is most likely, that the fluorescence enhancement upon ThT binding to aggregated 

mAb was not sufficient to outshine the described effects. In contrast, Bis-ANS generated much higher 

fluorescence intensities upon binding to aggregated protein than ThT and thus the fluorescence signal 

of Bis-ANS was less influenced by the cell culture background. Hence, Bis-ANS was used for the 

analysis of aggregates in cell culture supernatants using fluorescence spectroscopy.  

Besides the SEC-based method presented in chapter 2.1.1 and the fluorescence spectroscopy-based 

method presented in this chapter, a method using fluorescence microscopy was established to 

investigate larger insoluble aggregate formation in cell culture samples.  

2.1.3 Analysis of insoluble aggregate particles using automated fluorescence microscopy 

The analytical methods presented so far enable analysis of soluble aggregates. However, the size of 

HMW species ranges from small soluble aggregates to large insoluble particles. As already mentioned 

in the introduction there are several methods for analysis of visible and subvisible particles, but there 

is no single method available that covers the complete relevant size range. Furthermore, there is a 

lack of automated quantification and low sample throughput enabling aggregate detection in process 

development. In this chapter a new application of automated fluorescence microscopy imaging (aFMI) 

is presented which allows the analysis of protein aggregates in the presence of an extrinsic dye. For 

this purpose, a fully automated cell imager (NyONE) normally applied for screening, detection and 

classification of cells was used. The data provided in this chapter are submitted for publication.  
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Figure 7: Different extrinsic fluorescence dyes used in aFMI for the detection of mAb1 
aggregates. (A) ANS, (B) Bis-ANS, (C) DCVJ, (D) ThT were tested regarding the ability to detect 
NaCl-stressed mAb using different excitation/emission filters (Blue/Amber, Blue/Green, UV/Amber, 
UV/Blue, UV/Green) and a dye concentration of 100 µM. MAb aggregates were induced by 1 M NaCl 
using a protein concentration of 1 mg/mL. Untreated mAb served as control (w/o NaCl).  
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In initial experiments the extrinsic fluorescent dyes 1-anilinonaphthalene-8-sulfonate (ANS), Bis-ANS, 

9-(Dicyanovinyl)-julolidine (DCVJ) and Thioflavin T were tested for their ability to detect NaCl-induced 

mAb aggregates using aFMI analysis. Different excitation and emission filters (Blue/Green, 

Blue/Amber, UV/Amber, UV/Blue, UV/Green) were tested for each dye to optimize signal to 

background ratio (Figure 7). ANS (Figure 7A) showed the best signal to background ratio using 

UV/Blue and UV/Green, whereas Bis-ANS (Figure 7B) gave the best results using blue/green and 

UV/green filter. DCVJ (Figure 7C) showed signals for the unstressed mAb resembling elongated 

fibrous crystal structures, but also stained aggregates to some extent. Thioflavin T (Figure 7D) 

seemed to be suitable for mAb aggregate detection using all tested filter sets, but the signals of the 

aggregates were weak and background fluorescence was high.  

Since ANS, Bis-ANS and ThT allowed detection of mAb aggregates, the dyes were further 

investigated for their ability to detect large particles that were formed at pH 5/65 °C (Figure 8).  

 

Figure 8: Analysis of pH 5/65 °C-induced mAb1 aggregates using aFMI. MAb aggregates were 
induced by incubation at pH 5 and 5-30 min incubation at 65 °C (pH 5/65 °C) using a protein 
concentration of 1 mg/mL. ANS, Bis-ANS or ThT were used for analysis. Automated FMI was 
performed using 20x magnification. Software analysis of the aggregate particle concentration and total 
intensity of the particles was performed using the Antibody 1F operator. P-values were calculated by 
comparison to unstressed mAb (*p<0.05, **p<0.01, ***p<0.001 for a two-tailed t-test.). All samples 
were analyzed in three independent replicates and data are presented as mean ± standard deviation. 
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Software analysis enabled the calculation of aggregate particle count (Particles/mL) and fluorescence 

intensity (total intensity). With increasing incubation time at pH 5 particle count and total intensity 

increased for ANS and Bis-ANS. ANS and Bis-ANS detected similar levels of aggregates after 15 min 

at pH 5 and 65 °C, but the total fluorescence intensity of Bis-ANS labeled aggregates was significantly 

higher. ThT seemed to be unsuitable for analysis of pH 5/65 °C-induced aggregates, since unstressed 

mAb was not distinguishable from stressed mAb1 samples. Since Bis-ANS showed the most 

promising results, this dye was further investigated for the use in aFMI for the analysis of insoluble 

aggregate particles formed during DSP, storage and administration. 

Antibody purification steps include acidic conditions and/or high ionic strength, which can lead to the 

formation of HMW aggregates (Paul et al. 2014; Shukla et al. 2007). Kinetics of aggregate formation is 

mostly analyzed by turbidity measurement, SE-HPLC or by fluorescence spectroscopy (Joshi et al. 

2014; Singer and Lindquist 1998; Yoshimura et al. 2012). Different aggregation kinetics of two 

different mAbs determined by measuring the aggregation index (AI) and the soluble protein 

concentration (Figure 9A-B) could be confirmed with aFMI (Figure 9C-F). An important benefit of aFMI 

over turbidity measurement is the quantitative information on aggregate size distribution. Existing 

alternative methods to analyze size distribution of polydisperse particle solutions are limited with 

respect to the detectable size range or they are not high-throughput compatible. The main advantages 

of the aFMI method is the detectable size range of 1-1000 µm and its high-throughput compatibility, 

allowing e.g. to measure various sample dilutions in parallel. Measurement of a 96-well plate by aFMI 

analysis needs only a few minutes. A possible drawback of aFMI might be the requirement for extrinsic 

fluorescent dyes, which interact with the protein aggregates and could therefore influence the 

aggregation behavior. However, the aggregation kinetic results in this study showed excellent 

agreement between aFMI detected increase in particle count and increase in AI or reduction of soluble 

protein. 

Furthermore, protein aggregation upon FT was investigated using aFMI in order to simulate conditions 

occurring during storage and shipping of therapeutic proteins (Hawe et al. 2009). This FT process can 

lead to partial unfolding and subsequently to the formation of aggregates (Kueltzo et al. 2008). MAb 

aggregates induced by FT were analyzed using DLS (Figure 10A), AI measurement (Figure 10B) and 

aFMI analysis (Figure 10C-D).  
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Figure 9: Aggregation kinetics of mAb2 at pH 3.5 and mAb3 at pH 3 induced by addition of 
1.5 M NaCl (n =3, ± SD). MAb concentration was 1 mg/mL. (A) Aggregation index and soluble 
monomer concentration (A280 of supernatant after centrifugation) of mAb2. Asterisks indicate control at 
time point 0 h. (B) Aggregation index and soluble monomer concentration (A280 of supernatant after 
centrifugation) of mAb3. Asterisks indicate control at time point 0 h. For (A) and (B) two-way ANOVA 
was calculated by comparison to unstressed mAb after 0h incubation resulting in a significant Nivea of 
p<0.001 except for mAb3 at time point 0h (AI and soluble protein concentration were not significant; 
p>0.05) and for mAb3 after 30 min incubation (soluble protein concentration was p<0.01). (C) 
Fluorescence microscopy images of 1:75 dilution of mAb2 with 10 µM Bis-ANS (20x magnification). 
(D) Fluorescence microscopy images of 1:75 dilution of mAb3 with 10 µM Bis-ANS 
(20x magnification). (E) Particle size distribution determined by aFMI of mAb2. (F) Particle size 
distribution determined by aFMI of mAb3. 
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Figure 10: Analysis of FT-induced mAb aggregates using DLS (A), AI (B) and aFMI (C, D). MAb1 
aggregates were induced by 3 cycles of freeze-thawing at pH 8 (FT) using a protein concentration of 
1 mg/mL. 10 µM Bis-ANS was used for analysis using UV/Green excitation/emission filters. Automated 
FMI was performed using 20x magnification. Software analysis of the aggregate particle concentration 
and total fluorescence intensity of the particles was performed using the Antibody 1F operator. 
*p<0.05, **p<0.01, ***p<0.001 for a two-tailed t-test. P-values were calculated by comparison to 
unstressed mAb. All samples were analyzed in three independent replicates and data are presented 
as mean ± standard deviation. 
 

After 3 cycles of FT, HMW aggregates were formed, reflected by an increase in the average particle 

diameter with a corresponding increase in the polydispersity index and AI. Automated FMI analysis 

using Bis-ANS as a reporter dye also enabled the detection of particle formation, reflected by a 

significant increase in the particle count. The particle count measured using aFMI was 400 times 

higher and total intensity was even over 800 times higher in the FT-stressed than in the unstressed 

mAb sample. The average particle diameter measured was only 6 times higher and AI only increased 

from 7.0 ± 0.3 to 8.4 ± 0.3. The results indicate that the established method for the detection of 

aggregate particles is far more sensitive than the before mentioned methods. Moreover, it was 

possible to quantify the particles formed by FT, indicating the superiority over qualitative detection 

methods such as DLS or turbidity measurements. As mentioned in the introduction, regulatory 

authorities restrict the threshold of sub-visible particles to a certain level (Cromwell et al. 2006; Joubert 
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et al. 2011). Highly sensitive quantitative detection assays such as the aFMI method presented here 

can be a powerful tool for the detection of such sub-visible particles. 

Finally, particle formation during aerosol drug delivery of biotherapeutics was analyzed using the new 

aFMI method for analysis of protein aggregation (Figure 11). Antibodies are sensitive to shear 

forces/interfacial contact occurring during various routes of administration, for instance intravenous, 

intranasal or inhalative. Aerosols of a mAb and its Fab molecule led to a significant decrease in 

monomer, but monomer loss was not accompanied by an increase in soluble aggregates determined 

by SE-HPLC analysis. Analysis of dispersed aerosol and undispersed samples using aFMI with Bis-

ANS revealed the presence of a significant amount of sub-visible aggregate particles of mAb (Figure 

11A) and its Fab (Figure 11B). 

 

Figure 11: Analysis of antibody aggregation of mAb4 (a) and its Fab fragment (b) before and 
after aerosol dispersion. Antibody particles were detected using aFMI. Pictures show Bis-ANS 
stained antibody aggregates after dispersion. 
 

It is commonly known that biopharmaceuticals are particularly susceptible towards shear stress during 

aerosolization (Maa and Hsu 1997; Respaud et al. 2014; Siekmeier and Scheuch 2008; Yano et al. 

2009). Various continuous dispersion systems such as jet, ultrasound and vibrating mesh nebulizer 

were evaluated in order to reduce shear stress at the air-liquid interface and to offer high deposition 

efficiency (Hertel et al. 2015). As already mentioned these subvisible aggregate particles are normally 

measured by turbidity and quantified with light obscuration, which does not allow a classification of the 

formed aggregate species (Hawe et al. 2013; Hertel et al. 2014). Automated FMI is not only able to 

quantify subvisible particles, but could replace methods such as turbidity or light obscuration analysis, 

as it seems to be sufficient to detect, quantify and classify these particles. 
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2.1.4 Bis-ANS – A novel dye for viability staining 

Previous experiments revealed that not only protein aggregates were stained by the fluorescence dye, 

but also specific cells were stained. Since the dye was recently shown to enter cells with compromised 

cell membranes (Mozes et al. 2011) and mammalian cells loose membrane integrity upon cell death, 

the applicability of Bis-ANS to assess the viability of various mammalian cell cultures and cell systems 

was investigated. The following chapter describes a new method for the assessment of cell viability in 

mammalian cell cultures using automated fluorescence microscopy, which is a manuscript in 

preparation.  

The fluorescent dye Bis-ANS was tested for its ability to indicate dead cells by investigating four cell 

lines grown in suspension cultures and one adherently growing cell line. CHO, CEVEC`s amniocyte-

derived human cell line (CAP) and hybridoma cells were grown until the transition of the stationary to 

the declining phase was reached in order to allow the detection of increasing numbers of dead cells. 

Cell samples were stained with Bis-ANS and TO-PRO3
TM

 iodide , a dye which is known to intercalate 

into the DNA of dead cells indicating them dead (Davies and Hughes 2000). Analysis was performed 

using an automated high-throughput fluorescence microscope (Figure 12). Co-staining with Bis-ANS 

and TO-PRO3
TM

 proved that Bis-ANS and TO-PRO3
TM

 stained the same individual cells proving that 

Bis-ANS was as sensitive as TO-PRO3
TM

 iodide in specifically indicating dead cells. Bis-ANS showed 

no fluorescence using red excitation and emission, and TO-PRO3
TM

 exhibited no fluorescence using 

UV excitation and green emission. Furthermore, dead cells of a human ovarian carcinoma cell line 

(SKOV3 cells) were stained by Bis-ANS equally well as by TO-PRO3
TM

, indicating that the dye can 

also be applied to anchorage-dependent cells. So far, Bis-ANS has been extensively used in the 

context of protein stability and aggregation (Acharya and Rao 2003; Grillo et al. 2001; Hawe et al. 

2008a; Lindgren et al. 2005; Paul et al. 2015). It was hypothesized that ANS fluorescence, the 

monomeric form of Bis-ANS, correlates with the DNA content of living thymus cells and can be used to 

characterize cell cycle states (Vaillier and Vaillier 1977). A more recent study reported that Bis-ANS 

can also enter damaged, but still viable neurons (Mozes et al. 2011). However, it was shown here that 

Bis-ANS does not penetrate the membrane of viable mammalian cells, but was capable of entering 

dead cells with lost membrane-integrity.  
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Figure 12: Bis-ANS specifically stains dead cells in different mammalian cell lines. CHO (A), 
CAP (B) and hybridoma (C) cells were stained with 10 µM Bis-ANS and analyzed using fluorescence 
microscopy. Co-staining with 0.5 µM TO-PRO3

TM
 was used as control. Images were taken with 

10x magnification using transmission, red excitation and emission (TO-PRO3
TM

) or UV excitation and 
green emission (Bis-ANS). In all cell lines the cells stained by TO-PRO

TM
 were also stained by Bis-

ANS. Dead cells are exemplarily indicated with arrows. The scale bar indicates 100 µm. 

 

To investigate whether Bis-ANS-mediated labeling of dead cells is based on intercalation of dye and 

nucleic acids such as genomic DNA, CHO cells were stained with TO-PRO3
TM

 and Bis-ANS, fixed with 

formalin on microscopic glass slides and analyzed using confocal laser scanning microscopy (Figure 

13). As expected, Bis-ANS exhibited a clear blue fluorescence, whereas TO-PRO3
TM

 stained the 

nuclear DNA in red color. Interestingly, Bis-ANS showed no co-localization with the nucleic acid 

binding dye TO-PRO3
TM

, suggesting that Bis-ANS stained the entire cytoplasm rather than the 

nucleus of the cells. It is most likely that intracellular proteins are stained by the dye. Other studies 

demonstrated that Bis-ANS can bind instantaneously to microtubules of neuron bodies with lost 

membrane integrity (Chakraborty et al. 1999; Horowitz et al. 1984; Mozes et al. 2011). 
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Figure 13: Confocal microscopy of CHO cells stained with Bis-ANS and TO-PRO-3
TM

. Cells were 
fixed with formalin after staining with 0.5 µM TO-PRO-3

TM
 and 10 µM Bis-ANS. Bis-ANS was excited 

at 488 nm and TO-PRO-3
TM

 at 633 nm with 63x magnification. The scale bar indicates 20 µm.  
 

Since Bis-ANS specifically stained the dead cell population of different mammalian cell lines, it was 

investigated whether this dye can be used to measure cell viability in CHO cell cultures. The 

conventionally used trypan blue exclusion method using Cedex XS was compared to Bis-ANS staining 

based viability determination using automated fluorescence-microscopy (Figure 14).  

 

Figure 14: Bis-ANS versus trypan blue analysis of CHO cell viability within 126 h of cultivation. 
Viable cells with a final concentration of 4x10

5
 cells/mL were seeded and cultivated in SFM4CHO 

medium containing 10 g/L glucose and 4 mM glutamine at 140 rpm (25 mm orbit), 5 % CO2 and 85 % 
humidity. 
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No differences in cell viability were determined within the first 54 h of the cultivation using the two 

different methods. However, at the end of cultivation Bis-ANS fluorescence analysis suggested a 

decline in viability, whereas trypan blue stained cell samples showed still high viabilities above 95 %. 

Similar results were obtained in a batch (Figure 15A) and fed-batch (Figure 15B) fermentation process 

of a mAb producing CHO cell line. The viable cell concentrations measured by trypan blue and Bis-

ANS showed similar results in the lag and log phase of the culture, but in the death phase the viable 

cell concentration and viability dropped to values below 90 % using Bis-ANS staining. 

 

Figure 15: Bis-ANS versus trypan blue analysis of CHO viable cell concentration and viability in 
batch (A) and fed-batch (B) fermentation process. Cells were seeded at 4x10

5
 viable cells/mL and 

cultivated in SFM4CHO medium in a 2 L bioreactor at 100 rpm, 0.25 vvm, pH 7.15 and 60 % O2. Feed 
for fed-batch fermentation was added as bolus feed every day.  
 

To investigate this discrepancy in the late phase of the bioprocess, further studies using flow 

cytometry were performed. Different Bis-ANS concentrations were added to a substrate limited CHO 

cell culture containing elevated numbers of dead cells and analyzed by flow cytometry (Figure 16). 

Again, a higher percentage of positively stained cells were determined with flow cytometry analysis 

using TO-PRO3
TM

 (~40 %) and 1-5 µM Bis-ANS (~30-40 %) compared to cells incubated with trypan 

blue and analyzed with Cedex (below 20 %). These results verified that Bis-ANS-mediated 

assessment of cell viability using 1-5 µM Bis-ANS is more sensitive at the end of cultivation compared 

to the trypan blue based method. Other studies already demonstrated that trypan blue assays 

overestimate cell viability due to a low sensitivity (Altman et al. 1993). Viability assessment using Bis-

ANS allowed an earlier detection of a decreasing cell viability compared to the trypan blue exclusion 

assay, which highlights the application of Bis-ANS as preferable option for the determination of cell 

viability.  
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Figure 16: Flow cytometric analysis of TO-PRO3
TM

 and Bis-ANS versus trypan blue staining in 
CHO cells. CHO cells were cultivated (n = 3) for 166 h in TubeSpin® bioreactor 50 tubes until cells 
were analyzed for necrosis by determining percentage of cells positive for TO-PRO3

TM
, trypan blue 

and Bis-ANS. 
 

An earlier detection of viability loss at the end of cultivation would provide time to prevent negative 

impacts on culture longevity, cell-specific productivity (Kumar and Borth 2012), product quality 

(Gramer and Goochee 1993) and downstream processing (Browne and Al-Rubeai 2011). 

In a next step, it was investigated whether Bis-ANS can also be directly added to CHO cell cultures in 

order to enable on-line monitoring of cell viability. Schwab and Hesse determined an half maximal 

inhibitory concentration (IC50) value of 5.0 ± 0.5 µM Bis-ANS in CHO cells by using a cytotoxicity 

assay (to be published). The addition of 1-2 µM Bis-ANS to CHO cell cultures during cultivation only 

marginally affected the growth behavior. Maximum viable cell concentrations were slightly reduced in 

the presence of Bis-ANS compared to cells cultivated without Bis-ANS, whereas the viability was not 

significantly affected. Viability analysis of the culture broth containing Bis-ANS using fluorescence 

microscopy and an at-line viability determination using trypan blue showed similar results. These 

results were verified by flow cytometry based cell analysis. Cells were cultivated in the presence of 
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Bis-ANS and were additionally co-stained with TO-PRO3
TM

 for analysis. Flow cytometry analysis 

showed equal amounts of TO-PRO3
TM

 (22 %) and Bis-ANS-positive (22 %) cells, proving that both 

dyes were equally sensitive in determining cell viability. Furthermore, the discrimination of dead cells 

using the FSC/SSC signal demonstrated that 95 % and 91 % of the dead cell population was found to 

be TO-PRO3
TM

 or Bis-ANS positive, respectively. These results confirmed that direct supplementation 

of cell cultures with Bis-ANS can be a valuable tool for the quick assessment of cell viability without 

further manipulating the sample. Such simple and fast culture monitoring methods are needed (Kumar 

and Borth 2012; Schulze et al. 2011) and could be applied in high-throughput screening (HTS) to 

predict potential toxic effects of drug substances with promising cytotoxic and cytoprotective effects for 

the application in cancer, ischaemic and neurodegenerative diseases (Kepp et al. 2011).  

Based on the previous results, it was investigated whether Bis-ANS can be used to set up a soft 

sensor for on-line viability determination in fed-batch cultivations. Such soft sensors commonly use 

spectroscopic online probes in combination with PLS regression modeling. Three CHO fed-batch 

cultivations were carried out containing 2 µM Bis-ANS. Cell concentration and viability were 

determined using the trypan blue exclusion method. The soft sensors for the on-line prediction of 

viability and dead cell concentration were built with the data recorded after Bis-ANS addition. The 

resulting models were selected based on the quality parameters R
2
 and RSME for calibration, 

validation and prediction. The 2D scans showed high signal intensities over a broad range due to the 

fluorescence dye addition. Five latent variables (LV) were needed to describe 98 % of the y-data 

variance of the PLS regression model for the prediction of the dead cell concentration, resulting in a 

R
2
cal of 0.94 and an RSMEP of 4.0 × 10

4
 mL

-1
 indicating that offline measured dead cell concentrations 

and the predicted values were in close correlation for all three cultivations. In the same way, 6 LVs 

were needed to describe 99.9 % of the y-variance for the prediction of the viability, resulting in a R
2
cal 

of 0.97 and an RSMEP of 1.94 %. The model was able to predict the viability in all three fed-batch 

cultivations precisely. 2D fluorometry and PLSR models were already used to predict common 

response variables in mammalian cell bioreactor cultivations (Ohadi et al. 2014; Teixeira et al. 2009). 

However, to our best knowledge, there was no model described previously that enables on-line 

prediction of the dead cell concentration and the viability by directly adding Bis-ANS to the cell culture 

medium.  

The results summarized in this chapter show that Bis-ANS can be used to monitor viability of 

mammalian cells. However, analysis of mAb aggregates in cell culture samples using aFMI (chapter 
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2.1.3) can only be performed when cells stained by Bis-ANS can be discriminated from protein 

aggregates. Since the software of the cell imager allows discrimination between Bis-ANS-labeled cells 

and protein aggregates, the method allows viability assessment and protein aggregation analysis in 

one measurement. The methods presented in this chapter were used for the analysis of protein 

aggregation in cell culture samples in order to reduce the level of protein aggregates during upstream 

processing. 

2.2 Reduction of protein aggregation during upstream processing 

After the successful establishment of methods for the upstream characterization of soluble aggregate 

and insoluble particle formation, aggregate formation during cultivation of mAb producing CHO cells 

was analyzed. The results described in the following chapters include investigations regarding mAb 

aggregation during batch cultivation of CHO cells and the identification of process parameters and cell 

culture additives influencing protein aggregation during upstream processing. The results were 

published in BMC Biotechnology (Paul et al. 2014) or are in preparation for publication.  

2.2.1 MAb aggregation during batch cultivation of Chinese hamster ovary cells 

This chapter describes the analysis of soluble protein aggregation in cell-free supernatants derived 

from cultures of a mAb-producing CHO cell line using SE-HPLC, published in BMC Biotechnology 

(Paul et al. 2014). Using the established method for the analysis of soluble aggregate formation in 

CHO cell cultures (chapter 2.1.1), the cell-free supernatant derived from batch cultures of a mAb-

producing CHO cell line was analyzed for aggregate formation, DNA content and HCPs (Figure 17). 

Cultures of mAb-producing CHO cells showed growth characteristics as well as substrate and 

metabolite concentrations which are typical for mAb production systems. Directly after inoculation 

neither monomer nor mAb aggregates were detected in the supernatant of CHO cells cultivated in 

three shake flasks (Figure 17A+B). SEC retention times of the signals obtained immediately after the 

start of cultivation (13-17 min) corresponded to the elution times obtained in the analysis of the cell-

free supernatant from a culture of a non-producing CHO DG44 host cell line. These signals are most 

likely caused by host cell impurities and medium components such as DNA, lipids, HCPs, secreted 

cellular metabolites and excess nutrients (Goh and Yap 2005; Pan et al. 2009). 
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Figure 17: Analysis of mAb aggregate formation, DNA content, host cell and medium 
components in the supernatant of a mAb2-producing CHO cell line.  Supernatant was analyzed 
for mAb aggregate formation directly after inoculation and after 144 h cultivation (A+B). Amount of 
mAb2 monomer, dimer and oligomers was obtained from biological triplicates ± standard deviation. B 
is an enlargement of A. DNA content of collected SEC fractions was analyzed using NanoDrop 1000 
spectrophotometer (C). For determination of HCPs and culture medium components, SEC fractions 
were pooled, concentrated and analyzed using SDS-PAGE under reducing conditions with 
subsequent silver staining (D). 
 
 
To ensure that these cell culture contaminants do not interfere with the quantification of the mAb2 

monomer and aggregates in the CHO supernatant, the corresponding chromatography fractions were 

collected and analyzed for DNA (Figure 17C) and HCPs (Figure 17D). DNA analysis of the collected 

SE-HPLC fractions revealed that the CHO cell culture supernatant contained a significant amount of 

DNA (up to 15 ng/µL) in the fractions containing host cell and culture medium components. However, 

no DNA was detected in the SEC fractions used for mAb aggregate quantification. The amount of 

HCPs in the corresponding SEC fractions was determined using reducing sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent silver staining. The supernatant of 

the non-producing CHO cells and mAb-producing CHO cells both showed several signals, indicating 

the presence of HCPs in the supernatant. MAb monomer and aggregate SEC fractions contained 

mainly heavy (50 kDa) and light chain (25 kDa). The monomer and aggregate fraction showed a signal 
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at 150 kDa most probably caused by unreduced mAb and bands, which were also visible in the mAb 

control. On the other hand SEC fractions collected from host cell and culture medium components 

showed additional signals. However, the mAb monomer and aggregate fractions collected from the 

SE-HPLC analysis contained no detectable amounts of DNA and were nearly free of HCP enabling 

mAb aggregate quantification directly in the supernatant of CHO cells using the SEC columns tested in 

this work. The results also revealed the presence of a large amount of DNA and cell culture 

components in the supernatant of CHO cell culture emphasizing the importance of the use of 

appropriate SEC columns for aggregate analysis.  

Quantification of aggregate formation revealed that a huge amount of mAb consisted of aggregates. 

Comparing the retention times of the cell culture samples to retention times of the unstressed and 

aggregated mAb standards indicated that after 144 h the supernatant comprised only 23 % ± 0.4 % 

remaining monomer, 10 % ± 0.3 % dimer and 67 % ± 0.7 % larger oligomers. Other studies reported 

10 % aggregates in harvest batches of hybridoma cells secreting a monoclonal anti-PSA antibody or 

aggregation rates from 20 % up to 50 % in IgG-producing CHO cells (Franco et al. 1999; Gomez et al. 

2012; Ho et al. 2013; Kramarczyk et al. 2008). However, most of these approaches measured mAb 

aggregate formation after a Protein A purification step. Such analysis includes loading of the mAbs to 

the Protein A column under neutral conditions, elution under acidic conditions and neutralization 

before applying SEC analysis. These pH shifts themself may influence the aggregation status, thus 

purified samples do not necessarily reflect the aggregation state of mAbs in cell culture. Although the 

mAbs used in this work were aggregation-prone, the results indicate the high amount of protein that 

may be lost due to formation of HMW species during cell culture. It can be assumed that the HMW 

species were product-related, since the supernatant of non-producing CHO cells showed no 

comparable signals and the SEC fractions used for mAb aggregate quantification contained neither 

DNA nor significant amounts of HCP and culture medium components.  

These results demonstrate that protein aggregation is an important issue for the production of 

biopharmaceuticals during batch cultivation in mammalian cells. Hence, process parameters and cell 

culture additives were screened for their impact on protein aggregation during upstream processing.  
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2.2.2 Process parameters and cell culture additives influencing protein aggregation during 

upstream processing 

Bioprocess optimization by varying process parameters or addition of cell culture additives has been 

extensively studied mainly to improve cell growth and product yield instead of product quality attributes 

such as protein aggregation of mAbs (Chen et al. 2004; Kou et al. 2011; Lakhotia et al. 1992; 

Trummer et al. 2006a; Trummer et al. 2006b; Yang et al. 2014). Only a few studies address protein 

aggregation during USP (Franco et al. 1999; Gomez et al. 2012; Jing et al. 2012). However, in these 

approaches only soluble aggregates were analyzed, whereas the formation of large aggregate 

particles in cell culture was not investigated, although such particles are known to induce nucleation-

dependent aggregation processes (Wang et al. 2010). Moreover, a comprehensive screening of cell 

culture conditions influencing protein aggregation in mammalian cell culture has never been performed 

before. Hence, the new analytical methods described in chapter 2.1 were used in a DoE-based 

approach to screen for process parameters and cell culture additives influencing mAb aggregate 

formation in CHO cell culture. The results of this chapter are in preparation for publication.  

The impact of the process relevant factors temperature shift, pH, osmolality, agitation, as well as the 

impact of cell culture additives antifoam and VPA on mAb aggregate formation in CHO cell culture was 

investigated using a 2-level fractional factorial design (Resolution V+), in order to find conditions that 

may reduce upstream mAb aggregation (Table 3).  

Table 3: Values of process parameters and cell culture additives for DoE.  
 

Factors Values 

Process Parameters  

Temperature shift 31 °C, 34 °C, 37 °C (No shift) 

pH 6.8, 7.2, 7.6 

Osmolality 333 mOsm/Kg, 433 mOsm/Kg, 533 mOsm/Kg 

Agitation 100 rpm, 130 rpm, 160 rpm 

Cell culture additives  

Antifoam (w/v) 0 %, 0.04 %, 0.08 % 

VPA 0 mM, 2 mM, 4 mM 
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Table 4: Impact of temperature shift (temp), pH, osmolality (Osm), agitation (Agi), VPA and 
antifoam (Afo) on final cell concentration and cell-specific mAb productivity. *p<0.05, **p<0.01, 
***p<0.001 for ANOVA analysis calculated using MODDE

TM
 (Umetrics AB, Umeå, Sweden).  

 

Table 5: Impact of temperature shift (temp), pH, osmolality (Osm), agitation (Agi), VPA and 
antifoam (Afo) on soluble aggregate and specific particle formation. *p<0.05, **p<0.01, 
***p<0.001 for ANOVA analysis calculated using MODDE

TM
 (Umetrics AB, Umeå, Sweden). 
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The impact of these factors on host cell protein aggregation was analyzed using a non-producing 

mock CHO cell line. The process parameters were screened in order to identify main effects on the 

parameters final cell concentration, specific mAb productivity (Table 4), soluble aggregate and 

aggregate particle formation (Table 5), as well as two-factor interactions between the investigated 

factors. 

During the screening experiments the difference between the performance parameters for the 

goodness of fit (R
2
) and the goodness of prediction (Q

2
) was always lower than 0.2 and Q

2
 was always 

higher than 0.5 for both tested cell lines, indicating that the validity and predictability of the regression 

models in the screening experiments were high (Eriksson 2008).  

pH 

It is known that the aggregation rate of a protein is strongly influenced by the pH (Arosio et al. 2013; 

Chi et al. 2003; Paul et al. 2014). The alteration of pH in the screening experiments showed only in 

combination with osmolality an interactive positive effect on specific mAb productivity in the producer 

cell line (Table 4), whereas the initial culture pH alone and in interaction with antifoam negatively 

influenced the particle count in the mock cell line (Table 5). The small operating pH range for CHO cell 

culture might be not sufficient to influence mAb aggregation in the cell culture broth, thus pH was not 

chosen as parameter for further bioprocess optimization.  

VPA 

VPA is a histone deacetylase (HDAC) inhibitor, which is known to enhance the specific productivity of 

mammalian cells (Backliwal et al. 2008). In the screening experiments, VPA alone and in interaction 

with temperature shift increased specific productivity in the mAb-producing CHO cell line, but also 

adversely impacted final cell concentrations in both of the tested cell lines (Table 4). Moreover, the 

increase in specific productivity was accompanied by the formation of soluble aggregates in the 

production cell line (Table 5). VPA interacted with shift temperature, which significantly induced 

specific particles in the mock cell line, indicating that host-cell aggregates were formed. These 

negative impact on protein aggregation as well as influences on cell growth and glycosylation profile 

are described more in detail in chapter 2.3.2. Since VPA alone only induced soluble aggregates and 

specific particle formation was only observed in combination with temperature shift, VPA was not 

considered for optimization using response surface methodology (RSM) experiments.  
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Temperature 

Temperature is an important process parameter during protein production, since it influences cell 

growth, viability, protein synthesis and metabolism in animal cell culture (Chen et al. 2004). Like other 

mammalian cells, CHO cells are normally cultivated at 37 °C in order to simulate the body 

environment (Yoon et al. 2007). During the screening experiments culture temperatures lower than 

37 °C significantly reduced final cell concentrations of the mock cell line and the mAb producing cell 

line (Table 4), most likely due to cell cycle arrest at G1 phase (Kou et al. 2011; Trummer et al. 2006a). 

Interactive effects with agitation and antifoam were beneficial, but interaction with VPA was 

detrimental for cell growth. Besides the impact on cell growth, a temperature shift decreased the level 

of soluble aggregates and a temperature shift below 32 °C decreased the level of particles (Table 5). 

This could be caused by the expression of endoplasmic reticulum chaperones and an increase in 

folding capacity, which are reasons suggesting an increased productivity in batch cultures at lower 

culture temperature (Vergara et al. 2014). RSM results revealed that at shift temperatures between 32-

34 °C and 33-35 °C the specific particle formation was increased for the non-producing and the mAb 

producing cell line, respectively (Figure 18). 

Figure 18: Contour plots of RSM showing impact of bioprocess parameters on particle 
formation for the mock cell line (A) and the mAb-producing cell line A (B). Temperature ranged 
from 31-37 °C, pH from 6.8-7.6, osmolality from 333-533 mOsm/Kg, agitation from 100-160 rpm and 
antifoam from 0-4 % (w/v). Values for specific particle formation represent particle/U LDH. 
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A reason for this could be an unfavorable mRNA light chain/heavy chain ratio, which was already 

reported to lead to an 4–12 fold increase of IgG aggregate levels in CHO culture after temperature 

shift to 33 °C compared to 37 °C (Gomez et al. 2012). This could explain the increased protein 

aggregation in the producer cell line, but not in the non-producing CHO cell line.  

Agitation 

Another critical process parameter influencing cell growth and protein production in cell culture 

bioprocesses is agitation (Li et al. 2006), which turned out to be also a main factor in the screening 

experiments. Agitation affected specific mAb productivity (Table 4). Furthermore, interactions with 

antifoam, temperature shift and osmolality influenced cell growth, most likely due to an increase in the 

rate of oxygen transfer (McDaniel and Bailey 1969). Agitation rates below 110 rpm were beneficial for 

the final cell concentrations obtained with both cell lines. However, at higher agitation rates the specific 

particle formation was increased in the producing cell line, but not in the mock cell line, indicating that 

the formed aggregate particles were product-related and not merely of host-cell origin (Table 5). Shear 

forces could explain the aggregate induction upon higher agitation rates, which is a known mechanism 

influencing mammalian cell cultures (Marquis et al. 1989) and protein aggregation (Kiese et al. 2008; 

Mahler et al. 2009). However, the mentioned protein aggregation studies were conducted with purified 

protein formulations. This study suggests that agitation rates used for the cultivation of mammalian 

cells can also lead to different HMW species during cell cultivation. 

Antifoam 

Foam is generated during the bioprocess due to intense agitation and presence of surfactants in the 

culture medium (Varley et al. 2004). The defoaming properties of antifoams are known to positively 

impact production of recombinant proteins (Routledge 2012). During the screening experiments 

interactive effects with temperature shift or agitation showed an impact on cell culture performance 

(Table 4). However, antifoam content significantly affected soluble aggregate formation with increasing 

antifoam content, showing an interacting effect with increasing agitation (Table 5). RSM revealed that 

an antifoam content of 0.04 % (w/v) was beneficial for the bioprocess and reduced particle formation in 

the mAb-producing cell line (Figure 18). In the mock cell line fewer particles were formed with 

increasing antifoam content. Interactions with pH or VPA also reduced specific particle formation in the 

mock cell line. The positive role of antifoam in reducing the level of aggregates could be due the 
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prevention of bursting air bubbles, which are known to damage secreted proteins (Holmes et al. 2006) 

and thus could lead to the formation of aggregates. 

Osmolality 

Osmolality is known to impact cell growth, metabolism and heterologous protein production in 

mammalian cells (deZengotita et al. 2002; Trummer et al. 2006b; Zhu et al. 2005). In the screening 

experiments final cell concentrations were reduced and specific productivity was increased upon 

enhancement of osmolality in the cell culture medium in both of the tested cell lines (Table 4). 

Furthermore, osmolality turned out to be a main parameter influencing specific particle formation 

(Table 5). Osmolality values below 340 mOsm/kg at shift temperatures around 32-35 °C increased the 

specific particle formation, whereas at osmolality values above 420 mOsm/kg and shift temperatures 

below 32 °C or above 36 °C subvisible particle formation was reduced in both cell lines (Figure 18). 

Possible reasons for the reduction of protein aggregation at higher osmolality values are discussed in 

chapter 2.4 covering the origin of protein aggregation during bioprocessing.  

Optimal conditions for the reduction of protein aggregation 

RSM revealed that a shift temperature below 31 °C, agitation at 100 rpm, 0.04 % (w/v) antifoam and 

osmolality above 420 mOsm/kg reduced aggregate formation in mAb producing CHO cells. To validate 

these data, these conditions and standard conditions were applied to another cell culture medium (CD 

OptiCHO™, Gibco, Life technologies) and a cell line producing another mAb (Figure 19). The results 

obtained from screening and RSM were successfully verified. Soluble aggregation was significantly 

reduced in the mock cell line, in the mAb A producing CHO cell line (CHO A), in the mAb A producing 

cell line adapted to another cell culture medium (CHO AM) and the mAb B producing CHO cell line 

(CHO B) (Figure 19C). Less aggregate particles were formed in OptiCHO medium in comparison to 

SFM4CHO medium, indicating that the bioprocess medium is an important factor influencing upstream 

protein aggregation (Figure 19D). Aggregate particle levels in the cell line producing mAb B (CHO B) 

were lower than in the mAb producing cell line used in the screening experiments (CHO A). Specific 

particle formation was only reduced in mAb-producing cell lines. Thus the obtained reduction can be 

associated with product related aggregates.  
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Figure 19: Validation experiments showing cell concentration (A), specific productivity (B), 
soluble aggregate (C) and particle formation (D) for different cell lines under low aggregation 
conditions. *p<0.05, **p<0.01, ***p<0.001 for a two-tailed t-test. P-values were calculated by 
comparison to standard cultivation conditions (control). Experiments were performed in biological 
replicates (n = 3 ± SD).  
 

However, the modification of cell culture conditions to reduce aggregate formation also resulted in 

detrimental effects on cell growth (Figure 19A), showing that mathematical models of one biological 

system cannot easily be transferred to another system. This lack in transferability to other even similar 

systems was already reported (Koutinas et al. 2012). Reduced aggregate formation was accompanied 

by increased specific productivity (Figure 19B). Hence, the conditions identified in this work represent 

a powerful tool to reduce the levels of protein aggregates upstream and thus help to increase the 

productivity of mAb-producing CHO cell lines.  
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2.3 Other factors influencing protein aggregation during bioprocessing 

2.3.1 Effects of leachables on protein aggregation – Bisphenol A 

Bisphenol A (BPA) is required for the synthesis of polycarbonate plastic, which is used for certain 

disposable plastic articles for cultivation of mammalian cells. It was shown that BPA can affect the 

cultivation of various cell lines (Michalowicz 2014; Schug et al. 2011). The leachable was shown to 

induce chromosomal aberrations and sister chromatid exchanges in Chinese hamster ovary (CHO) 

cells (Hilliard et al. 1998; Ivett et al. 1989; Tayama et al. 2008), to induce minor and transient DNA 

damage in human hepatoma cells (Fic et al. 2013), to affect human adenocarcinoma cells in their 

steroidogenesis (Zhang et al. 2011), to impact viability and morphology in TM4 cells and to influence 

the expression of various proteins (Lee et al. 2004). Such effects on the cell culture can also affect 

product quality attributes. Hence, it was investigated whether leaching of BPA from cell culture vessels 

impacts the protein aggregation in the culture of mAb-producing CHO cell lines. The results of this 

chapter were published in Applied Microbiology and Biotechnology (Stiefel et al. 2015).  

As a first step, BPA leaching into media in different shaking flasks was analyzed (Figure 20). We 

focused in this study on flasks consisting of BPA-free poly-ethylene terephthalate glycol (PETG), 

which is formed by polycondensation between terephthalic acid and ethylene-glycol, and BPA-

containing polycarbonate (PC) shaking flasks, which is produced by polycondensation of phosgene 

and BPA. For samples taken from the original containers of the media, concentrations <0.65 μg/L 

were determined. However, after incubation in the different shaking flasks, the concentration increased 

for all samples (range from 0.44 to 6.34 μg/L) indicating that medium composition and shaking flask 

material influenced BPA leaching behavior. The highest concentration was observed in PC flasks with 

the hybridoma medium supplemented with fetal bovine serum (FBS). However, in BPA-free PETG 

flasks the concentration was about 7.5 times lower for the same medium, indicating that the high BPA 

concentration did not result from serum addition. In contrast, for CAP and CHO cell medium the BPA 

concentration differences were less pronounced when the media were incubated in PC or PETG 

shaking flasks, respectively. 
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Figure 20: BPA levels of different media after 7 days of incubation. All experiments were 
conducted in replicates (n=3 ± SD). 
 

As CHO cells are derived from hamster ovaries, an organ which is sensitive to estrogen, it is 

conceivable that BPA has a stronger impact on this cell type. Hence, protein aggregation of mAbs 

produced in this cell line was further investigated. Since the leaching effect depends on the wetted 

surface area of the flask geometries, our CHO cells were cultivated in three different sizes of the 

Erlenmeyer flask and analyzed for protein aggregation (Figure 21). Interestingly, no considerable 

impact on protein production in CHO cells was observed. No difference on mAb aggregation after 

cultivation in the different shaking flasks among all tested flask sizes was observed. Hence, it can be 

assumed that BPA has no impact on protein aggregation of mAbs produced in this CHO cell line at the 

concentrations present in the disposable shake flasks tested in this work. However, it can not be 

excluded that the leachable impacts mAbs produced in other cell lines. 
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Figure 21: Influence of shake flask material on protein aggregation. CHO cell culture 
supernatants after cultivation in 125-, 250-, and 2000-mL PC/PETG shaking flasks were analyzed 
using SE-HPLC. All experiments were conducted with three biological replicates (n=3 ± SD). 
Aggregate levels were normalized to the aggregate levels in the corresponding PC flask.  
 

Afterwards BPA concentration and its influence on viability, growth, and metabolic activity of CHO, 

CAP, and hybridoma cells were analyzed over time. Interestingly, the BPA concentration decreased 

during the cultivation of hybridoma cells suggesting an uptake of BPA. The same decline of BPA 

concentration during cultivation was observed for the CHO and CAP cell lines but to a lower extent. 

This was also shown in other cell lines (Zhang et al. 2011). It can be assumed that BPA is not 

metabolized, since BPA metabolism was shown to depend mainly on the cytochrome P450 system in 

hepatocytes (Kang et al. 2006; Michalowicz 2014). Nevertheless, unknown pathways for BPA 

transformation as BPA metabolic routes can be very complex and cannot be excluded (Zalko et al. 

2003). However, although the BPA concentration decreased over time for all cell lines, neither an 

effect on specific growth rates nor on cell viabilities was observed. On the other hand, the specific 

productivity was up to 1.94-fold higher for the CHO cells cultivated in PETG flasks, indicating a cell-

specific BPA influence. The decrease in specific productivity was dependent on the flask size and 

correlated with increasing BPA concentration. Furthermore, CHO cells cultivated in PETG flasks 
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showed higher glucose consumption and lower lactate production rates indicating a more efficient 

energy metabolism at lower BPA concentrations.  

Although BPA showed no impact on protein aggregation, the leachable showed species-specific 

effects on mAb productivity. Thus, the use of BPA-free flasks can be beneficial compared to PC 

shaking flasks depending on the cell line and has to be evaluated for each one individually. 

2.3.2 Protein aggregation is influenced by valproic acid  

Valproic acid is a small branched-chain carboxylic acid, which unspecifically inhibits histone 

deacetylases, reducing compact chromatin structures thus leading to an enhanced synthesis of 

messenger ribonucleic acids (mRNA) (Yang et al. 2014). Treatment of biopharmaceutical producer 

cells with VPA was demonstrated to enhance cell-specific productivity (Backliwal et al. 2008; Fischer 

et al. 2012; Geisse 2009; Grunberg et al. 2003; Jiang and Sharfstein 2008; Wulhfard et al. 2010). 

However, the enhancement of cell-specific productivity often occurs in conjunction with negative 

effects on cellular processes such as cell cycle arrest leading to proliferative blockage (Sami et al. 

2008). To date, there are no evidences of a negative influence on protein aggregation upon unspecific 

HDAC inhibition (Yang et al. 2014). However, protein aggregation analysis has never been performed 

directly in the culture supernatant but only after Protein A affinity purification. This chapter discusses 

the impact of VPA, on cell culture performance and the formation of soluble protein aggregates in the 

cultures of mAb-producing CHO cell lines. The results of this chapter were published in Biotechnology 

and Bioengineering (Fischer et al. 2015).  

To comprehensively investigate the influence of VPA on CHO-mAb producer cells, changes in histone 

acetylation, mAb productivity, cell growth, viability, apoptosis, cell cycle distribution and product quality 

upon VPA treatment were analyzed. A VPA concentration of 2 mM was shown to be most favorable 

for productivity enhancement in the tested cell line. Using specific antibodies recognizing acetylated 

and total histone H3 protein, it was possible to detect a VPA-dependent increase in histone H3 

acetylation in mAb producing CHO cells. VPA treatment on day three of cultivation increased the mAb 

product concentration by 23 ± 0.01 % (Figure 22A) due to a two-fold elevated cell-specific mAb 

productivity (Figure 22B). However, cell growth of CHO-mAb cells treated with 2 mM VPA was 

markedly impaired without loss in viability resulting in a 38.6 ± 3.3 % decrease in viable cell 

concentration compared to untreated cells (Figure 22C), most likely due to a higher number of cells in 
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the G1/0 phase and decreased cell fractions in S and G2 phase of the cell cycle compared to untreated 

cells (Figure 22D).  

 

Figure 22: Comprehensive analysis of VPA function in mAb-producing CHO cells. Cells were 
cultivated in absence or presence of 2 mM VPA and (A) mAb titer, (B) cell-specific mAb productivity as 
well as (C) viable cell concentration was determined after 6 days of cultivation. All conditions were 
performed in three independent replicates and data are presented as mean ± standard deviation 
(*** p<0.001). (D) Cell cycle distribution 72 h after addition of VPA representative sample.  
 

Since unspecific inhibition of HDAC proteins by VPA showed substantial influence on cellular 

parameters in CHO cells, it was investigated if VPA treatment also affects critical product quality 

attributes (Figure 23). SE-HPLC analysis revealed that unspecific HDAC inhibition by supplementation 

of 2 mM VPA on day three post-seeding increased the amount of mAb aggregates by 10 ± 0.0 % in 

the supernatant of mAb-producing CHO cell cultures (Figure 23A). Furthermore, it was shown that 

CHO cell cultures treated with VPA concentrations greater than 1 mM exhibited a significant and dose-

dependent increase in mAb aggregate levels in the culture supernatant up to 57 ± 0.0 % using 4 mM 

VPA (Figure 23B).  
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Figure 23: Negative impact of VPA on product quality. (A) MAb aggregates were determined in the 
supernatant of CHO cells using SE-HPLC. (B) Dose-dependent aggregate induction of VPA. Cells 
were cultivated in 12 well suspension plates in the absence or presence of 1 mM, 2 mM, 4 mM VPA. 
Supernatant was analyzed after 96 h. (C) MAb aggregation is not induced by presence of VPA in the 
medium. CHO-mAb cells were cultivated without VPA. After 96 h cells were separated and various 
amounts of VPA (0, 1, 2 and 4 mM) were added to the cell-free supernatant. MAb containing culture 
medium was further incubated for 96 h at 37 °C, 5 % CO2, 85 % humidity and agitation at 140 rpm. 
Quantification of mAb aggregates was carried out using SE-HPLC. Experiments were performed in 
biological replicates (n = 3 ± SD). (D) N-glycosylation pattern of mAbs were analyzed using HILIC 
chromatography. The supernatants of biological triplicates were pooled for PNGase F digest and 
fluorescent labelling. HILIC analysis was performed in technical duplicates. Data are presented as 
mean ± SD. For statistical analysis an unpaired two-tailed t-test was applied (* p<0.05; ** p<0.01; 
*** p<0.001; ns = not significant). 
 

The aggregate formation induced by VPA was not induced by the presence of VPA in the medium 

(Figure 23C). This is discussed more in detail in chapter 2.4. Furthermore, the N-linked glycosylation 

profile of mAbs produced in CHO cells cultivated with or without VPA was analyzed (Figure 23D). In 

contrast to the product expressed by untreated CHO cells, mAbs produced in the presence of VPA 

exhibited a slightly increased content of the mannose-5 glycan and significantly reduced levels of the 

glycans G1.6F and G2F accompanied by a corresponding increase of G0F. This change in N-
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glycosylation might also explain an increase in mAb aggregation, since glycosylation is closely linked 

to the aggregation propensity of antibodies (Kayser et al. 2011a). 

In chapter 2.3.3 an alternative to unspecific HDAC inhibition is shown, which also enhances 

productivity of mAbs produced in CHO cells without negatively impacting product quality.  

2.3.3 miRNAs – Productivity enhancement without negative impact on protein aggregation 

In chapter 2.3.2 the enhancement of specific mAb productivity by unspecific HDAC inhibition using 

VPA was described, which also negatively affected protein aggregation, glycosylation and cellular 

behavior in mAb-producing CHO cell cultures. Consequently, an alternative way to inhibit HDAC 

activity in CHO cells more specifically without negatively affecting protein aggregation, glycosylation 

and cell culture performance was searched. Micro RNAs (miRNAs) are endogenous small non-coding 

RNAs that post-transcriptionally modulate gene expression and have already been demonstrated to 

enhance cellular productivity in recombinant CHO cells (Barron et al. 2011; Fischer et al. 2014; Jadhav 

et al. 2014; Loh et al. 2014; Strotbek et al. 2013). Recently miR-2861 has been described to post-

transcriptionally regulate HDAC5 expression (Li et al. 2009). Consequently, it was investigated 

whether miR-2861 can enhance mAb productivity in CHO cells by specific inhibition of HDAC5 without 

negatively impacting cell culture performance and product quality attributes. The results of this chapter 

were published in Biotechnology and Bioengineering (Fischer et al. 2015).  

To examine if miR-2861 has a pro-productive effect in the mAb-producing CHO cell line, miR-2861 

mimics were transiently transfected into CHO-mAb cells and changes in mAb productivity and cell 

growth four days post transfection were assessed. Such miRNA mimics are non-natural double-

stranded miRNA-like RNA fragments used for gene silencing (Wang 2011). MAb productivity was 

significantly increased by miR-2861, without negatively affecting cell growth. Since the successful 

application of miRNAs requires transient effects of impactful miRNAs to be reproduced by stable 

miRNA overexpression, stably overexpressing pools of mAb-producing CHO cells were established. 

Similar to transient miR-2861 introduction, cell growth and viability remained unaffected in CHO-mAb-

miR2861 cells. Nevertheless, a significant increase in mAb product concentration due to an increased 

specific productivity was observed. This enhancement of productivity was most likely due to miR-2861 

regulation of HDAC5, since the murine miR-2861 target site is also perfectly conserved in CHO cells. 

Introduction of miR-2861 down-regulated HDAC5 mRNA by 31.8 ± 0.01 % and HDAC5 protein levels 

were substantially down-regulated.  
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Since VPA treatment mediated HDAC inhibition resulted in an impaired product quality, mAb 

aggregate levels in the supernatant of CHO-mAb-miR2861 cells and N-glycosylation were analyzed 

(Figure 24).  

 

Figure 24: miR-2861 has no negative impact on product quality. (A) Determination of mAb 
aggregate formation of stably miR-2861 overexpressing CHO-mAb cell pools compared to cells 
transfected with the empty vector (Control). MAb aggregates were directly determined in the 
supernatant after 6 days of cultivation using SE-HPLC. (B) Analysis of N-glycosylation profiles of 
stably miR-2861 overexpressing CHO-mAb cell pools compared to cells transfected with the empty 
vector (Control) or the non-transfected cells. The supernatants of biological triplicates were pooled for 
PNGase F digest and fluorescent labelling. HILIC analysis was performed in technical duplicates and 
data are presented as mean ± SD. For statistical analysis an unpaired two-tailed t-test was applied 
(* p<0.05; ** p<0.01; *** p<0.001; ns = not significant). 
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SE-HPLC analysis of the culture supernatants revealed that stable overexpression of miR-2861 did 

not influence mAb aggregate formation (Figure 24A). This was the first study evaluating the impact of 

miRNAs on protein aggregation in mAb-producing mammalian cells. Furthermore, stable 

overexpression of miR-2861 did not influence the N-glycosylation profile (Figure 24B) of the secreted 

antibody, which was remarkably influenced by unspecific HDAC inhibition using VPA. It is thinkable 

that an unspecific HDAC inhibition by VPA enhances the expression of proteins unfavorable for protein 

stability and glycosylation. The observations obtained from miR-2861 coincide with other results 

obtained with miR-557 and miR-1287, which were reported to enhance productivity of mAb-producing 

CHO cells without negatively influencing product quality (Strotbek et al. 2013).  

Hence, the results of this study show that miRNAs such as miR-2861 represent a valuable tool to 

enhance the productivity of biotherapeutics without negatively impacting protein aggregation.  

2.4 Origin of protein aggregation during bioprocessing 

This chapter describes attempts to explain the origin of protein aggregation during production of mAbs 

in mammalian cell culture. It was shown that VPA addition to CHO cell cultures increased specific mAb 

productivity, but also led to a dose-dependent increase in mAb aggregate levels in the culture 

supernatant (chapter 2.3.2). To identify whether protein aggregation of the mAb-producing CHO cell 

line occurs intracellularly or after release into the cell culture broth, further experiments were 

performed. The results of this chapter were published in Biotechnology and Bioengineering (Fischer et 

al. 2015). 

MAb containing cell-free supernatants of CHO cells supplemented with different VPA concentrations 

were further incubated for 96 h at 37 °C, 5 % CO2, 85 % humidity and agitation at 140 rpm. Analysis 

was performed using the established SE-HPLC method presented in chapter 2.1.1 (Figure 25). 

Interestingly, the level of mAb monomer decreased with a corresponding increase in the level of 

aggregates in the cell-free supernatant over time, showing that the bioprocess environment itself 

negatively influenced protein aggregation. Furthermore, it was shown that the presence of VPA in the 

culture medium did obviously not affect mAb aggregate formation. Thus, the observed VPA-induced 

aggregation described in the previous section is likely to be caused by intracellular mechanisms rather 

than by physicochemical interactions of VPA with the antibody. 
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Figure 25: MAb aggregation is not induced by presence of VPA in the medium. CHO-mAb cells 
were cultivated without VPA. After 96 h cells were separated and various amounts of VPA (0, 1, 2 and 
4 mM) were added to the cell-free supernatant. MAb containing culture medium was further incubated 
for 96 h at 37 °C, 5 % CO2, 85 % humidity and agitation at 140 rpm. Quantification of mAb aggregates 
was carried out using SE-HPLC. Experiments were performed in biological replicates (n = 3 ± SD). 

 

Intracellular aggregation might be caused by oxidative stress during VPA treatment, since it was 

shown that unspecific inhibition of HDACs increases oxidative stress leading to protein misfolding in 

the endoplasmatic reticulum of CHO cells (Malhotra et al. 2008). It is well conceivable that the 

aggregation caused by VPA was induced by such influences on the cell rather than on the protein, 

indicating that protein aggregation during upstream processing occurs on two levels: the cellular level 

and the bioprocess level. This hypothesis is supported by the results obtained from screening 

experiments (chapter 2.2.2) where protein aggregation during cell culture was unexpectedly reduced 

at higher osmolality values. Reasons for reduced protein aggregation at higher osmolality could be 

similar to those observed by VPA. Reduction of protein aggregation might be caused by influences on 

the cell, e.g. due to expression of molecular chaperones (Rauchman et al. 1997) or compatible solutes 

which are known to protect the cells upon hyperosmotic stress and act as chemical chaperones to 

stabilize native proteins (Alfieri and Petronini 2007). 
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3 Conclusions 

The aim of this doctoral thesis was to study protein aggregation during bioprocessing of mAbs in 

mammalian cell culture in order to identify conditions to reduce the aggregation of biopharmaceuticals 

during upstream processing. Therefore, several methods for the characterization of the aggregation 

phenomenon during cell culture were established. Using these novel methods it was shown that high 

amounts of protein aggregates were already present during CHO cell culture demonstrating that 

protein aggregation is not only a problem during DSP. Furthermore, a comprehensive screening for 

process parameters and cell culture additives influencing protein aggregation in mAb-producing CHO 

cells was performed. It was identified that temperature shift, agitation, antifoam concentration and 

osmolality are critical factors influencing protein aggregation during cell culture. Further optimization 

studies revealed that a shift temperature below 31 °C, agitation at 100 rpm, 0.04 % (w/v) antifoam and 

osmolality above 420 mOsm/kg were optimal conditions for the reduction of protein aggregation in the 

tested cell lines. These conditions were validated in another bioprocess medium and with another 

CHO cell line producing a different mAb indicating that the cell culture conditions found in this work 

reduce the level of protein aggregates independently of the biological background. Moreover, this 

study revealed that leachables form cell culture vessels such as BPA may influence specific 

productivity of production cell lines, but do not necessarily influence protein aggregation. On the other 

hand the small molecule enhancer of cell specific productivity VPA was shown to negatively influence 

protein aggregation in a concentration dependent manner, which can be overcome by the use of cell 

line engineering tools such as miRNAs. Strikingly, these results provide several lines of evidence that 

protein aggregation during bioprocessing occurs on two levels: the cellular level and the bioprocess 

level. Taken together, this work contributes to the development of new strategies for the improvement 

of bioprocesses for the production of mAbs in CHO cell lines by giving insights into protein aggregation 

during cell culture. 
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Abstract 

Aggregation of therapeutic proteins is a major concern as aggregates lower the yield and can be 

dangerous for patients. It can occur in all production stages, thus, it is essential to perform a detailed 

analysis for protein aggregates. Several methods such as size exclusion high performance liquid 

chromatography (SE-HPLC), light scattering, turbidity, light obscuration and microscopy-based 

approaches are used to analyze aggregates. None of these methods allows determination of all types 

of higher molecular weight (HMW) species due to a limited size range. Furthermore, quantification and 

specification of different HMW species are often not possible. Hence, there is a need for a fast, high-

throughput compatible method, which can detect a broad size range and enables quantification and 

classification. We describe a novel approach for the detection of aggregates in the size range 1 µm to 

1000 µm combining fluorescent dyes for protein aggregate labelling and automated fluorescence 

microscope imaging (aFMI). After appropriate selection of the dye and method optimization, our 

method enabled us to detect various types of mAb HMW species. Using 10 µM 4,4´-dianilino-1,1´-

binaphthyl-5,5´-disulfonate (Bis-ANS) in combination with aFMI allowed the analysis of mAb 

aggregates induced by different stresses occurring during DSP, storage and administration. Validation 

of our results was performed by SE-HPLC, UV-Vis spectroscopy and dynamic light scattering. With 

this new approach we could not only reliably detect different HMW species but also quantify and 

classify them in an automated approach. Our method achieves high-throughput requirements and the 

selection of various fluorescent dyes enables a broad range of applications. 
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Introduction 

Monoclonal antibodies (mAbs) are important biotherapeutics for the treatment of cancer, immune 

disorders, infectious diseases and others (Leavy 2010; Sliwkowski and Mellman 2013). In 2013, 

therapeutic antibodies had an estimated share of 25 % of the global market for biopharmaceuticals 

(Kuystermans and Al-Rubeai 2015). During manufacturing and storage mAbs tend to form higher 

molecular weight (HMW) aggregates, which impact therapeutic properties or even cause immunogenic 

reactions (Vázquez-Rey and Lang 2011). Aggregate formation can occur in all process steps from 

upstream bioprocessing (USP) via downstream processing (DSP) up to filling, storage and 

administration (Joubert et al. 2011). To ensure the safety and efficacy of mAbs, the US Food and Drug 

Administration (FDA) demands the strict control of chemical and physical purity during manufacturing 

and long-term stability studies for shelf-life determination of the biotherapeutics (Roberts 2014). The 

size of the HMW species ranges from small soluble aggregates to large insoluble particles, making the 

analysis of aggregates difficult (Paul et al. 2014). Soluble aggregates are accepted to a certain extent, 

but visible and subvisible particles ≥ 10 µm must not exceed 6000 particles/container and particles ≥ 

25 µm must be limited to 600 particles per container with a nominal content of 100 mL according to the 

United States Pharmacopeia (Cromwell et al. 2006; Joubert et al. 2011). There are several methods 

for analysis of visible and subvisible particles, including visual inspection, light obscuration, flow 

imaging microscopy, turbidimetry and nephelometry, dynamic light scattering, optical microscopy and 

many more (den Engelsman et al. 2011). However, there is no single method available that covers the 

complete relevant size range from 0.01 µm to 600 µm (Das 2012). Instead, all methods used 

nowadays work reliably only within a certain size range. 

Visual inspection is suitable for particles larger than 50-100 µm depending on the skills of the operator. 

Moreover, it can only distinguish between presence and absence of visual particles as it provides no 

information about number, size or origin (Zolls et al. 2012). Light obscuration reports a diameter that is 

based on an angle integration of scattered light, which is not directly related to the physical particle 

dimensions and this method showed only good reproducibility for smaller diameters (<10 µm) in an 

inter-laboratory comparison study (Ripple et al. 2015). The method is the current standard technique 

for analysis of subvisible particles for parenterally administered drugs. The drawback with 

underestimation of subvisible particle counts in highly viscous solutions can be overcome by 

pressurization (Weinbuch et al. 2014). In case of flow imaging microscopy (FIM) no isolation of 

particles is needed and the sample passes an imaging field, where particles are illuminated and 
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imaged. The image analysis provides information about size and number in the range of approximately 

1-400 µm. For particles >5 µm additional information about transparency and compactness can be 

gained (Zolls et al. 2012). Limitations are due to sample components sticking to the flow cell, dilutions 

required for samples with very high particle concentrations leading to a change in sample conditions 

and samples with a small difference in the refractive index between analyte and solvent (Demeule et 

al. 2010). However, especially flow imaging microscopy has been shown to detect aggregate/particle 

formation earlier compared to SEC or turbidity measurements (Barnard et al. 2011) and to detect 

higher particle counts than light obscuration (Huang et al. 2009; Zolls et al. 2012). Turbidimetry and 

nephelometry are both light-scattering based methods (Lawler 1995). The detectable size range 

depends strongly on the wavelength of the light source. For visible light, particles with a diameter 

between 0.03 µm and 0.4 µm can be detected in theory. For particles with a diameter >1 µm extreme 

scattering in the forward direction takes place, along with secondary peaks in the angular distribution 

of the scattered light which makes the analysis quite complex. With dynamic light scattering (DLS) the 

hydrodynamic radius of proteins and particles within a size range of 1 nm to 10 µm can be determined. 

This range depends strongly on sample properties and measuring conditions (Arakawa et al. 2007). 

Apart from the advantage of the broad detection range, which is covered by DLS, and the good 

sensitivity to small amounts of large aggregates, the method is not suitable for quantitation of weight 

fractions and for distinguishing between product aggregates and particulate contaminants (Arakawa et 

al. 2007). With optical microscopy particles larger than 1 µm up to several millimeters can be 

visualized. In addition to this broad size range, further advantages of this method are the possibility of 

counting and sizing of the particles enabling a classification (Zolls et al. 2012).  

Fluorescence microscopy is highly sensitive for detection of subtle changes in the aggregation state of 

protein solutions and allows the analysis of high-concentration protein formulations with minimal 

impact on the protein’s local environment (Demeule et al. 2007). However, major drawbacks are the 

lack of automated quantification (Das 2012) and low sample throughput hampering aggregate 

detection in process development. As a signal source either intrinsic or extrinsic fluorescence can be 

used. In case of protein analysis several fluorescent dyes such as 8-anilinonaphthalen-1-sulfonic acid 

(ANS), 4,4´-dianilino-1,1´-binaphthyl-5,5´-disulfonate (Bis-ANS), thioflavin T (ThT) and 9-

(dicyanovinyl)-julolidine (DCVJ) are well characterized. ANS and Bis-ANS fluorescence is sensitive to 

the dye environment (polarity and viscosity) which changes depending on protein conformation and 

temperature. Both dyes are frequently used for the analysis of protein surface hydrophobicity, 
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folding/unfolding studies and for aggregation monitoring (Hawe et al. 2008b). ThT fluorescence is 

more affected by solvent viscosity and rigidity of the microenvironment (Voropai et al. 2003) and is 

mainly used to observe fibrillation processes as it becomes highly fluorescent in the presence of 

amyloids (Freire et al. 2014). The interaction between dye and protein is proposed to be beta-sheet 

dependent, however, exceptions are known (Hawe et al. 2008b). Emission of DCVJ and its derivatives 

depends strongly on solvent viscosity and to a lower extent on solvent polarity (Haidekker et al. 2005) 

as the intramolecular rotation determines its fluorescence yield (Iio et al. 1991). Hence, upon protein 

binding the microenvironment becomes more rigid and the intramolecular rotation is inhibited resulting 

in an increase in the quantum yield (Iio et al. 1991). The dye is used for analysis of the microviscosity 

of proteins and rigidity of the environment (Hawe et al. 2008b). 

We present here a new application of automated fluorescence microscopy imaging (aFMI) to analyze 

protein aggregates in the presence of an extrinsic dye. We used a fully automated cell imager 

(NyONE) normally applied for screening, detection and classification of cells. We have screened 

various fluorescent dyes (ANS, Bis-ANS, ThT and DCVJ) for their ability to detect aggregates in 

combination with FMI and validated our new approach by four different mAbs and one Fab fragment. 

In the end, we tested three different applications relevant for DSP, storage and administration of 

mAbs. Data validation was performed by comparison to SE-HPLC, UV-Vis spectroscopy, and DLS. 

Our results indicate that Bis-ANS is the most suitable fluorescent dye for mAb aggregate staining in 

combination with aFMI as we were able to detect various aggregates induced by freeze-thawing, 

thermal treatment, pH shift with salt addition or aerosol dispersion. Besides the determination of the 

presence of aggregates, we were also able to distinguish and quantify different aggregate species. As 

our method is based on a fully automated imaging system it is suitable for high-throughput 

applications. 
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Material and Methods 

Monoclonal antibodies 

Four different IgG monoclonal antibodies (mAb1, mAb2, mAb3, mAb4) and a Fab fragment (Fab 

fragment of mAb4) were used as model proteins for this study. MAb1 was stored in 20 mmol L
−1

 

acetate at pH 3.5 for further studies. MAb2 was stored in 50 mM sodium-phosphate buffer containing 

350 mM arginine (AppliChem GmbH, Darmstadt, Germany) at pH 6. MAb3 was stored in PBS at pH 

6.2. MAb4 was stored in 10 mmol L
−1

 acetate, 50 mmol L
−1

 sodium phosphate and 75 mmol L
−1 

sodium chloride, pH 6.2. The Fab fragment was generated from mAb4 by papain digestion. Papain 

(0.1 mg mL
−1

) was pre-activated with cysteine in activation buffer containing 0.02 M cysteine, 0.02 M 

EDTA in phosphate-buffered saline (PBS) at pH 7.2 and subsequently dialyzed against digestion 

buffer containing 1 mmol L
−1 

 EDTA in 50 mmol L
−1 

 sodium phosphate at pH 6.3 to remove cysteine. 

For the digest, papain was incubated with mAb4 at 37 °C and 200 rpm for 24 h in a Innova 4200 

incubator shaker (New Brunswick Scientific GmbH, Nürtingen, Germany). Fab was purified by size 

exclusion chromatography and stored in PBS at pH 7.2.  

Size exclusion high-performance liquid chromatography (SE-HPLC) 

Analysis of soluble aggregates was performed using an Ulti-Mate 3000 (Thermo Fisher Scientific Inc., 

Waltham, USA) system equipped with a MAbPac SEC-1 (Thermo Fisher Scientific Inc.) column. 

Separation was performed at 25 °C with a flow rate of 0.3 mL min
−1 

using PBS adjusted to pH 7.2 as 

mobile phase. 

UV/Vis Spectroscopy 

Formation of large aggregates was analyzed by turbidimetry using a SpectraMax M5e Microplate 

Reader (Molecular Devices, Sunnyvale, USA) in 96-well plates (Greiner Bio-One International GmbH, 

Kremsmünster, Austria). Aggregation index (AI) was calculated as previously described (Katayama et 

al. 2005).  

Dynamic light scattering (DLS) 

Formation of large aggregate particles was determined using a Zetasizer 3000 HS instrument 

(Malvern Instruments GmbH, Herrenberg, Germany) at 25 °C. The average hydrodynamic diameter 
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(Zave) of the HMW species was measured in disposable semi-micro UV cuvettes (BRAND GMBH + CO 

KG, Wertheim, Germany). 

Automated Fluorescence Microscopy Imaging (aFMI) 

Automated FMI was performed on a NyONE fluorescence microscope (Synentec GmbH, Elmshorn, 

Germany). Image processing and automated analysis of particles was performed using a modified 

version of the customer software normally used for nuclei counting. Optical settings were adjusted 

individually before each measurement. Samples were analyzed using 20x magnification in black, non-

binding, clear F-bottom, 96-well plates (Greiner Bio-One International GmbH) with a final sample 

volume of 200 µL. The plate was centrifuged at 200 x g for 1 min prior to analysis.  

Choice of extrinsic fluorescence dye for aFMI 

In order to identify suitable extrinsic fluorescent dyes, unstressed or salt-stressed (see below) mAb1 

were analyzed after staining with 100 µM ANS, Bis-ANS, ThT or DCVJ, respectively, using different 

filter channels. The dyes ANS, Bis-ANS and ThT were further tested for analysis of pH/heat-stressed 

mAb aggregates using aFMI. To this end, mAb aggregates were induced either by the addition of 1 M 

NaCl or by dilution into 0.1 M citrate and 0.2 M phosphate at pH 5 for different time periods at 65 °C 

using a concentration of 1 mg/mL mAb. Unstressed mAb in acetate buffer with dye served as control. 

Samples were diluted 1:40 in Milli-Q water with dye prior to analysis. For statistical evaluation a two-

tailed t-test was performed and differences were considered significant at *p<0.05, **p<0.01, 

***p<0.001. P-values were calculated by comparison to unstressed mAb. 

NaCl-induced aggregation at low pH 

Aggregation of 1 mg/mL antibody was induced by adding 1.5 M NaCl (Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany) in 0.1 M citrate and 0.2 M phosphate at pH 3.5 for mAb2 and at pH 3 for mAb3. 

Samples were incubated at 20 °C in a polypropylene 96-well V-bottom plate (Greiner Bio-One 

International GmbH). Before analysis the plate was mixed at 700 min
-1

 for 5 min (HLC MKR 13; 

DITABIS Digital Biomedical Imaging Systems AG) and 150 µL sample were transferred into a UV-

STAR® 96-well plate (Greiner Bio-One International GmbH). Absorbance measurement was 

performed in a microplate reader (SpectraMax M4 MultiMode Microplate Reader; Molecular Devices). 

AI was calculated as previously described. Soluble protein concentration was determined by 

centrifugation of the AI sample for 5 min at 16,000 x g and A280 measurement (extinction coefficient of 
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mAb2 and mAb3: 1.4 mL mg
-1

 cm
-1

) of the supernatant (NanoDrop 1000, Thermo Fisher Scientific 

Inc.). For aFMI analysis, AI samples were diluted 1:75 in the corresponding buffer and mixed with 

10 µM Bis-ANS. Statistical evaluation was performed as described in Figure 3 and listed in 

Supplementary Table 3 and 4. 

Freeze-thawing 

MAb1 was stressed by freeze-thawing (FT). Therefore, mAb1 stock solution was diluted into 0.1 M 

citrate and 0.2 M phosphate at pH 8 to a final concentration of 1 mg/ml and subsequently freeze-

thawed 1-3 times for 30 min at -80 °C followed by thawing at 25 °C. Unstressed mAb in acetate buffer 

served as control. Analysis was performed using AI, DLS and aFMI. For aFMI, samples were mixed 

with 10 µM Bis-ANS, and the plate was centrifuged at 30 x g for 1 min before analysis. For statistical 

evaluation a two-tailed t-test was performed and differences were considered significant for *p<0.05, 

**p<0.01, ***p<0.001. P-values were calculated by comparison to unstressed mAb. 

Analysis of antibody aerosols 

Antibody aerosols were generated using a continuous dispersions system, the vibrating mesh 

nebulizer Aeroneb Pro® (Aerogen, Deerfield, USA). The vibrating mesh nebulizer contains a 

membrane with 1,000 holes and a tapering structure. It oscillates 100,000 times per second, where 

every hole works as a little micro pump generating aerosol particles with a median mass aerodynamic 

diameter (MMAD) of ~4 µm (unpublished result). To investigate the impact of aerosolization on 

antibody stability, intact mAb4 or mAb4 Fab were dispersed in PBS via the vibrating mesh nebulizer 

using a concentration of 1.4 and 4 mg/mL, respectively. The nebulizer was fixed above a 15 mL 

reaction tube, where dispersed samples were directly collected by sedimentation immediately before 

SE-HPLC and aFMI. For aFMI analysis, mAb4 was diluted 1:20 in PBS and mixed with 10 µM Bis-

ANS, whereas Fab was diluted 1:5 in PBS and mixed with 0.2 mM Bis-ANS for analysis. For statistical 

analysis an unpaired one-tailed Student's t-test was applied and differences were considered 

significant at **p<0.01 for SEC results, where undispersed were compared to dispersed samples. 

Results  

Extrinsic fluorescent dyes for mAb aggregate detection using aFMI 

In initial experiments different extrinsic fluorescent dyes were evaluated regarding suitability for aFMI 

analysis of mAb aggregates. Specifically, ANS, Bis-ANS, DCVJ and thioflavin T were tested for their 
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ability to detect NaCl-induced aggregates of mAb1 (Fig. 1). Different excitation and emission filters 

(Blue/Green, Blue/Amber, UV/Amber, UV/Blue, UV/Green) were tested for each dye to optimize signal 

to background ratio. ANS (Fig. 1a) showed the best signal to background ratio using UV/Blue and 

UV/Green. For Bis-ANS, blue/green and UV/green filter sets gave the best results (Fig. 1b). DCVJ 

showed signals for the unstressed mAb1 resembling elongated fibrous crystal structures, but also 

stained aggregates to some extent (Fig. 1c). Thioflavin T seemed to be suitable for mAb aggregate 

detection using all tested filter sets, but the signals of the aggregates were weak and background 

fluorescence was high (Fig. 1d). Since ANS, Bis-ANS and ThT all allowed detection of mAb 

aggregates, those dyes were further tested regarding the optimal dye concentration and suitable 

excitation/emission filter sets (data not shown). The dye concentrations and filter sets for aFMI 

considered to be the best for mAb aggregate detection are displayed in Table 1. 

The dyes ANS, Bis-ANS and thioflavin T were further investigated for their ability to detect pH 5/65 °C-

induced mAb1 aggregates (Fig. 2). For this purpose, large particles that formed at pH 5/65 °C were 

centrifuged for 1 min at 30 x g and analyzed using aFMI analysis. Software analysis enabled 

calculation of aggregate particle concentration (Particles/mL) and fluorescence intensity (Total 

Intensity). With increasing incubation time particle concentration and total intensity increased for ANS 

and Bis-ANS. After 30 min particle concentration decreased indicating fusion into larger particles. After 

15 min at pH 5 and 65 °C ANS and Bis-ANS detected similar levels of aggregate, 2.4 x 10
6
 ± 3.6 x 10

5
 

and 2.2 x 10
6
 ± 5.0 10

5
 particles/mL, respectively. However, the total fluorescence intensity of Bis-ANS 

labeled aggregates was significantly higher after 15 min (3.1 x 10
5
 ± 1.4 x 10

5
) compared to ANS 

(8.4 x 10
4
 ± 1.8 x 10

4
). ThT seemed to be unsuitable for analysis of pH 5/65 °C-induced aggregates, 

since unstressed mAb was not distinguishable from stressed mAb1 samples. Since Bis-ANS showed 

the most promising results, this dye was further investigated for the use in aFMI. Adjusted analysis 

and image processing settings considered best are summarized in Table 2 with corresponding 

descriptions. 

aFMI analysis for mAb aggregates formed during downstream processing (DSP), storage and 

administration 

After successful determination of NaCl- and pH 5/65 °C-stressed mAb1 aggregate particles, aFMI was 

used to detect the formation of aggregates by conditions relevant for DSP (low pH and high salt 

concentration), storage (freeze-thawing) and administration (aerosol formation) of mAbs. 
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aFMI analysis of NaCl-induced mAb aggregation at low pH 

Aggregation kinetics of two aggregation-prone antibodies (mAb2 and mAb3) at low pH and high ionic 

strength were characterized using spectroscopic methods and aFMI analysis (Fig. 3). Aggregation of 

mAb2 and mAb3 was initiated by NaCl addition (1.5 M) at pH 3.5 and pH 3, respectively. AI kinetics 

inversely correlated with the concentration of soluble protein (Fig. 3a and b). Kinetics was also 

analyzed using aFMI with Bis-ANS. Figures 3c and d qualitatively confirms the different aggregation 

kinetics of mAb2 and mAb3: for mAb2, particles are immediately visible after salt addition, whereas 

that is not the case for mAb3. Automated fluorescence microscopy imaging was then used to quantify 

particle concentration and classify particle size (Fig. 3e and f). MAb2 contained a high concentration of 

small particles (1 - 200 µm
2
) at time point zero, which decreased over time in favor of larger particles 

(>200 µm
2
), indicating growth by fusion. For mAb3 the small particle concentration (1 - 200 µm

2
) 

increased over the whole time course of the experiment, whereas the formation of larger particles 

(>200 µm
2
) significantly started after 60 minutes (Fig. 3e). 

Analysis of freeze-thawing-induced mAb aggregates 

MAb1 aggregates induced by FT were analyzed using DLS, AI measurement and aFMI analysis (Fig. 

4). After 3 cycles of FT, mAb1 formed HMW aggregates, reflected by an increase in the average 

particle diameter (Fig. 4a) with a corresponding increase in polydispersity index (data not shown) and 

AI (Fig. 4b). Figure 4c and d show the results obtained from aFMI analysis. Using Bis-ANS as a 

reporter dye aFMI was equally well able to detect particle formation, as visible by a significant increase 

in particle concentration to 8.0 x 10
3
 ± 7.7 x 10

2
 particles/mL (Fig. 4c) and in total fluorescence 

intensity to 4.4 x 10
4
 ± 1.5 x 10

4
 (Fig. 4d).  

Analysis of antibody aerosols 

MAb4 and mAb4 Fab was aerosolized as described above. Aerosol formation resulted in a significant 

decrease of monomer content as shown by SE-HPLC (Table 3). However, there was no increase in 

oligomers detectable with this method. Automated FMI analysis on the other hand revealed a 

prominent increase in particle concentration in the dispersed samples (Fig. 5a and b). Especially in the 

particle size range of 1 to 100 µm, large amounts of particles were observed for mAb4 with 30.1 x 10
4
 

± 8.4 x 10
4
 and for Fab even 103.0 x 10

4
 ± 2.1 x 10

4
 particles/mL. Compared to the undispersed 

samples, an increase in particle concentration by 14- and 33-fold was obtained for dispersed mAb4 

and Fab, respectively.  
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Discussion 

ANS, Bis-ANS and ThT suitable for analysis of NaCl-induced mAb aggregate using aFMI 

An aggregation-prone antibody (mAb1) had previously been shown to aggregate upon extended 

storage at high salt concentration or upon incubation at pH 5 and 65 °C (Paul et al. 2014; Paul et al. 

2015). We show here that aggregates induced by NaCl can be detected using the fluorescent probes 

ANS, Bis-ANS and thioflavin T in FMI analysis (Fig. 1). ANS and Bis-ANS signals were characterized 

by low background signals for unstressed mAb (w/o NaCl) and highly fluorescent mAb1 aggregate 

particles after NaCl induction (1 M NaCl). This is consistent with those dyes being known to bind to 

hydrophobic regions and, therefore, detect various types of aggregates regardless of their molecular 

structure (Hawe et al. 2008b). The use of thioflavin T on the other hand resulted in much weaker 

signals and higher background fluorescence. This was also shown in an earlier study, where thioflavin 

T showed only low fluorescence enhancement upon binding to aggregated mAb (Paul et al. 2015).  

The dye is specific for cross-beta structure in amyloid fibrils and not useful as a general indicator of 

aggregation (Khurana et al. 2005). We have recently shown that aggregates induced by salt addition 

to mAb2 at low pH retained most of their secondary structure, but not their tertiary structure, consistent 

with the above findings (Bickel et al. 2016). DCVJ has been shown to detect early oligomers as well as 

mature fibrils and spherical aggregates with only poor binding to the native state of transthyretin 

(Lindgren et al. 2005). In our hands, DCVJ showed signals for the unstressed mAb resembling 

elongated fibrous structures (Fig. 1c). It is unclear whether these structures were caused by dye 

interaction with mAb1, or were due to precipitation of the dye. Since staining of aggregates was weak 

and since results were ambiguous, DCVJ was not considered further in our study.  

Bis-ANS is suitable for analysis of mAb aggregate particles 

We have shown in a recent publication that mAb1 formed high amounts of aggregates upon a pH-shift 

to pH 5 and incubation at 65 °C (Paul et al. 2015). We show here that even those aggregates can be 

identified by ANS and Bis-ANS. Automated FMI reported an increase in particle concentration and 

total intensity upon exposure to pH 5 and elevated temperature. Signal intensity was higher using Bis-

ANS compared to ANS despite using a much lower dye concentration. Our results corroborate other 

studies reporting an increased affinity of Bis-ANS compared to ANS to proteins and corresponding 

stronger fluorescence enhancement. This was already shown for albumin (Rosen and Weber 1969), 
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lipid-binding proteins (Pastukhov and Ropson 2003) and mAbs (Paul et al. 2015). ThT binding has 

been used as a screening method for the aggregation propensity of mAbs (Kayser et al. 2012). 

However, in our study mAb1 aggregate particles induced by a pH shift to pH 5 and incubation at 65 °C 

could not be distinguished from an unstressed sample. Since the dye is known to normally bind fibrillar 

structures in cavities with a diameter of 8–9 Å (Groenning et al. 2007), it is most likely that aggregates 

induced by harsh conditions at pH 5/65 °C form other non-fibrillary aggregate species and can 

therefore not be detected by ThT. Furthermore, it was shown for other proteins that not all β-sheet-rich 

structures induce fluorescence intensity enhancement upon ThT binding (Groenning et al. 2007).  

Automated FMI analysis of aggregates formed during DSP, storage and administration 

Since Bis-ANS showed higher fluorescence signals than ANS upon binding to mAb aggregates and 

ThT was unable to detect pH 5/65 °C-stressed mAb particles, Bis-ANS was further tested for the 

application in aFMI analysis. The newly developed method was used to investigate aggregates formed 

during DSP, storage and administration of mAbs. 

Antibody aggregation at low pH and high salt concentration 

During DSP of mAbs, proteins are exposed to various kinds of stress (Cromwell et al. 2006). Antibody 

purification steps such as protein A elution, viral inactivation and other chromatographic steps may 

require acidic conditions and/or ionic strength which can lead to formation of HMW aggregates (Paul 

et al. 2014; Shukla et al. 2007). Aggregation of monoclonal antibodies at low pH and high ionic 

strength is already well described (Joshi et al. 2014; Yoshimura et al. 2012). Kinetics of aggregate 

formation is mostly analyzed by absorbance at 320 or 340 nm (turbidity measurement), SE-HPLC or 

by fluorescence intensity (Joshi et al. 2014; Singer and Lindquist 1998; Yoshimura et al. 2012). In this 

study, we could show that aFMI in the presence of Bis-ANS resulted in comparable aggregation 

kinetics to that obtained by turbidity measurement (Fig. 3). Different aggregation kinetics of mAb2 and 

mAb3 detected by measuring AI and soluble protein concentration could be confirmed with the aFMI 

data. An important benefit of aFMI over turbidity measurement is the quantitative information on 

aggregate size distribution. Existing alternative methods to analyze the size distribution of 

polydisperse particle solutions include nano-particle tracking analysis (NTA) and flow imaging 

microscopy (FIM). For NTA, the detectable size range is 30 to 1000 nm, making it a complementing 

rather than a competing technique to aFMI (Filipe et al. 2010). FIM on the other hand can detect 

particles in the same size range as aFMI (Zolls et al. 2013). The main advantage of aFMI over FIM is 
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its high-throughput compatibility, allowing e.g. to measure various sample dilutions in parallel. 

Measurement of a 96-well plate by aFMI analysis needs only a few minutes. FIM has not been 

developed to a parallel format yet. It is time-consuming, because each sample has to be injected into a 

flow cell, measured and the cell has to be cleaned before the next sample can be analyzed. We 

estimate that aFMI can analyze samples 100 times faster than FIM, even if the latter is equipped with 

an auto sampler. Method drawback of aFMI could be the requirement for extrinsic fluorescent dyes. In 

principle, extrinsic dyes could interact with protein aggregates and influence aggregation behavior, 

whereas FIM detects particles directly. However, the aggregation kinetics results (Fig. 3) show 

excellent agreement between aFMI and turbidity data. At least in this experiment, interaction of the 

protein with Bis-ANS did not seem to have influenced the result. Moreover, the use of extrinsic dyes 

has the advantage that depending on the labeling protocol, individual proteins can be specifically 

detected within a mixture. Hence, complex systems such as cell culture samples could be 

investigated. 

Quantitative determination of aggregate particles formed by freeze-thawing  

Therapeutic proteins are often exposed to FT cycles during storage and shipping (Hawe et al. 2009). 

This process can lead to partial unfolding and subsequently to the formation of aggregates (Kueltzo et 

al. 2008). For mAb1, aggregate formation was observed after FT by an increase in particle size and 

AI. This could be verified by aFMI analysis using Bis-ANS, resulting in an increase in particle 

concentration and total intensity (Fig. 4). The particle concentration measured using aFMI was 400 

times higher and total intensity was even over 800 times higher in the FT-stressed than in the 

unstressed mAb sample. Average particle diameter measured was only 6 times higher and AI only 

increased from 7.0 ± 0.3 to 8.4 ± 0.3. The results indicate our new method for the detection of 

aggregate particles is far more sensitive than the mentioned methods. Furthermore, it was possible to 

quantify the particles formed by FT, indicating the superiority over qualitative detection methods such 

as DLS or turbidity measurements. As mentioned in the introduction, regulatory authorities restrict the 

threshold of sub-visible particles to a certain level (Cromwell et al. 2006; Joubert et al. 2011). Hence, 

highly sensitive quantitative detection assays such as the aFMI method presented here can be a 

powerful tool for the detection of sub-visible particles.  
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Sub-visible particles in antibody aerosols are detectable by aFMI 

The high concentrations of therapeutic protein formulations often required to ensure the efficacy of 

biotherapeutics can lead to a concentration-dependent formation of aggregates (Miller et al. 2012). 

Antibodies are sensitive to shear forces/interfacial contact occurring during various routes of 

administration, for instance intravenous, intranasal or inhalative. Aerosols of mAb4 and its Fab 

molecule led to a significant decrease in monomer content determined by SE-HPLC analysis. 

However, monomer loss was not accompanied by an increase in soluble aggregates. Analysis of 

dispersed aerosol and undispersed samples using aFMI with Bis-ANS revealed the presence of a 

significant amount of sub-visible aggregate particles, which were too large to be detected by SE-

HPLC. Moreover, our method provided information about the presence of sub-visible particles of the 

smaller Fab molecule. The reason for the aggregation propensity of the Fab fragment could be the 

lack of the Fc-part, which is known to limit the stability of antibody-based drugs due to decreased 

thermal stability (Vermeer and Norde 2000). However, it is commonly known that biopharmaceuticals 

are particularly susceptible towards shear stress during aerosolization (Maa and Hsu 1997; Respaud 

et al. 2014; Siekmeier and Scheuch 2008; Yano et al. 2009). Various continuous dispersion systems 

such as jet, ultrasound and vibrating mesh nebulizer have been evaluated in order to reduce shear 

stress at the air-liquid interface and to offer high deposition efficiency (Hertel et al. 2015). The vibrating 

mesh nebulizer is often the method of choice for aerosol generation as it has advantages compared to 

other nebulizers, i.e., constant and low volumetric flow rate, decreased shear stress and reduced 

aerosol aging. However, it was reported that heating in the medication reservoir of a vibrating mesh 

nebulizer can also lead to aggregation which should be overcome by active or passive cooling 

strategies (Hertel et al. 2014). As already mentioned these subvisible aggregate particles are normally 

measured by turbidity and quantified with light obscuration, which do not allow classification of the 

formed aggregate species (Hawe et al. 2013; Hertel et al. 2014). Automated FMI is not only able to 

complement and verify the quantification of subvisible particles, but could replace methods such as 

turbidity or light obscuration analysis, as it seems to be sufficient to detect, quantify and classify these 

particles. 

Conclusion  

We present a fast, high-throughput compatible method to characterize the formation of micron-sized 

aggregates in aqueous solutions. Our work demonstrates that aFMI in the presence of  fluorescent 

dyes such as Bis-ANS is not only suitable to detect various relevant mAb aggregates in a size range of 
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1 to 1000 µm, but also to classify and quantify these particles in an automated approach. The results 

obtained from our new method correlated with data from SEC, UV/Vis spectroscopy and DLS. 

Theoretically, it should be possible due to the optical detection limit of the instrument to measure 

particles down to a size of 350 nm. Furthermore, by implementation of an object lens with higher 

magnification one could further improve the resolution. The operator for automated data analysis can 

be trained for certain particle types and thus the method can be used for different problems such as 

aggregation in DSP, storage and administration. Within the 96-well format several dilutions can be 

tested in parallel which makes this method straightforward and allows high sample numbers to be 

analyzed in parallel. As the method is flexible due to the selection of the fluorescence dye, further 

areas of application could be addressed such as analysis of amyloid-like aggregates found in a wide 

range of diseases or the detection of aggregation in upstream processing.  
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Tables and Figures  

Table 1: Optimal dye concentration and excitation/emission filters for mAb aggregate detection 
using aFMI. 

Fluorescence dye Concentration Excitation/emission filter 

ANS 100 µM UV/Amber 

Bis-ANS 10 µM UV/Green 

ThT 100 µM UV/Green 

 

 

Table 2: Analysis and image processing settings for aFMI analysis of aggregates. 

Analysis settings  
Autofocus Performed in each well 

Objective Olympus 20x 

Image processor EMGU2 Nuclei Count 

Excitation source LED UV 

Emission filter Green fluorescence 

Image processing settings   
Parameter Description Settings 

Horizontal Index Index of processed image 0 

Vertical Index Index of processed channel -1 

IPDebug Debug IOP Off 

Edge Distance Distance to well edge 0 µm 

Sensitivity  Detection sensitivity of particles 0 

Nuclei Region Merging Segmentation of particles 40 µm
2
 

Object Minimum Intensity BC Minimum intensity of particles 0 

Object Maximum Intensity BC Maximum intensity of particles 255 

Object Minimum Size Minimum size of particles 0 µm 

Object Maximum Size Maximum size of particles 1x10
8 
µm 

Object Minimum Compactness Minimum compactness of particles 0 

Object Maximum Compactness Maximum compactness of particles 1 

Object Minimum Longishness Minimum longishness of particles 0 

Object Maximum Longishness Maximum longishness of particles 100 

Object Minimum Contrast Minimum contrast of particles 0 

Object Maximum Contrast Maximum contrast of particles 1 

Internal 2x2 Binning Faster processing with less accuracy Off 
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Table 3: Monomer content of undispersed and dispersed samples was determined by SE-HPLC 
in duplicates (n=2, ±SD). For statistical analysis an unpaired one-tailed Student's t-test was applied 

and differences were considered significant at **p<0.01. 

SE-HPLC undispersed dispersed 
 

[mAU*min] 𝒙 ±SD 𝒙 ±SD p 

IgG 403.71 0.57 364.55 11.31 ** 

Fab 123.24 0.46 95.96 1.74 ** 

 

**: p<0.01 

 

Supplementary table 1: T-test of the evaluated particle size distribution of mAb2 using aFMI - 
Figure 3 (E) - was calculated by comparison to the unstressed sample in the related size 
ranges. 

time [h] particle size [µm] 

 

 200-400 400-600  800-1066 

 

0 

 

* ns 

 

ns 

 

ns ns 

0.5 * *** ** * * 

1.0 ** * ** ** * 

2.0 * * ** *** ** 

4.0 * *** *** *** ** 

ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001 
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Supplementary table 2: T-test of the evaluated particle size distribution of mAb3 using aFMI - 
Figure 3 (F) - was calculated by comparison to the unstressed sample in the related size 
ranges. 

time [h] particle size [µm] 

 

 200-400 400-600  800-1066 

 

0 

 

ns ns 

 

ns * ns 

0.5 ** ns ns * * 

1.0 * *** ns ns ns 

2.0 *** *** ** ** * 

4.0 *** ** * ns ns 

ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001 

 

 



Appendix 141 

 

 
 

 

Figure 1: Different extrinsic fluorescence dyes used in aFMI for the detection of mAb1 

aggregates. (A) ANS, (B) Bis-ANS, (C) DCVJ, (D) ThT were tested regarding the ability to detect 1 M 

NaCl-stressed mAb using different excitation/emission filters (Blue/Amber, Blue/Green, UV/Amber, 

UV/Blue, UV/Green) and a dye concentration of 100 µM. MAb aggregates were induced by 1 M NaCl 

using a protein concentration of 1 mg/mL (1 M NaCl). Untreated mAb served as control (w/o NaCl).  
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Figure 2: Analysis of pH 5/65 °C-induced mAb1 aggregates using aFMI. MAb aggregates were 

induced by incubation at pH 5 and 15 min incubation at 65 °C (pH 5/65 °C) using a protein 

concentration of 1 mg/mL. ANS, Bis-ANS or ThT were used for analysis. Dye concentrations and 

filters are provided in Table 1. Automated FMI was performed using 20x magnification. Software 

analysis of the aggregate particle count (PC) and total intensity of the particles (TI) was performed 

using the Antibody 1F operator. P-values were *p<0.05, **p<0.01 and ***p<0.001 calculated by 

comparison to unstressed mAb using a two-tailed t-test. 
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Figure 3: Aggregation kinetics of mAb2 at pH 3.5 and mAb3 at pH 3 induced by addition of 1.5 

M NaCl (n =3, ± SD). MAb concentration was 1 mg/mL. (A) Aggregation index and soluble monomer 

concentration (A280 of supernatant after centrifugation) of mAb2. Asterisks indicate control at time point 

0 h. (B) Aggregation index and soluble monomer concentration (A280 of supernatant after 

centrifugation) of mAb3. Asterisks indicate control at time point 0 h. For (A) and (B) two-way ANOVA 

was calculated by comparison to unstressed mAb after 0h incubation resulting in a significant niveau 

of p<0.001 except for mAb3 at time point 0h (AI and soluble protein concentration were not significant; 

p>0.05) and for mAb3 after 30 min incubation (soluble protein concentration was p<0.01). (C) 

Fluorescence microscopy images of 1:75 dilution of mAb2 with 10 µM Bis-ANS (20-fold magnification). 
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(D)  Fluorescence microscopy images of 1:75 dilution of mAb3 with 10 µM Bis-ANS (20-fold 

magnification). (E) Particle size distribution determined by aFMI of mAb2. (F) Particle size distribution 

determined by aFMI of mAb3.  ( 1-200 µm
2
 unstressed,  1-200 µm

2
,  200-400 µm

2
,  400-

600 µm
2
,  600-800 µm

2
,  800-1066 µm

2
). T-test of the evaluated particle size distribution (E) and 

(F) were calculated by comparison to the unstressed sample in the related size ranges and listed in 

Supplementary 1 and 2. 
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Figure 4: Analysis of FT-induced mAb aggregates using DLS (A), AI (B) and aFMI (C+D). MAb1 

aggregates were induced by 3 cycles of freeze-thawing at pH 8 (FT) using a protein concentration of 

1 mg/mL. 10 µM Bis-ANS was used for analysis using UV/Green excitation/emission filters. Automated 

FMI was performed using 20x magnification. Software analysis of the aggregate particle count (PC) 

and total fluorescence intensity of the particles (TI) was performed using the Antibody 1F operator. P-

values were *p<0.05, **p<0.01 and ***p<0.001 calculated by comparison to unstressed mAb using a 

two-tailed t-test. 
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Figure 5: Analysis of antibody aggregation of mAb4 (A) and its Fab fragment (B) before and 

after aerosol dispersion. Antibody particles were detected using aFMI. Pictures show Bis-ANS 

stained antibody aggregates after dispersion.  
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5.1.6 Identification of process parameters influencing protein aggregation in Chinese 

hamster ovary cell culture. Albert Jesuran Paul, René Handrick, Sybille Ebert, 

Friedemann Hesse. In preparation. 
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Abstract 

Protein aggregation of monoclonal antibodies (mAbs) is a common phenomenon associated with the 

production of these biopharmaceuticals. These aggregates can lead to adverse side effects in patients 

upon administration, thus expensive downstream processing steps to remove the higher molecular 

weight species are inevitable. A preferable approach is to reduce the level of aggregation during 

bioprocessing by a careful adjustment of critical process parameters. Recently, new analytical 

methods enabled characterization of mAb aggregation during bioprocessing of mammalian cells. 

Furthermore, rapid and efficient bioprocess optimization has been performed using design of 

experiments (DoE) strategies. In this work, we describe a DoE-based approach for the analysis of 

process parameters and cell culture additives influencing protein aggregation in Chinese hamster 

ovary (CHO) cell cultures. Important bioprocess variables influencing the aggregation of mAb and host 

cell proteins were identified in initial screening experiments. Response surface modeling was further 

applied in order to find optimal conditions for the reduction of protein aggregation during cell culture. It 

turned out that a temperature shift to 31 °C, osmolality above 420 mOsm/kg, agitation at 100 rpm and 

0.04 % (w/v) antifoam significantly reduced the level of aggregates without detrimental effects on cell 

culture performance in our model system. Finally, the aggregation reducing conditions were verified 

and applied to another production system using a different bioprocess medium and another CHO cell 

line producing another mAb. Our results show that protein aggregation can be controlled during cell 

culture and helps to improve bioprocessing of mAbs, by giving insights into the protein aggregation at 

its origin in mammalian cell culture.  
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Introduction 

Monoclonal antibodies (mAbs) are important biotherapeutics for the treatment of cancer, autoimmunity 

and inflammatory diseases (Leavy 2010). Like other biotherapeutics, mAbs are mainly produced in 

Chinese hamster ovary (CHO) cells, since CHO cells have a long history of regulatory acceptance in 

the pharmaceutical industry (Zhu 2012). During the production process, mAbs tend to form high 

molecular weight (HMW) aggregates, which negatively impact quality, safety and efficacy of the 

pharmaceutical antibodies (Vázquez-Rey and Lang 2011). There are different types and sizes of HMW 

species which are strongly controlled by regulatory authorities with respect to defined acceptance 

criteria in the final product (Joubert et al. 2011). The HMW species range from soluble aggregates, 

which cannot be filtered, to large insoluble aggregate particles, which can be filtered and detected 

using visible and sub-visible detection methods (Mahler and Jiskoot 2012). The protein aggregates 

can be removed during downstream processing (DSP), but this is laborious, cost-intensive and leads 

to reduced process yields. An alternative solution is the reduction of mAb aggregation during upstream 

processing (USP) by bioprocess optimization (Jing et al. 2012).  

Bioprocess optimization by varying important culture parameters such as temperature, pH, osmolality 

and agitation has been extensively studied (Chen et al. 2004; Kou et al. 2011; Lakhotia et al. 1992; 

Trummer et al. 2006a; Trummer et al. 2006b). Furthermore, addition of cell culture additives such as 

valproic acid (VPA) was investigated for bioprocess optimization (Yang et al. 2014). However, 

bioprocess optimization has been mainly performed to improve cell growth, product yield or 

glycosylation instead of protein aggregation of mAbs. There are only a few studies focusing on protein 

aggregation during USP (Fischer et al. 2015; Franco et al. 1999; Gomez et al. 2012; Jing et al. 2012; 

Paul et al. 2014; Paul et al. 2015). In all these approaches only soluble aggregates were analyzed, 

mostly by size exclusion chromatography after a Protein A capturing step. Astonishingly, the formation 

of large aggregate particles in cell culture was not investigated before, although such particles are 

known to induce nucleation-dependent aggregation processes (Wang et al. 2010). Moreover, a 

comprehensive screening of cell culture conditions influencing protein aggregation in mammalian cell 

culture has never been performed before to our knowledge.  

Design of experiments (DoE) methodology is a powerful technique for the evaluation of factor effects 

based on defined system responses (Montgomery 2013). Statistical DOE strategies have often been 
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used for bioprocess optimization of cell culture processes producing mAbs, since DOE enables 

process characterization of parameter interactions and classification of parameters based on their 

impact to the bioprocess and product quality (Abu-Absi et al. 2010; Dong et al. 2008; Mandenius and 

Brundin 2008; Moran et al. 2000). However, bioprocess optimization using DoE to improve product 

quality attributes has mainly been performed on protein glycosylation and not on protein aggregation 

(Agarabi et al. 2015; Grainger and James 2013; St Amand et al. 2014a; St Amand et al. 2014b). 

In this work we applied DoE methodology to screen for process parameters and cell culture additives 

influencing mAb aggregate formation in CHO cell culture, in order to find conditions to reduce mAb 

aggregation during cell culture. Using our recently developed method for high-throughput analysis of 

soluble aggregates (Paul et al. 2015) and a method to quantify mAb aggregate particles (unpublished 

data), we investigated the impact of the process relevant factors temperature, osmolality, agitation, 

antifoam and VPA on the cell concentration and formation of mAb aggregates in mAb-producing CHO 

cell cultures. Host cell protein aggregation was investigated by analysis of a non-producing mock CHO 

cell line. After initial screening using a two level fractional interaction model and identification of the 

most important factors, factors influencing protein aggregation were further investigated for optimal 

conditions using response surface modeling (RSM). Finally, conditions obtained from RSM were 

validated and tested in another cell culture medium and a cell line producing another mAb. Our results 

show that proper selection of bioprocess parameters and cell culture additives allow the reduction of 

mAb aggregation during in CHO cell culture. Hence, this study provides new means for the 

optimization of bioprocessing of monoclonal antibodies in mammalian cell culture and opens new 

opportunities for bioprocess optimization towards product quality attributes such as protein 

aggregation. 

Material and Methods 

CHO Cell Culture, Media and Monoclonal Antibodies 

MAbs were produced in CHO DG44 cells (Urlaub and Chasin 1980; Urlaub et al. 1983). Three 

different cell lines were used for this study: A CHO cell line producing an aggregation-prone mAb (cell 

line A), a CHO cell line producing a less aggregation-prone mAb B (cell line B) and a non-producing 

CHO cell line (mock) as control for host cell protein analysis. Cell line A was kindly provided by 

Rentschler Biotechnologie GmbH (Laupheim, Germany) and cell line B was kindly provided by 
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ProBioGen AG (Berlin, Germany). The mock cell line and cell line A were cultivated in defined protein-

free medium (SFM4CHO, Thermo Scientific). Cell line B was cultivated in a chemically defined 

proprietary medium (ProBioGen AG, Berlin, Germany). For validation experiments, cell line A was 

adapted to CD OptiCHO™ Medium (Gibco, Life technologies) designated as cell line AM. Experiments 

were conducted in TubeSpin® Bioreactors 50 (TPP Techno Plastic Products AG, Trasadingen, 

Switzerland) on an orbital shaker (LTF - DOS-20 L Digital Orbital Shaker, LTF Labortechnik GmbH, 

Wasserburg, Germany) using an initial cell concentration of 4 x 10
5
 cells/mL with a final volume of 

10 mL. All cell lines were supplemented with 10 g/L glucose, 4 mmol/L glutamine, 0.1 % (w/v) 

Pluronic® F-68 and cultivated in a CO2 incubator with 80 % humidity and 5 % CO2.  

Process Parameters and Cell Culture Additives 

Factors investigated for influencing mAb aggregation in the initial DoE screening were temperature 

shift (temp), pH, osmolality (Osm), agitation (Agi), Antifoam (Afo) and the enhancer of specific 

productivity VPA. The factors pH, osmolality, agitation and antifoam addition were adjusted from at 

beginning of batch cultivation. The pH value was adjusted by the addition of HCl or NaOH, osmolality 

was adjusted using a 5 mol/L NaCl stock solution. DOW CORNING® Medical Antifoam C Emulsion 

(Dow Corning GmbH, Wiesbaden, Germany) was used as antifoam agent. Temperature shift and 

VPA-addition were performed after 72 h of cultivation. Process parameters settings and 

concentrations of the cell culture additives used for the DoE are summarized in Table 1. 

Analytical Methods 

MAb and LDH concentration 

MAb and LDH concentrations were analyzed using a Konelab Arena 20 XT (Thermo Scientific, USA). 

Cells were removed by centrifugation at 10.000 g for 5 min and the supernatant was analyzed using a 

LDH Kit (Randox, Crumlin, England) and an IgG Kit (Thermo Scientific). Soluble aggregate formation 

CHO culture supernatants were analyzed for aggregate levels using the previously described 

fluorescence dye-based aggregation (FDBA) assay (Paul et al. 2015). The FDBA assay was 

performed on a SpectraMax M5e Microplate Reader (Molecular Devices GmbH, Biberach, Germany) 

using black, non-binding, F-bottom, 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) 

with samples supplemented with 10 µM 4-4-bis-1-phenylamino-8-naphthalene sulfonate (Bis-ANS) 

applying an emission wavelength of 480 nm upon excitation at 390 nm. Cell culture medium, medium 
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containing 0.05 mg/mL
 
unstressed mAb (negative control), and mAb stressed using 1.5 mol/L NaCl in 

medium (positive control) were used as controls. 

Automated Fluorescence Microscopy Imaging (FMI) 

Automated FMI was performed on a NyONE fluorescence microscope (SynenTec, Elmshorn, 

Germany). Cell concentration and mAb particle formation were analyzed using image processing and 

automatic analysis with the NyONE customer software for suspension cell count and Nuclei counting 

(EMGU2 Nuclei Count), respectively. Samples were analyzed using 10x magnification for cell counting 

and 20x magnification for particle analysis in black, non-binding, clear F-bottom, 96 well plates 

(Greiner Bio-One GmbH, Frickenhausen, Germany). Cell culture medium, 1 mg/mL unstressed mAb 

and mAb stressed using 1 mol/L NaCl served as controls for particle analysis. All samples were diluted 

1:40 in PBS and analyzed with 10 µM Bis-ANS using a final sample volume of 200 µL to ensure 

appropriate estimation of particle counts. The plate was centrifuged at 200 x g for 1 min prior to 

analysis.  

Calculation of specific rates 

Specific mAb productivity was calculated based on mAb concentration and cell concentration 

assuming constant cell growth within 120 h of cultivation. Specific particle formation was calculated 

with the nuclei count (NC) and LDH concentration after 120 h using the following equation: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
Nuclei Count

U LDH
 

The activity of lactate dehydrogenase (LDH) in the supernatant of mammalian cells cultures 

corresponds to the amount of cells that died in the course of cultivation (Legrand et al. 1992). 

Normalization to LDH levels was performed in order to ensure comparability between cell culture 

samples containing different levels of particles potentially originating from dead cells. 

Design of Experiments (DoE) 

DoE was performed using the software Modde
TM

 (Umetrics AB, Umeå, Sweden).  

Screening 

For the DoE screening a two level fractional interaction model separated in 2 blocks (Frac Fac Res 

V+) was used. This model allows for the differentiation of the main effects and all two-factor 

interactions. The factors and measured responses are summarized in Figure 1. The design consisted 
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of 32 runs including three center points for each block (Supplementary Table 1). Experiments were 

blocked according to temperature and agitation of the CO2 incubators. All experiments of the 

screening were performed with the mAb-producing cell line A and the non-producing mock cell line.  

Response surface modelling (RSM) 

RSM was performed using the factors temperature, agitation, osmolality and antifoam, since these 

factors had the highest impact in previous screening experiments. RSM was performed using a 

quadratic face centered composite design (CCF) model with 24 runs and 3 center points 

(Supplementary Table 2). In this design the star points are at the center of each face of the factorial 

space. All experiments for RSM were performed with the mAb-producing cell line A and the mock cell 

line. 

Validation 

To investigate whether screening and RSM were robust and transferable, validation was performed in 

another cell culture medium and in another cell line. Based on the results obtained from RSM, cell 

culture conditions were optimized using the MODDE optimizer function in order to find a condition 

leading to reduced aggregate formation (low aggregation). Standard cultivation conditions served as 

control (control). The experiments were performed in the non-producing mock cell line as well as in the 

mAb-producing cell lines: cell line A, cell line AM adapted to CD OptiCHO™ and cell line B producing a 

different antibody. The experiments were performed in triplicates.  

Results  

In this study, several factors were screened for the identification of key factors influencing mAb 

aggregation during cultivation of CHO cells. Non-key factors were eliminated and the remaining main 

factors were further investigated using RSM methodology. Finally, the results were validated and 

transferability to another production system and another biological system were tested. 

Screening of process conditions influencing mAb aggregation 

The factors temperature shift, initial pH, osmolality, agitation, VPA and antifoam were tested in a 2-

level fractional factorial design (Res V+) in order to identify main effects and two-factor interactions on 

the response parameters final cell concentration, mAb productivity, and soluble aggregate as well as 

aggregate particle formation. 
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Effect on cell concentration and mAb productivity 

The effect of process parameters and cell culture additives on the final cell concentration of the non-

producing mock cell line and the mAb-producing cell line A are summarized in Table 2. The factors 

temperature, osmolality, agitation and VPA showed significant impact on final cell concentration in 

both cell lines, whereas the impact of pH and antifoam was insignificant, respectively. Among these 

significant effects, a higher shift temperature increased final cell concentrations, whereas higher 

osmolality and VPA values reduced final cell concentration. Agitation enhancement was positive for 

the final cell concentration of the mock cell line, but not for cell line A. The two factor interactions 

Temp*VPA (negative effect), Temp*Afo (positive effect) and Agi*Afo (negative effect) showed a 

significant impact in both cell lines, whereas Temp*Agi (positive effect) was solely significant in the 

mock cell line. The two factor interactions Osm*Agi (positive effect) and Osm*VPA (positive effect) 

were solely significant in cell line A. The performance parameters the goodness of fit R
2
 and the 

goodness of prediction Q
2
 of the regression model for the mock cell line were R

2
 = 0.98 and Q

2
 = 0.97, 

whereas the performance parameters for cell line A were R
2
 = 0.98 and Q

2
 = 0.95.  

After evaluation of the impact of process parameters and cell culture additives on the final cell 

concentration, the influence on mAb productivity was determined in the mAb-producing cell line A 

(Table 2). Osmolality and VPA had a significant positive effect on mAb productivity, whereas the effect 

of agitation was significantly negative. Furthermore, the interaction terms Temp*VPA, Temp*Afo, 

pH*Osm and Agi*Afo showed a significant effect on mAb productivity, of which only Temp*Afo was 

detrimental. The performance parameters were R
2
 = 0.96 and Q

2
 = 0.87 for the cell-specific mAb 

productivity of cell line A.  

Effect on soluble aggregate and specific particle formation 

Once the influence of the process parameters and the cell culture additives on cell growth and 

productivity were determined, the impact of the factors on soluble aggregate formation was evaluated 

(Table 3). Temperature shift and antifoam were the only significant main effects in the non-producing 

mock cell line, besides the significant two factor interactions Temp*Agi and Agi*Afo. All factors induced 

the formation of soluble aggregates, except the two factor interaction Temp*Agi, which reduced the 

amount of soluble aggregates. In the producer cell line the factors temperature shift, osmolality, VPA 

and antifoam significantly induced the formation of soluble aggregates. The two factor interactions 
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Temp*Osm and Agi*Afo also increased the amount of soluble aggregates, whereas Temp*Agi 

significantly reduced soluble aggregate formation in cell line A. The performance parameters of the 

regression model were R
2
 = 0.83 and Q

2
 =0.63 for the mock cell line and R

2
 = 0.90 and Q

2
 = 0.77 for 

cell line A.  

Finally the impact of the process parameters and cell culture additives on particle formation was 

evaluated (Table 3). In the mock cell line temperature shift, initial pH, osmolality and antifoam content 

had a significant impact on the specific particle formation. All these factors decreased the specific 

particle formation in the mock cell line. The two factor interactions pH*Afo and VPA*Afo led to a 

significant decrease of particle formation, whereas Temp*VPA significantly increased the level of 

particles. Temperature shift, osmolality and agitation had a significant effect on the producer cell line 

A, whereof only osmolality led to a reduction of the specific particle formation. Furthermore, the two 

factor interactions Temp*Agi and Osm*Agi had a significant adverse impact on particle formation in the 

producer line. The model performance was R
2
 = 0.76 and Q

2
 = 0.61 for the mock cell line and R

2
 = 

0.86 and Q
2
 = 0.76 for cell line A. 

Finding optimal conditions - Response Surface Modelling 

After screening for process parameters and cell culture additives, non-key parameters were eliminated 

and a RSM design was applied to study the remaining key parameters in order to find optimal 

conditions for cultivation. In the resulting RSM contour plots for osmolality and temperature, agitation 

was hold at 130 rpm and antifoam at 0.04 % (w/v), whereas in the contour plots for agitation and 

antifoam, temperature was hold at 34 °C and osmolality and 433 mOsm/kg. 

The results of the RSM for final cell concentration in both cell lines are shown in Figure 2. Lowering 

the osmolality from 533 to 333 mOsm/kg in the cell culture medium affected final cell concentrations of 

the mock cell line (Figure 2A) and the mAb-producing CHO cell line A (Figure 2B). At low osmolality a 

final cell concentration up to 5 x 10
6
 cells/mL was reached, whereas at high osmolality only a final cell 

concentration of 1 x 10
6
 cells/mL was observed. A higher temperature used for temperature shift had 

only a positive impact on final cell concentration at osmolality values below 360 mOsm/kg. An 

antifoam content above 0.04 % (w/v) at agitation rates below 110 rpm also positively influenced final 

cell concentration (>3.3 x 10
6
 cells/mL) for both cell lines. The contour plots showing the impact of the 

tested factors on soluble aggregate formation are depicted in Figure 3. In the mock cell line (Figure 
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3A) and in cell line A (Figure 3B) the level of soluble aggregates increased with increasing shift 

temperature, agitation and antifoam, resulting in a corresponding increase in Bis-ANS fluorescence 

from 500 to over 1300 RFU. Osmolality did not impact the formation of soluble aggregates as 

prominently as the other factors. The contour plots of the four factors for particle formation in both cell 

lines are shown in Figure 4. Osmolality values below 340 mOsm/kg using 32-34 °C and 33-35 °C for 

temperature shift increased the specific particle formation in the mock cell line (>7 x 10
5
 particle/U 

LDH, Figure 4A) and cell line A (>1.95 x 10
6
 particle/U LDH, Figure 4B), respectively. Between 400 

and 500 mOsm/kg osmolality values at very low temperature (<32 °C) or high temperature (>36 °C) 

decreased the specific particle formation in both the mock (<4 x 10
5
 particle/U LDH) and the mAb-

producing cell line (<9.5 x 10
5
 particle/U LDH). Reducing the antifoam content and agitation rates 

decreased host cell particle formation (<4.1 x 10
5
 particle/U LDH), whereas in the mAb-producing cell 

line A antifoam content between 0.01 and 0.07 % (w/v) was beneficial at agitation rates below 110 rpm 

(<1 x 10
6
 particle/U LDH). Using an antifoam content of about 0.04 % (w/v), the adverse effect of 

agitation on particle induction was weakened. The model performance parameter of the mock cell line 

were R
2
 = 0.99 and Q

2
 = 0.95 for the final cell concentration, R

2
 = 0.95 and Q

2
 = 0.77 for the soluble 

aggregate formation, R
2
 = 0.64 and Q

2
 = 0.19 for the specific particle formation. For cell line A the 

model performance parameters were R
2
 = 0.99 and Q

2
 = 0.88 for the final cell concentration, R

2
 = 0.91 

and Q
2
 = 0.63 for the soluble aggregate formation, R

2
 = 0.81 and Q

2
 = 0.51 for the specific particle 

formation. 

Validation and transferability in other medium and other cell line 

For validation, conditions reducing aggregation were again applied to the mock cell line and cell line A. 

To evaluate whether the data obtained can be transferred to other biological systems, these conditions 

were tested in another cell culture medium (cell line AM) or a cell line producing another antibody (cell 

line B). Conditions reducing aggregation (low aggregation) were determined using the OPTIMIZER 

tool in the MODDE software with emphasis to particle formation and final cell concentration (Table 4). 

For this purpose, specific particle formation was minimized and a minimum final cell concentration of 

4 x 10
6
 cells/mL was aimed for. This resulted in a logD of -0.005, which indicates that all responses 

are predicted between their assigned target and maximum value. Standard cultivation conditions were 

applied as control (control). Figure 5 shows the impact of adjusted culture conditions on cell culture 

performance and protein aggregation. The low aggregation conditions led to reduced cell 
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concentrations after 5 days of cultivation (Figure 5A). Cell concentrations of around 4 x 10
6
 cells/mL 

were reached for the mock cell line and cell line A, since this was adjusted as minimum criterion. Cells 

cultivated in OptiCHO and cell line B were more affected by the condition applied to reduce 

aggregation. Under standard cultivation conditions, cell line AM adapted to OptiCHO medium 

significantly proliferated to higher final cell concentrations (8.9 x 10
5
 ± 1.8 x 10

5
 cells/mL) than in 

SFM4CHO medium (6.7 x 10
5
 ± 1.7 x 10

5
 cells/mL). The extreme values adjusted for the low 

aggregation condition also resulted in an increased cell-specific productivity in all tested cell lines 

(Figure 5B). Figure 5 depicts the soluble aggregate (Figure 5C) and specific particle formation (Figure 

5D) in the mock cell line, cell line A, cell line AM adapted to OptiCHO medium and cell line B under the 

different culture conditions. Generally, the soluble aggregate level was higher, but specific particle 

formation was lower in OptiCHO medium and cell line B than in cell line A cultivated in the initial 

medium. Under the selected low aggregation condition, soluble aggregate formation was significantly 

reduced in all tested cell lines. This resulted in lower fluorescence intensities compared to standard 

conditions for the mock cell line (from 578 ± 12 RFU to 313 ± 11 RFU), cell line A (from 458 ± 22 RFU 

to 244 ± 38 RFU), cell line AM adapted to another medium (from 1013 ± 17 RFU to 671 ± 21 RFU) and 

cell line B (from 819 ± 6 RFU to 404 ± 92 RFU). Furthermore, specific particle formation was 

significantly reduced in cell line A (from 2.3 x 10
6
 ± 6.6 x 10

5
 to 5.3 x 10

5
 ± 3.8 x 10

4
), cell line AM (from 

5.8 x 10
5
 ± 6.2 x 10

4
 to 2.3 x 10

5
 ± 2.6 x 10

4
) and in cell line B (from 1.0 x 10

6
 ± 2.0 x 10

5
 to 1.1 x 10

5
 

± 2.2 x 10
4
), but in the mock cell line particle formation was slightly increased (from 5.2 x 10

5
 

± 1.2 x 10
5
 to 7.6 x 10

5
 ± 6.1 x 10

4
).  

Discussion 

Bioprocess optimization of CHO cell culture by varying process parameters such as temperature, pH, 

agitation, osmolality, and addition of cell culture additives has been applied to improve cell growth, 

product yield and cell physiology (Chen et al. 2004; Lakhotia et al. 1992; Trummer et al. 2006a; Yang 

et al. 2014; Zhu et al. 2005). Statistical DoE approaches can provide a deeper understanding of the 

cell culture process and how product quality attributes change upon variation of several process 

operating parameters (Horvath et al. 2010). Hence, we investigated the impact of bioprocess 

parameters and cell culture additives on protein aggregation of mAbs during upstream production in 

CHO cells. For this purpose, we applied DoE methodology to identify critical process parameters and 

cell culture additives influencing mAb aggregation. RSM was used to identify conditions optimal for the 
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reduction of protein aggregation during cell culture. Finally, the results were validated and transferred 

to another cell culture medium and a cell line producing another mAb.  

Model performance 

In DoE screening the two performance parameters for the goodness of fit (R
2
) and the goodness of 

prediction (Q
2
) are the most important diagnostic tools for the fitting of a regression model (Eriksson 

2008). During our screening experiments the difference between the performance parameters R
2
 and 

Q
2
 was always lower than 0.2 and Q

2
 was always higher than 0.5 for both tested cell lines. Hence, 

these values indicate that the validity and predictability of the regression models in our screening 

experiments were high (Eriksson 2008). However, the model performance parameters of the RSM 

were slightly lower than for the screening model. This a common situation in cell culture models since 

batch-to-batch variabilities in such systems can lead to reduced reproducibility and robustness and 

thus a large error of prediction (Al-Rubeai 2015; Dong et al. 2008). 

Initial pH showed only marginal effects   

The alteration of the initial pH in our screening experiments showed nearly no significant impact on the 

cell culture performance of both cell lines. Cell concentration and soluble aggregate formation 

remained unchanged, whereas in combination with osmolality an interactive positive effect on specific 

mAb productivity was observed. Furthermore, initial culture pH alone and in combination with antifoam 

negatively influenced particle count in the mock cell line. It is known that the aggregation rate of 

proteins is strongly influenced by the pH (Arosio et al. 2013; Chi et al. 2003; Paul et al. 2014). 

However, these effects were only moderate compared to the impact of the other tested factors on mAb 

aggregation. The small operating pH range for CHO cell culture might be not sufficient to influence 

mAb aggregation in the cell culture broth, thus pH was not used for further optimization. 

VPA induced mainly soluble aggregates 

VPA is a histone deacetylase (HDAC) inhibitor, which is known to enhance the specific productivity of 

mammalian cells (Backliwal et al. 2008). Besides the enhancement of specific mAb productivity, VPA 

can also limit cell growth, induce soluble aggregate formation and lead to alterations in the 

glycosylation profile (Fischer et al. 2015). The results of our screening experiments are in good 

accordance with these findings. VPA alone and VPA in interaction with temperature adversely 
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impacted final cell concentrations in both of our tested cell lines, but also increased specific mAb 

productivity in cell line A. However, the increase in specific productivity was accompanied by the 

formation of soluble aggregates in cell line A, which was already shown for this cell line (Fischer et al. 

2015). Moreover, increased VPA concentration in combination with a higher temperature for 

temperature shift significantly induced specific particles in the mock cell culture, indicating that host-

cell protein aggregates were formed. Since VPA alone only induced soluble aggregates, VPA was not 

considered for RSM experiments. 

Temperature shift below 32 °C decreased protein aggregation 

Temperature is an important process parameter during protein production in animal cell culture, since 

it influences cellular events such as cell growth, viability, protein synthesis and metabolism (Chen et 

al. 2004). Like other mammalian cells, CHO cells are normally cultivated at 37 °C in order to simulate 

the body environment (Yoon et al. 2007). During our screening experiments a culture temperature of 

37 °C was beneficial, whereas lower temperatures significantly reduced final cell concentrations of the 

mock cell line and cell line A. Furthermore, a higher temperature for temperature shift showed positive 

interactive effects with agitation and antifoam, but interaction with VPA was detrimental for cell growth. 

The reason for decreased cell growth at lower temperature is most likely due to cell cycle arrest at the 

G1 phase (Kou et al. 2011). Trummer et al. showed that an EPO-Fc-producing CHO cell line still 

showed proliferation at 33 °C, whereas at 30 °C growth arrest occurred (Trummer et al. 2006a). 

Besides the impact on cell growth, temperature significantly affected soluble aggregate formation as 

well as particle formation. A temperature shift after 72 h decreased the level of soluble aggregates. 

Temperatures below 32 °C used for temperature shift decreased the level of particles in both cell lines. 

This could be caused by the expression of endoplasmic reticulum chaperones and an increase in 

folding capacity, which are possible reasons for an increased productivity in batch cultures at lower 

culture temperature (Vergara et al. 2014). However, RSM results indicated that a shift temperature 

between 32-34 °C and 33-35 °C was unfavorable for the non-producing and the mAb A-producing cell 

line, respectively, since in this temperature range the specific particle formation was increased in both 

cell lines. Gomez et al. reported that IgG aggregate levels were increased 4–12-fold in CHO culture 

after temperature shift to 33 °C compared to a non-shifted control culture (Gomez et al. 2012). They 

showed that a temperature shift to 33 °C led to an unfavorable mRNA LC/HC ratio, which could also 

explain the increased specific particle formation in our cell lines at these particular temperatures.  
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Agitation induced product-related protein aggregates  

Agitation is a critical process parameter influencing cell growth and protein production in cell culture 

bioprocesses (Li et al. 2006). In our screening experiments agitation turned out to be an important 

main factor influencing CHO cell culture performance. Agitation alone or in interaction with antifoam, 

temperature and osmolality influenced cell growth. RSM revealed that agitation rates below 110 rpm 

were beneficial for the final cell concentration of both cell lines. Besides the final cell concentration, 

also the specific mAb productivity was affected by agitation. The positive impact of increased agitation 

on cell growth and mAb productivity can be explained by an increase the rate of oxygen transfer at 

higher agitation rates (McDaniel and Bailey 1969). However, at higher agitation rates aggregate 

formation was triggered especially in the mAb-producing cell line A. During screening the specific 

particle formation was increased in cultures of cell line A, but not in cultures of the mock cell line. 

Moreover, particle count was generally higher in cultures of cell line A than in cultures of the mock cell 

line. Hence, the results indicate that the formed aggregate particles were product-related and not only 

from host-cell origin. Shear forces could explain the aggregate induction upon higher agitation rates, 

which is a known mechanism influencing mammalian cell cultures (Marquis et al. 1989) and protein 

aggregation (Mahler et al. 2009). Kiese et al. showed that agitation stress can induce different types of 

aggregates of an IgG1 mAb, including soluble aggregates and sub-visible particles (Kiese et al. 2008). 

We also observed soluble and sub-visible particle formation upon higher agitation rates during our 

studies. However, the study of Kiese et al. was conducted with purified protein formulations under sub-

physiological conditions. Our study suggests that the agitation rates used for the cultivation of 

mammalian cells can also lead to the formation of different HMW species in CHO cell cultures. 

An antifoam content of 0.04 % (w/v) was beneficial for the bioprocess  

Foam is generated during the bioprocess due to intense agitation and presence of surface-active 

species in the culture medium (Varley et al. 2004). The defoaming properties of antifoams are known 

to positively impact bioprocessing during production of recombinant proteins, mainly due to effects on 

the dissolved oxygen and the volumetric mass oxygen transfer coefficient (Routledge 2012). During 

our screening experiments impact on cell growth was observed neither in the mock cell line nor the 

mAb-producing cell line A. Only interactive effects with temperature or agitation showed an impact on 

cell culture performance. In RSM experiments, antifoam addition positively affected final cell 

concentration. At antifoam concentrations higher than 0.04 % (w/v) and low agitation, final cell 
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concentrations were highest. However, antifoam content significantly affected soluble aggregate 

formation during screening and RSM experiments in both cell lines. Soluble aggregates were formed 

with increasing antifoam concentration, showing an interactive effect with increasing agitation. On the 

other hand, an antifoam content of 0.04 % (w/v) was beneficial for the bioprocess, since particle 

formation in the mAb-producing cell line was inhibited. Furthermore, fewer particles were formed in the 

mock cell line with increasing antifoam content or in synergy with increasing pH or VPA during 

screening. The positive role of antifoam in reducing the level of aggregates could be due to the 

prevention of bursting air bubbles, which are known to damage secreted proteins (Holmes et al. 2006) 

and thus could lead to aggregates. To our knowledge, this is the first work describing an effect of 

antifoam on protein aggregation. Nonetheless, effects on soluble aggregates and sub-visible particles 

were ambiguous and it has to be evaluated whether the cell culture additive has an impact on the cells 

rather than on the protein.  

Osmolality – A parameter to reduce protein aggregation during cell culture 

Besides other culture parameters, osmolality is an important bioprocess variable influencing growth, 

metabolism and recombinant protein production in mammalian cells (Trummer et al. 2006b). 

Osmolality is known to impact the cell growth rate and specific productivity in mammalian cells such as 

hybridoma (deZengotita et al. 2002) and CHO cells (Zhu et al. 2005). Hence, it was not surprising that 

the final cell concentrations were reduced and the specific productivity was increased upon 

enhancement of osmolality in both of our tested culture systems. Besides the impact on cell culture 

performance, osmolality turned out to be a main parameter influencing protein aggregation. While 

soluble aggregate formation was only marginally affected, for specific particle formation a strong effect 

was observed. Osmolality values below 340 mOsm/kg at shift temperatures around 32-35 °C 

increased the specific particle formation. We showed in a previous report that the mAb produced by 

cell line A is prone to aggregation upon osmolality increase, but the osmolality values used to induce 

mAb aggregation in the mentioned publication was more than two times higher than the osmolality 

adjusted in our recent study. However, the cell culture environment and unfavorable shift temperature 

could have further enhanced the osmolality driven aggregation of the mAb and thus explain this 

phenomenon. Strikingly, at osmolality values above 420 mOsm/kg and shift temperatures below 32 °C 

or above 36 °C subvisible particle formation was reduced in cultures of both, the mock and the mAb-

producing cell line. A possible reason for the beneficial effects on protein aggregation could be the 
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impact of higher osmolality values on the cell rather than on the protein. It was previously shown that 

protein aggregation during upstream processing occurs on two levels: the cellular level and the 

bioprocess level (Fischer et al. 2015). It is conceivable that slight osmolality enhancement could be 

beneficial from the perspective of the cell. A possible explanation for this phenomenon could be the 

expression of molecular chaperones, as it is known from renal medullary epithelial cells upon 

hyperosmotic stress (Rauchman et al. 1997). Furthermore, it is conceivable that compatible osmolytes 

are either synthesized or incorporated from the culture medium upon hyperosmotic stress. Such 

compatible osmolytes do not only protect the cells from these harsh conditions, but can also act as 

chemical chaperones to stabilize native proteins (Alfieri and Petronini 2007). The compatible osmolyte 

trehalose, for instance, was shown to reduce the relative content of large aggregates by two thirds in a 

CHO cell line producing a diabody-type bispecific antibody (Onitsuka et al. 2014). 

Validation and transfer to other production or biological system 

To validate our results, experiments were repeated under aggregate reducing conditions and standard 

conditions, respectively, using the mock cell line and cell line A. Furthermore, we investigated the 

transferability of the conditions found to reduce protein aggregation to another cell culture medium 

(cell line AM) and to a cell line producing another mAb (cell line B). Since a combination of shift 

temperature below 31 °C, agitation at 100 rpm, 0.04 % (w/v) antifoam and osmolality above 

420 mOsm/kg significantly reduced protein aggregation in our experiments, these conditions were 

selected and applied to all cell culture systems. The results obtained from screening and RSM were 

successfully verified. Soluble aggregation was significantly reduced in the mock cell line and cell line 

A, whereas specific particle formation was only significantly reduced in cell line A. The conditions 

selected to reduce aggregate formation showed also the desired effect in another cell culture medium 

and a cell line producing another mAb. Cell line A produced less aggregate particles in OptiCHO 

medium than in SFM4CHO medium, indicating that the composition of the bioprocess medium is an 

important factor influencing upstream protein aggregation. Dengl et al. studied the influence of a 

bioprocess medium commercially available for the production of therapeutic proteins in CHO cells on 

the stability of different antibodies (Dengl et al. 2013). However, in their work the stability of antibodies 

was compared between medium and buffer containing basic elements of chemically defined 

fermentation media. Aggregate particle levels in cell line B were lower than in cell line A. That was to 

be expected, since cell line A produces an aggregation-prone mAb. Since specific particle formation 
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was only reduced in mAb-producing cell lines, the obtained reduction upon low aggregation conditions 

can be associated with product related aggregates. However, the modification of cell culture conditions 

to reduce aggregate formation also resulted in reduced cell concentrations in other cell culture medium 

and cultures of cell line B. This shows that mathematical models of one biological system cannot 

easily be transferred to another system, since they lack transferability to other even similar systems 

(Koutinas et al. 2012). Furthermore, reduced aggregate formation was accompanied by increased 

specific mAb productivity, although no increase in final titer was obtained due to reduced cell growth 

(data not shown). It is important to have a balance between cell culture performance and critical 

product quality attributes (Agarabi et al. 2015). A higher final titer of undesired product is also 

unfavorable, since these aggregates have to be removed during DSP, which is again expensive. 

Moreover, applying more moderate changes or adjustment of the bioprocess to low aggregation 

conditions after reaching a desired cell concentration could reduce protein aggregation without 

affecting final titer.  

Conclusions 

This work demonstrates that comprehensive screening using DoE can be used to optimize 

bioprocessing of mAbs in mammalian cell culture by reducing protein aggregation. Shift temperature, 

agitation, antifoam and osmolality were identified as main critical factors influencing protein 

aggregation in our tested cell culture systems. The most critical factors were further evaluated in RSM 

studies to find optimal conditions for the reduction of protein aggregation during cell culture. Careful 

selection and adjustment of these process conditions allowed the reduction of protein aggregation 

without negatively influencing cell culture performance. Finally, it was shown that the results cannot be 

easily transferred to another biological system. 
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Tables 

Table 1: Process parameters and concentration of cell culture additives for DoE.  

Factors Values 

Process Parameters  

Temperature shift 31 °C, 34 °C, 37 °C (No shift) 

pH 6.8, 7.2, 7.6 

Osmolality 333 mOsm/Kg, 433 mOsm/Kg, 533 mOsm/Kg 

Agitation 100 rpm, 130 rpm, 160 rpm 

Cell culture additives  

Antifoam (w/v) 0 %, 0.04 %, 0.08 % 

VPA 0 mM, 2 mM, 4 mM 
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Table 2: Impact of process parameters on final cell concentration and cell-specific mAb productivity. *p<0.05, **p<0.01, ***p<0.001 for ANOVA analysis 
calculated using MODDE

TM
 (Umetrics AB, Umeå, Sweden). 

 

 Mock cell line  Cell line A  Cell line A 

 Parameter Effect p-value  Parameter Effect p-value  Parameter Effect p-value 

Cell concentration Temp + **  Temp + *** Specific Productivity 

Temp - n.s. 

 pH + n.s.  pH + n.s. 
 pH + n.s. 

 Osm - ***  Osm - * 
 Osm + *** 

 Agi + **  Agi - *** 
 Agi - ** 

 VPA - ***  VPA - *** 
 VPA + *** 

 Afo - n.s.  Afo - n.s. 
 Afo - n.s. 

 Temp*pH - n.s.  Temp*Agi + n.s. 
 Temp*VPA + ** 

 Temp*Agi + *  Temp*VPA - ** 
 Temp*Afo - * 

 Temp*VPA - ***  Temp*Afo + *** 
 pH*Osm + * 

 Temp*Afo + **  pH*Osm - n.s. 
 pH*Afo + n.s. 

 Osm*Agi + n.s.  Osm*Agi + *** 
 Osm*Agi - n.s. 

 Agi*Afo# - **  Osm*VPA + * 
 Osm*VPA + n.s. 

 VPA*Afo# - n.s.  Osm*Afo + n.s. 
 Agi*Afo# + ** 

     Agi*Afo# - *** 
 VPA*Afo# + n.s. 

 R
2
 = 0.94, Q

2
 = 0.97  R

2
 =0.96, Q

2
 = 0.87.  R

2
 =0.96, Q

2
 = 0.87. 
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Table 3: Impact of process parameters on soluble aggregate formation and specific particle formation. *p<0.05, **p<0.01, ***p<0.001 for ANOVA analysis 
calculated using MODDE

TM
 (Umetrics AB, Umeå, Sweden). 

 

 Mock cell line  Cell line A  Mock cell line  Cell line A 

 Parameter Effect p-value  Parameter Effect p-value  Parameter Effect p-value  Parameter Effect p-value 

Soluble aggregate 
formation 

Temp + ***  Temp + *** Specific particle 
formation 

Temp - *  Temp - * 

 
pH + n.s.  pH + n.s.  pH - *  pH - n.s. 

 
Osm - n.s.  Osm + ***  Osm - ***  Osm - ** 

 
Agi + n.s.  Agi + n.s.  Agi + n.s.  Agi + *** 

 
VPA + n.s.  VPA + *  VPA + n.s.  VPA - n.s. 

 
Afo + ***  Afo + ***  Afo - *  Afo - n.s. 

 
Temp*Osm + n.s.  Temp*Osm + **  Temp*pH - n.s.  Temp*Osm + n.s. 

 
Temp*Agi - **  Temp*Agi - ***  Temp*VPA + **  Temp*Agi - ** 

 
Temp*VPA + n.s.  Temp*VPA + n.s.  pH*Afo - *  Osm*Agi - ** 

 
Temp*Afo + n.s.  Temp*Afo + n.s.  Osm*VPA - n.s.  VPA*Afo# - n.s. 

 
pH*VPA + n.s.  Agi*Afo# + *  VPA*Afo# - *     

 Agi*Afo + **  
 

  
 

       

 
R

2
 = 0.83, Q

2
 = 0.63 

 
R

2
 = 0.90, Q

2
 = 0.77  R

2
 = 0.76, Q

2
 = 0.61  R

2
 = 0.86, Q

2
 = 0.76 
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Table 4: Cell culture conditions for validation experiments. 

 Temperature Osmolality Agitation Antifoam 

Control 37 °C 333 mOsm/Kg 140 rpm 0 % 

Low Aggregation 31 °C 427 mOsm/Kg 100 rpm 0.04 % 

 

Supplementary Table 1: Experimental design of the screening.  

Run Block 
Temperature 

[°C] 
Initial 

pH 
Osmolality 
[mOsm/Kg] 

Agitation 
[rpm] 

VPA 
[mM] 

Antifoam [%] 

1 1 31 7.6 333 100 0 0 

2 1 31 6.8 533 100 0 0 

3 1 31 7.6 333 100 4 0.08 

4 1 31 6.8 533 100 4 0.08 

5 1 31 6.8 333 100 0 0.08 

6 1 31 7.6 533 100 0 0.08 

7 1 31 6.8 333 100 4 0 

8 1 31 7.6 533 100 4 0 

9 1 37 6.8 333 100 0 0 

10 1 37 7.6 533 100 0 0 

11 1 37 6.8 333 100 4 0.08 

12 1 37 7.6 533 100 4 0.08 

13 1 37 7.6 333 100 0 0.08 

14 1 37 6.8 533 100 0 0.08 

15 1 37 7.6 333 100 4 0 

16 1 37 6.8 533 100 4 0 

17 (Center 

Point) 
1 34 7.2 433 130 2 0.04 

18 (Center 

Point) 
1 34 7.2 433 130 2 0.04 

19 (Center 

Point) 
1 34 7.2 433 130 2 0.04 

20 (Center 

Point) 
2 34 7.2 433 130 2 0.04 

21 (Center 

Point) 
2 34 7.2 433 130 2 0.04 

22 (Center 

Point) 
2 34 7.2 433 130 2 0.04 

23 2 31 6.8 333 160 0 0.08 
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24 2 31 7.6 533 160 0 0.08 

25 2 31 6.8 333 160 4 0 

26 2 31 7.6 533 160 4 0 

27 2 31 7.6 333 160 0 0 

28 2 31 6.8 533 160 0 0 

29 2 31 7.6 333 160 4 0.08 

30 2 31 6.8 533 160 4 0.08 

31 2 37 7.6 333 160 0 0.08 

32 2 37 6.8 533 160 0 0.08 

33 2 37 7.6 333 160 4 0 

34 2 37 6.8 533 160 4 0 

35 2 37 6.8 333 160 0 0 

36 2 37 7.6 533 160 0 0 

37 2 37 6.8 333 160 4 0.08 

38 2 37 7.6 533 160 4 0.08 

 
Supplementary Table 2: Experimental design of the RSM. 

Run Temperature [°C] 
Osmolality 
[mOsm/Kg] 

Agitation [rpm] Antifoam [%] 

1 31 333 100 0 

2 31 533 100 0 

3 31 333 100 0.08 

4 31 533 100 0.08 

5 34 433 100 0.04 

6 37 333 100 0 

7 37 533 100 0 

8 37 333 100 0.08 

9 37 533 100 0.08 

10 34 333 130 0.04 

11 34 533 130 0.04 

12 34 433 130 0 

13 34 433 130 0.08 

14 (Center Point) 34 433 130 0.04 

15 (Center Point) 34 433 130 0.04 

16 (Center Point) 34 433 130 0.04 

17 37 433 130 0.04 

18 31 433 130 0.04 

19 31 333 160 0 

20 31 533 160 0 

21 31 333 160 0.08 

22 31 533 160 0.08 
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23 34 433 160 0.04 

24 37 333 160 0 

25 37 533 160 0 

26 37 333 160 0.08 

27 37 533 160 0.08 

 

Figures 

 

Figure 1: DoE model for screening.  
 

 

Figure 2: Contour plots showing RSM results of bioprocess parameters for final cell 
concentration for the mock cell line (A) and the mAb-producing cell line A (B). Temperature 
ranged from 31-37 °C, pH from 6.8-7.6, osmolality from 333-533 mOsm/Kg, agitation from 100-
160 rpm and antifoam from 0-4 % (w/v). Values for final cell concentrations represent cells/mL.  
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Figure 3: Contour plots of RSM showing impact of bioprocess parameters on soluble 
aggregate formation for the mock cell line (A) and the mAb-producing cell line A (B). 
Temperature ranged from 31-37 °C, pH from 6.8-7.6, osmolality from 333-533 mOsm/Kg, agitation 
from 100-160 rpm and antifoam from 0-4 % (w/v). Values for soluble aggregation represent RFU of 
Bis-ANS.  

 
Figure 4: Contour plots of RSM showing impact of bioprocess parameters on particle formation 
for the mock cell line (A) and the mAb-producing cell line A (B). Temperature ranged from 31-
37 °C, pH from 6.8-7.6, osmolality from 333-533 mOsm/Kg, agitation from 100-160 rpm and antifoam 
from 0-4 % (w/v). Values for specific particle formation represent particle/U LDH. 
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Figure 5: Validation experiments showing cell concentration (A), specific productivity (B), 
soluble aggregate (C) and particle formation (D) for different cell lines under low aggregation 
conditions. P-values (*p<0.05, **p<0.01, ***p<0.001) for a two-tailed t-test were calculated by 
comparison to standard cultivation conditions (control). 
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5.1.7 Bis-ANS: A new dye for the assessment of viability in mammalian cell culture. Albert 

Jesuran Paul, Karen Schwab, Simon Fischer, Alina Handl, Martina Stützle, Michael 

Kleemann, Eva Maria Herold, René Handrick, Friedemann Hesse. In preparation. 
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Abstract 

The extrinsic fluorescent dye 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonate (Bis-ANS) has previously 

been used for staining of proteins. More recently it was shown that the dye is able to enter cells with 

comprised cell membranes. Staining methods for monitoring of cell viability stain nonviable cells 

lacking an intact and functional membrane, thus we have investigated whether Bis-ANS is able to 

assess the viability of various mammalian cell cultures by staining intracellular proteins. We could 

reveal that Bis-ANS is highly useful as viability marker for industrially relevant suspension cell lines 

such as Chinese hamster ovary (CHO), human amniocyte derived production (CEVEC’s Amniocyte 

Production; CAP) and hybridoma cells, but also for adherently growing human cancer cell lines. This 

enables the application of Bis-ANS as a viability dye in various fields of cellular and molecular 

research as well as for biopharmaceutical manufacturing. Different dye concentrations and instrument 

settings were optimized for the use in high-throughput automated fluorescence microscopy and flow 

cytometry based cellular analyses. We provide several lines of evidence for superiority of Bis-ANS 

over trypan blue or DNA-binding dyes. Furthermore, we show that Bis-ANS concentrations of 1 or 

2 µM do not negatively influence the batch and fed-batch bioprocesses and thus can be used to 

monitor viability of mammalian cells both at-line and on-line in process development. Finally, our 

results suggest that addition of Bis-ANS directly into cell culture media allowed for a soft sensor 

calibration for the prediction of cell culture viability and dead cell concentration in bioreactors equipped 

with a fluorescence probe. Thus, our results open up new opportunities for bioprocess monitoring in 

order to improve the production process of biotherapeutics. 

Introduction 

Biotherapeutics such as recombinant proteins are predominantly produced in mammalian cells since 

proper polypeptide folding, assembly and post-translational modifications are highly important for 

efficacy and safety of the drug (Wurm 2004). Overall culture performance of mammalian expression 

systems in industrial manufacturing processes is inherently dependent on the viability of the 

production cells, as it directly affects proliferation rate, culture longevity and cell-specific productivity 

(Kumar and Borth 2012). Furthermore, low viability at the end of the cultivation process negatively 

influences for instance product quality, harvest and downstream manufacturing. Product quality is 

influenced by glycosidase release into the culture medium, which can severely alter the glycosylation 
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patterns (Gramer and Goochee 1993). Glycosylation profiles have recently been linked to an increase 

in protein aggregation, which challenges downstream processing and reduces final product yield 

(Fischer et al. 2015; Kayser et al. 2011a; Sola and Griebenow 2009; Zheng et al. 2011). Proteases 

that are also released by necrotic cells can degrade recombinant proteins through proteolytic cleavage 

(Goldman et al. 1997). Other paracrine factors which are released by necrotic cells might also trigger 

cell death of the remaining cell population. This can lead to a further drop in viability complicating 

downstream processing due to higher levels of host cell proteins and DNA, which have to be removed 

from the drug substance (Browne and Al-Rubeai 2011). Consequently, high cell viability is clearly 

desirable throughout the entire manufacturing process and therefore accurate assessment is 

inevitable. 

There are different assays available to analyze cell viability such as permeability assays, functional 

assays, morphological assays and reproductive assays (Cook and Mitchell 1989). Among these, the 

trypan blue exclusion method is the most frequently used bioassay to determine cell viability (Stoddart 

2011). Trypan blue diffuses into dead cells, which are stained light purple-violet under bright field 

microscopy due to lost membrane integrity, whereas undamaged cells appear translucent (Cook and 

Mitchell 1989). Previous studies have shown that trypan blue forms intracellular complexes with 

proteins such as bovine serum albumin and cytosolic protein (Avelar-Freitas et al. 2014). However, 

assessment of cell viability using trypan blue is known to exhibit low sensitivity and is incapable of 

reliably reflecting the real viability state especially at the end of cultivation (Altman et al. 1993; Tennant 

1964). Furthermore, trypan blue was shown to be toxic due to the inhibition of lysosomal enzymes 

(Beck et al. 1967). DNA-binding dyes such as propidium iodide (PI) or TO-PRO3
TM

 iodide intercalate 

into the DNA of dead cells indicating them dead (Davies and Hughes 2000). These dyes are often 

restricted to fixation and require permeabilization or other similar methods to efficiently stain the DNA, 

which can produce undesired artifacts (Martin et al. 2005). Furthermore, common methods for viability 

determination are often restricted to suspension cells, not high-throughput compatible, include viability 

markers and are less reproducible. Novel strategies to improve process surveillance imply direct on-

line measurement of cell viability as critical control parameter. Hence, there is a current need to 

develop novel strategies which allow for direct determination of cell viability in bioprocesses.  

The extrinsic fluorescent dye 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonate (Bis-ANS) has previously 

been used for protein analysis (Hawe et al. 2008b). Recently, Bis-ANS was employed to stain 
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neurons, neurites and neurite cross sections in acute brain slices for cell analysis (Mozes et al. 2011). 

Mozes et al. have shown that the dye can enter cells with compromised cell membranes.  Since 

mammalian cells loose membrane integrity upon cell death we have investigated the applicability of 

Bis-ANS to assess the viability of various mammalian cell cultures and cell systems. Furthermore, we 

have investigated whether the Bis-ANS can be used to set up a soft sensor for on-line measurement 

of cell viability. Such soft sensors commonly use spectroscopic online probes in combination with 

partial least square regression (PLSR) modeling. The relevant off-line measured response variables 

can be used as y-data set and the recorded spectroscopic data can be set as x-data. Wold et al. 

described that the linear dependency between x- and y-data can be extracted by algorithms (Wold et 

al. 2001). 2D fluorometry and PLSR models were already used to predict common response variables 

in mammalian cell bioreactor cultivations (Ohadi et al. 2014; Teixeira et al. 2009). However, to our best 

knowledge, there is no model described that enables for on-line prediction of the dead cell 

concentration DCC and of the viability by direct addition of Bis-ANS to the cell culture medium.  

In this manuscript, we present a novel method for the assessment of cell viability in different 

mammalian suspension cell lines and an adherently growing tumor cell line using Bis-ANS. The dye 

was shown to only enter dead cells, which are fluorescently labeled most likely due to staining of 

intracellular proteins.  Our results suggest that Bis-ANS can be added directly to the cell culture and 

enables successful at-line analysis of viability in batch and fed-batch processes. Finally, we have used 

Bis-ANS to set up a soft sensor for the prediction of the DCC and viability allowing accurate on-line 

monitoring of cell viability during the entire bioprocess. 

Material and Methods 

Cell lines and cultivation conditions 

Five different cell lines were used for this study. Two different mAb-producing CHO-DG44 cell lines , 

CHO A producing mAb1 (Boehringer Ingelheim, Biberach, Germany) and CHO B producing mAb2 

(Rentschler Biotechnologie, Laupheim, Germany) were grown in chemically defined serum-free 

SFM4CHO with 10 g/L glucose (Sigma-Aldrich, Taufkirchen, Germany). The human amniocyte cell 

line CAP (CEVEC Pharmaceuticals, Cologne, Germany) was cultivated in chemically defined serum-

free CAP-CDM (CEVEC Pharmaceuticals) medium. CHO and CAP medium was supplemented with 

4 mM L-glutamine (Life Technologies). CHO and CAP cells were cultivated in TubeSpin® bioreactor 
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50 tubes (TPP, Trasadingen, Switzerland) at 37 °C, 5 % CO2, 85 % humidity and 140 rpm agitation in 

an orbital shaker incubator (Kuhner, Birsfelden, Switzerland). Hybridoma cells, producing the IgG2a 

isotype monoclonal anti-human insulin receptor antibody (AIR AB) 83-14, kindly donated by Kenneth 

Siddle (Cambridge University, England) were statically cultivated in T175 suspension flasks in DMEM 

medium (Life Technologies) containing 10 % FBS (Sigma Aldrich), 4 mM L-glutamine and 4.5 g/L 

glucose. Adherently-growing SKOV3 human ovarian carcinoma cells (kindly provided by Verena 

Jendrossek, Institute of Cell Biology, University of Duisburg Essen) were cultivated in 6 well plates in 

DMEM medium containing high glucose, stable glutamine and sodium pyruvate (Biowest SAS, 

France) at 37 °C, 5 % CO2 and 90 % humidity. 

Trypan blue analysis 

Trypan blue analysis was performed on a Cedex XS (Roche, Germany) with four repetitions per 

measurement. Cell suspensions were diluted 1:2 into 0.08 % (w/v) trypan blue solution and analyzed 

on Cedex XS Smart disposable slides (Roche, Germany).  

Automated fluorescence microscopy  

Automated fluorescence microscopy was performed on a NyONE image cytometer (SynenTec, 

Elmshorn, Germany). Bis-ANS fluorescence was measured using UV excitation and green emission. 

To-PRO3
TM

 fluorescence was measured using red excitation and red emission. Different Bis-ANS 

concentrations and/or 0.5 µM To-PRO3
TM

 were used for the analysis. Viability was calculated from 

total cells counted from brightfield suspension analysis and Bis-ANS or TO-PRO3
TM

 positive cells 

counted from UV/Green or Red/Red measurements, respectively. The cell cultures were diluted in 

PBS (Biochrom GmbH, Berlin, Germany) prior to the measurements. Analysis was performed in black, 

non-binding, clear, F-bottom, 96 well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) with a 

final sample volume of 200 µL using a 10 x magnification. The plate was centrifuged at 30 x g for 

1 min prior to analysis.  

Confocal microscopy 

For confocal microscopy, cover slips were coated with 0.05 % rat tail collagen (Sigma Aldrich) and 

incubated for 24 h in a 12 well plate with 2 × 10
5
 CHO cells. After washing with PBS, cells were fixed 

on ice with 4 % formalin for 5 min. Afterwards, the cells were washed twice with PBS, stained with 
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10 µM Bis-ANS or 0.5 µM TO-PRO3
TM

 in PBS and preserved with mounting ProLong® Gold Antifade 

Reagent (Life Technologies). Confocal pictures were taken on a Zeiss LSM710 confocal laser 

scanning microscope coupled with LASOS® Ar-Ion laser. The following excitation lasers were applied: 

633 nm (used for TO-PRO3
TM

), 488 nm (used for Bis-ANS). The images were acquired at 63x primary 

magnification and a resolution of 2048 x 2048 pixels, averaged from two images and stored in 8-bit 

tagged format.  

Flow cytometry 

Flow cytometry based assessment of cell viability was performed on a MACSQuant® Analyzer 

(Miltenyi Biotech, Bergisch-Gladbach, Germany) equipped with a violet (405 nm), blue (488 nm) and 

red (635 nm) excitation laser. In order to optimize Bis-ANS staining concentrations, CHO cells were 

cultivated for 166 h until cells were incubated for 5 min in various amounts of Bis-ANS. As a control, 

cell viability was additionally measured using 0.1 µM TO-PRO3
TM

 iodide (Life Technologies).  

At-line analysis of cell viability in mammalian cell cultures  

CHO B cells were cultivated in triplicates (10 mL) with or without 1 µM Bis-ANS in the dark (covered 

with aluminum foil) at 140 rpm, 5 % CO2 and 85 % humidity. Samples (200 µL) were taken at indicated 

time points and analyzed by Cedex, fluorescence microscopy and flow cytometry.  

Bioreactor experiments 

The bioreactor experiments were performed in 2 L benchtop bioreactors BIOSTAT® Bplus (Sartorius, 

Germany). The temperature was kept constant at 37 °C. The cell culture was agitated with 100 rpm 

and the dissolved oxygen saturation was kept at 60 % through sparging with 0.25 vvm. The pH was 

kept at 7.0 through CO2 or NaOH addition. 

Bioreactor cultivation with at-line Bis-ANS analysis 

CHO A was used for bioreactor experiments. Pre-cultures were cultivated in Corning Erlenmeyer 

flasks at 37 °C, 5 % CO2 and 85 % humidity, and agitation at 140 rpm (25 mm orbit). The bioreactor 

was inoculated using a viable cell concentration of 4 x 10
5
 viable cells/mL. The batch cultivation was 

started at a starting volume of 1500 mL SFM4CHO medium containing 10 g/L glucose and 9 mM 

glutamine. The batch fermentation was run for 8 days. The fed-batch fermentation was performed with 
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a starting volume of 900 mL containing 2 g/L glucose and 2 mM glutamine. The feed (glucose feed: 

4 % (w/v) Cell Boost 6 (Hyclone, GE) containing 35 g/L glucose, L-glutamin feed: 100 mM L-

glutamine) was calculated from daily intervals to obtain a target concentration of 1 g/L glucose and 

1 mM glutamine at the next day and was added as bolus feed. L-glutamine and glucose 

concentrations were determined enzymatically with the Konelab
TM

 20 XT (Thermo Scientific) using the 

L-Glutamine kit (Thermo Scientific) and the Glucose HK kit (Thermo Scienific), respectively. Cell 

concentrations and the consequential calculated viability were obtained by trypan blue and the Bis-

ANS staining methods. 

Bioreactor cultivation with Bis-ANS for online measurement 

Three fed-batch cultivations were performed using CHO B. The bioreactors were inoculated with a 

viable cell concentration of 10 x 10
5
 viable cells/mL. Bis-ANS was added to the cell culture 67 ± 4 h 

after inoculation with a final concentration of 2 µM. The continuously added feed consisted of 4 % 

(w/v) Cell Boost 6 (GE Healthcare, USA) solved in deionized water and 2 µM fluorescence dye. 

Culture starting conditions and feed concentrations are stated in Table I. The target glucose 

concentration in the bioreactor was 1.2 g/L and the feed rate was calculated based on the glucose 

consumption rates and adjusted on a daily basis.  

Online data collection 

The multi-wavelength EEMs were recorded with the BioView® sensor (Delta, Denmark), using a fiber 

optic assembly for the 19 mm port.  A gain of 1300 and a measurement interval of 15 min were set 

and the glass vessels were covered with darkening material. Excitation wavelengths from 270-550 nm 

and emission wavelengths ranging from 310-590 nm in 20nm steps were used to record the EEMs. 

The resulting fluorescence datasets were exported vectorized into 2-way arrays, containing 120 

wavelength pairs per EEM. A detailed description of the instrument can be found by Marose et al. 

(Marose et al. 1998).  

Data preprocessing and chemometrics 

All chemometric methods were performed using MatLab version 8.4.0 (MatWorks, USA) in 

combination with the PLS-toolbox version 7.9.5 (Eigenvector Research Ing., USA) and a detailed 

description of the chemometric method can be found elsewhere (Wise et al. 2003; Wold et al. 2001). 
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The EEMs of all fed-batch cultivations containing 2 µM Bis-ANS were preprocessed with multiplicative 

signal correction (MSC) and followed by external parameter orthogonalization (EPO) filtering method 

with one principal component (PC). Preprocessing methods are described elsewhere (Martens et al. 

2003; Roger et al. 2003). The SIMPLS algorithm was used for PLSR modeling. Excitation/emission 

matrices (EEM) and corresponding offline determined dead cell concentrations and viabilities were 

used as input for the model generation. A random sample split into a calibration and cross-validation 

data set was performed using the onion method. Calibration model were built using 66 % of the data, 

the cross-validation was carried out with the remaining data. Venation blinds with 7 splits and one 

sample per split was used for cross-validation (Wise et al. 2003). 

Results and Discussion 

Cell line unspecific detection method of cell death  

The fluorescent dye Bis-ANS was tested for its ability to indicate dead cells by investigating five 

different mammalian cell lines. Four cell lines were grown in suspension and one was adherently 

growing. CHO, CAP and hybridoma cells were grown until the transition of stationary to the decline 

phase in order to allow the detection of increasing numbers of dead cells. Cell samples were stained 

with Bis-ANS and TO-PRO3
TM

 iodide and the samples were analyzed using an automated high-

throughput fluorescence microscope. Co-staining with Bis-ANS and TO-PRO3
TM

 proved that Bis-ANS 

and TO-PRO3
TM

 stained the same individual cells. The results proved that Bis-ANS was as sensitive 

as TO-PRO3
TM

 iodide in specifically indicated dead cells (Figure 1). Bis-ANS showed no fluorescence 

using red excitation and emission, and TO-PRO3
TM

 exhibited no fluorescence using UV excitation and 

green emission. 

In order to determine whether the dye can also be applied to anchorage-dependent, non-producing 

mammalian cells, a human ovarian carcinoma cell line was additionally tested (Figure 2). Similar to the 

results obtained with suspension cells, adherently growing SKOV3 cells were analyzed for necrosis by 

both Bis-ANS and TO-PRO3
TM

. Hence, Bis-ANS appears to be highly applicable regardless of the 

cellular background and cultivation mode. This is the first study describing Bis-ANS as an indicator of 

cell death and its application in cell viability assays. So far Bis-ANS has been extensively studied in 

the context of protein stability and aggregation (Acharya and Rao 2003; Grillo et al. 2001; Hawe et al. 

2008a; Lindgren et al. 2005; Paul et al. 2015). It was hypothesized that ANS, the monomeric form of 
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Bis-ANS, can be used to characterize cell cycle states of living thymus cells (Vaillier and Vaillier 1977). 

In that study, the DNA content of the thymus cells was correlated with the fluorescence of ANS. A 

more recent study reported that Bis-ANS can also enter damaged, but still viable neurons (Mozes et 

al. 2011). However, Bis-ANS has never been described to be applicable for the analysis of viability of 

mammalian cells. Our results show that Bis-ANS does not penetrate the membrane of viable 

mammalian cells, but dead cells with lost membrane-integrity. Hence, the dye is not only useful for 

protein characterization, but also for the determination of cell viability in a variety of mammalian cell 

lines.  

Bis-ANS stains most likely microtubules 

Confocal laser scanning microscopy was used to investigate if Bis-ANS-mediated labeling of dead 

cells is based on intercalation of dye and nucleic acids such as genomic DNA. For this purpose, CHO 

cells were stained with TO-PRO3
TM

 and Bis-ANS, fixed with formalin on microscopic glass slides and 

analyzed subsequently (Figure 3). As expected, Bis-ANS exhibited a clear blue fluorescence, whereas 

TO-PRO3
TM

 stained the nuclear DNA in red color. Interestingly, Bis-ANS showed no co-localization 

with the nucleic acid binding dye TO-PRO3
TM

. This suggested that Bis-ANS stained the entire 

cytoplasm rather than the nucleus of the cells, most likely due to binding of intracellular proteins. In 

this context, other studies have demonstrated that Bis-ANS can bind instantaneously to tubulin and 

even inhibit the assembly of tubulin to microtubules in vitro (Chakraborty et al. 1999; Horowitz et al. 

1984). Thus, it is most likely that in contrast to all other viability dyes, Bis-ANS specifically binds to 

microtubules of cells with lost membrane integrity, which was already shown for neuron bodies (Mozes 

et al. 2011).  

Bis-ANS detects drop in viability with higher sensitivity than common viability 

dyes 

Since Bis-ANS specifically seemed to stain only the dead cell population of CHO, CAP, hybridoma and 

SKOV3 cell culture, we investigated whether this dye can be used to monitor cell viability. Therefore 

optimal Bis-ANS concentrations for viability assessment using automated fluorescence microscopy 

were determined. Bis-ANS concentrations ranging from 0.2 to 5 µM were added to CHO cell culture 

samples with a concentration of 0.04 x 10
6
 viable cells/mL (Supplementary Figure 1). 
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Microscopic analysis showed that a Bis-ANS concentration of 0.2 µM is sufficient to indicate dead 

CHO cells. Hence, we investigated whether 0.2 µM Bis-ANS can be applied to measure cell viability 

during CHO cell cultivations. The conventionally used trypan blue exclusion method using Cedex XS 

was compared to automated fluorescence-microscopy and Bis-ANS staining based viability 

determination (Figure 4). No differences of detection of cell viability were determined within the first 

54 h of the cultivation (trypan blue: 97 % ± 0.7 %, Bis-ANS: 97 % ± 0.4 %). At the end of the cultivation 

process, the Bis-ANS fluorescence analysis suggested a declining in viability, whereas trypan blue 

stained cell samples showed still high viabilities.  

Similar results were obtained in a batch and fed-batch fermentation process of an mAb producing 

CHO cell line (Figure 5). Batch and Fed-batch fermentation processes showed a typical growth curve. 

The cell concentrations and calculated viabilities were obtained by trypan blue using Cedex and the 

Bis-ANS staining method using automated fluorescence microscopy. The viable cell concentrations 

measured by trypan blue and Bis-ANS showed similar behaviour in the lag and log phase of the 

culture, but in the death phase the viable cell concentration and viability dropped much faster using 

Bis-ANS staining. Trypan blue analysis resulted in a putative higher viability after 100 h of cultivation 

than Bis-ANS stained samples. The differences amount up to 7 % in the batch fermentation and 16 % 

in the fed-batch fermentation. To investigate this discrepancy at the end of cultivation, further studies 

using flow cytometry were performed.  

Trypan blue overestimates cell viability in the late phase of the bioprocess 

Different Bis-ANS concentrations ranging from 0.2 to 10 µM were added to a substrate-starving CHO 

cell culture containing elevated numbers of dead cells. These cell samples were analyzed by flow 

cytometry (Figure 6).  Bis-ANS concentrations between 2.0 and 5.0 µM were considered optimal for 

flow cytometry analysis. In general higher amounts of positively stained cells were determined by flow 

cytometry analysis compared to cells incubated with trypan blue and analyzed with the Cedex XS. 

This verified similar observations described above (Figure 4 and 5). Our results indicate that Bis-ANS-

mediated assessment of cell viability is more accurate at the end of cultivation compared to the trypan 

blue based method. This was actually not surprising, since other studies already demonstrated that 

trypan blue assays overestimate cell viability due to a low sensitivity (Altman et al. 1993). Viability 

assessment using Bis-ANS allowed for an earlier detection of a decreasing cell viability compared to 
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the commonly used trypan blue exclusion assay. This highlights the application of Bis-ANS as 

preferable option for the determination of cell viability over the trypan blue exclusion method, since an 

earlier detection of viability loss at the end of cultivation allows time to intervene and thus to a better 

control the bioprocess.  As mentioned in the introduction such early intervention in time could prevent 

negative impacts on culture longevity, cell-specific productivity (Kumar and Borth 2012), product 

quality (Gramer and Goochee 1993) and downstream processing (Browne and Al-Rubeai 2011).  

Bis-ANS can be directly added to the cell culture to assess cell viability 

We have shown that Bis-ANS can be used to determine cell viability in mammalian cell cultures. In a 

next step, we sought to investigate whether Bis-ANS can also be directly added to CHO cell culture in 

order to enable on-line monitoring of cell viability. However, direct supplementation of cell culture 

medium with Bis-ANS requires the analysis of potential cytotoxic effects in advance. Schwab and 

Hesse determined an IC50 value of 5.0 ± 0.5 µM Bis-ANS in CHO cells by using a cytotoxicity assay 

(unpublished data). Since Bis-ANS concentrations of 2 and 1 µM seemed to be well-tolerated by the 

CHO cells and since these concentrations showed good results in flow cytometry (Figure 5), these dye 

concentrations were used for further investigations.  

The addition of Bis-ANS to CHO cell cultures during cultivation affected the growth behavior only 

marginally (Figure 7). Maximum viable cell concentrations were slightly reduced in the presence of 

Bis-ANS compared to cells cultivated without Bis-ANS (Figure 7A). At the same time, the viability was 

not significantly affected by cultivating cells in the presence of Bis-ANS (Figure 7B). Viability analysis 

of the culture broth containing Bis-ANS using fluorescence microscopy and viability determination 

using trypan blue was comparable within 96 h (trypan blue: 98 % ± 0.7 %, Bis-ANS: 98 % ± 0.1 %). To 

confirm the results, flow cytometry based cell analysis was performed. 

Figure 8 illustrates that cultivation of CHO cells in the presence of Bis-ANS allowed for direct 

determination of cell viability without performing additional staining. Cells cultivated in the absence of 

Bis-ANS were stained with TO-PRO3
TM

 and exhibited approximately 19 % TO-PRO3
TM

 positive cells 

resulting in a cell viability of 81 % (Figure 8A). About 95 % of the cells were detected as TO-PRO3
TM

 

positive when the cell population was gated for dead cells using FSC/SSC discrimination. Analysis of 

cells cultivated in the presence of Bis-ANS and additionally co-stained with TO-PRO3
TM

 showed equal 

amounts of TO-PRO3
TM

 (22 %) and Bis-ANS-positive (22 %) cells. This proved that both dyes are 



Appendix 184 

 

 
 

equally sensitive in determining cell viability (Figure 8B). Furthermore, the discrimination of dead cells 

using the FSC/SSC signal demonstrated that 95 % and 91 % of the dead cell population was found to 

be TO-PRO3
TM

 or Bis-ANS positive, respectively. These results confirmed that direct supplementation 

of cell cultures with Bis-ANS can be a valuable tool for the quick assessment of cell viability without 

further manipulating the sample. Such simple and fast culture monitoring methods are highly desirable 

to determine cell viability (Kumar and Borth 2012; Schulze et al. 2011). Furthermore, such an assay 

might be applied to high-throughput screening (HTS) to predict potential toxic effects of drug 

substances with promising cytotoxic and cytoprotective effects for the application in cancer, ischaemic 

and neurodegenerative diseases (Kepp et al. 2011). However, combination effects have to be 

considered, if the dye is used online. To date, viability assays are often recorded on plate reader 

systems and require the use of different classes of colorimetric tetrazolium reagents (Riss et al. 2004). 

These assays have considerable advantages in terms of signal specificity, but also require extrinsic 

fluorescence dyes that may alter intactness of cells (Kuhn et al. 2013). Here, we demonstrate that Bis-

ANS can be used to monitor cell viability using concentrations that do neither alter the cell integrity nor 

the viability of mammalian cells.  

Fluorometric soft sensor for on-line viability determination 

Based on the previous results, we investigated whether Bis-ANS can be used to set up a soft sensor 

for on-line viability determination in fed-batch cultivations. Three CHO fed-batch cultivations were 

carried out containing 2 µM Bis-ANS. Details about the cultivations are stated in Table I. Cell 

concentration and viability were determined using the trypan blue exclusion method. The soft sensors 

for the on-line prediction of viability and DCC were built with the data recorded after Bis-ANS addition. 

Therefore, offline values were correlated to the respective EEM using PLSR. The EEMs were 

preprocessed by MSC and EPO with one PC in order to improve the model quality. The resulting 

models were selected based on the quality parameters R
2
 and RSME for calibration, validation and 

prediction. Additionally, their ability to predict the response variables based on the recorded EEMs 

which were not used for model generation was taken into account (Table II). The 2D scans showed 

high signal intensities over a broad range due to the fluorescence dye addition. Five latent variables 

(LV) were needed to describe 98 % of the y-data variance of the PLSR model for the prediction of the 

DCC. A R
2
cal of 0.94 and an RSMEP of 4.0 × 10

4
 mL

-1
 was calculated for the model (Figure 9A). Cell 

concentrations measured offline and the predicted values were in close correlation for all three 
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cultivations. Minor deviations of predicted and measured DCC were observed at the end of cultivation 

run III. In the same way, 6 LVs were needed to describe 99.9 % of the y-variance. The model with a 

R
2
cal of 0.97 and an RSMEP of 1.94 % was able to predict the viability in all three fed-batch cultivations 

precisely (Figure 9B).  

Conclusion 

Bis-ANS can be used to monitor viability of mammalian cells. The dye enables assessment of viability 

of mAb producing suspension cells as well as a tumor cell lines, most likely due to intracellular 

proteins of dead cells with comprised cell membranes. We show that Bis-ANS can be used in high-

throughput automated fluorescence microscopy and flow cytometry based cellular analyses of viable 

cell concentration and viability in batch and fed-batch cultivations. Furthermore, we show that the dye 

can be directly added to the cell culture enabling at-line analysis of the bioprocess. Finally, we have 

set up a soft sensor for online determination of viability in bioreactor cultivation of mAb producing CHO 

cells. Hence, our results might improve process development for the production of biotherapeutics in 

mammalian cell culture and opens up new ways for assessment of viability.  
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Figures  

 

Figure 1: Bis-ANS specifically stains dead cells in different mammalian cell lines. Routinely 
cultured CHO B (A), CAP (B) and hybridoma (C) cells were stained with 10 µM Bis-ANS and analyzed 
using fluorescence microscopy. Co-staining with 0.5 µM TO-PRO3

TM
 was used as control. Images 

were taken with 10x magnification using transmission, red excitation and emission (TO-PRO3
TM

) or 
UV excitation and green emission (Bis-ANS). In all cell lines the cells stained by TO-PRO

TM
 were also 

stained by Bis-ANS. The scale bar indicates 100 µM.    

 

 

Figure 2: Bis-ANS specifically stains dead cells in an adherent carcinoma cell line. SKOV3 cells 
were stained with 10 µM Bis-ANS and analyzed using fluorescence microscopy. Images were taken 
with 10x magnification using transmission (A), UV excitation and green emission (B) or red excitation 
and emission (C). The SKOV3 cells stained by TO-PRO

TM
 were also stained by Bis-ANS. The scale 

bar indicates 250 µM.      
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Figure 3: Confocal microscopy of CHO cells stained with Bis-ANS and TO-PRO-3
TM

. Cells were 
fixed with formalin after staining with 0.5 µM TO-PRO-3

TM
 and 10 µM Bis-ANS. Bis-ANS was excited 

at 488 nm and TO-PRO-3
TM

 at 633 nm at high magnification (63x). Scale bar: 20 µm.  

 

Figure 4: Bis-ANS versus trypan blue analysis of CHO cell viability within 126 h of cultivation. 
Viable cells with a final concentration of 4 × 10

5
 cells/mL were seeded and cultivated in SFM4CHO 

medium containing 10 g/L glucose and 4 mM glutamine at 140 rpm (25 mm orbit), 5 % CO2 and 85 % 
humidity.  
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Figure 5: Bis-ANS versus trypan blue analysis of CHO viable cell concentration and viability in 
batch (A) and fed-batch (B) fermentation process. Cells were seeded at 4x10

5
 viable cells/mL and 

cultivated in SFM4CHO medium in a 2 L vessel at 100 rpm, 0.25 vvm, pH 7.15 and 60 % O2. Feed for 
fed-batch fermentation was added as bolus feed every day.  

 

Figure 6: Flow cytometric analysis of TO-PRO3
TM

 and Bis-ANS versus trypan blue staining in 
CHO cells. CHO cells were cultivated (n = 3) for 166 h in TubeSpin® bioreactor 50 tubes until cells 
were analyzed for necrosis by determining percentage of cells positive for TO-PRO3

TM
, trypan blue 

and Bis-ANS.  
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Figure 7: Cultivation of CHO cells in the presence of 1 µM Bis-ANS. (A) Cell growth of CHO cells 
without or with 1 µM Bis-ANS. (B) Viability determination using Trypan Blue/Cedex or Bis-
ANS/fluorescence microscopy analysis. Cells were seeded at 4 × 10

5
 viable cells/mL and cultivated in 

SFM4CHO medium containing 10 g/L glucose and 4 mM glutamine at 140 rpm, 5 % CO2 and 85 % 
humidity. Cells containing Bis-ANS were cultivated in the dark.  
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Figure 8: Flow cytometry based analysis of cell viability of CHO cells cultivated in the presence 
of Bis-ANS. Representative flow cytometric analyses of CHO cells cultivated either in presence or 
absence of 1 µM Bis-ANS until early decline phase was reached at 120 h post seeding. (A) Cells 
cultivated in the absence of Bis-ANS were stained with 0.1 µM TO-PRO3

TM
 to determine the 

percentage of dead cells. (B) CHO cells cultivated in the presence of 1 µM Bis-ANS were additionally 
stained with TO-PRO3

TM
 and fluorescence of both dyes was monitored concomitantly. Upper panels 

represent entire cell populations whereas lower panels represent only the dead cell population which 
was discriminated by the forward/side scatter (FSC/SSC) signal. Percentages of fluorescent cells are 
indicated. 
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Figure 9: On-line monitoring of dead cell concentration (A) and viability (B) in fed-batch 
cultivations. Three fed-batch cultivations were carried out using CHO B in SFM4CHO medium 
containing 2 µM Bis-ANS. EEMs were recorded throughout the cultivation. The off-line determined 
viability and DCC values were correlated to the respective EEMs. The predicted versus reference plots 
(a) show a close correlation of measurements and prediction. Calibration and validation data arrange 
close to the target line. All EEMs were used for prediction and a close correlation to the offline values 
was observed for all cultivations (b).  

 

 

Supplementary Figure 1: Different concentrations of Bis-ANS to stain CHO cells. Analysis was 
performed using NyONE fluorescence microscopy with 20x magnification. 
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Tables 

Table 1: Culture conditions for all fed-batch fermentations expressing a full size monoclonal antibody containing 2 µM Bis-ANS. 

 
Start concentrations  

(mM) 
Feed    

Cultivation 
Glc  

(g/L) 

Gln  

(mM) 
I glc II glc 

Cultivation 

time 

 (h) 

Time of dye 

addition 

(h) 

XV max  

(× 10
6
 mL) 

Bis-ANS I 1.92 2.14 30 - 161 66 4.86 

Bis-ANS II 2.37 1.93 20 25 165 69 4.55 

Bis-ANS III 2.40 2.02 20 33 215 70 3.0 

 

 

Table 2: PLSR modeling results for the on-line prediction of viability and DCC in CHO fed-batch cultivations. 

   Calibration Validation Prediction 

Response 

variable 
Preprocessing LV R

2
cal RMSEC R

2
CV RMSECV R

2
P RMSEP 

DCC 
MSC (mean) EPO 

filter (1PC) 
5 0.94 3.1 × 10

4
 0.84 5.2 × 10

4
  4.0 × 10

4
 

Viability 
MSC (mean) EPO 

filter (1PC) 
6 0.97 0.58 % 0.92 0.92 %  1.94 
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enantiomerically pure alcohols using asymmetric reduction with whole cell catalysts 

Methods: Fermentation of bacterial cells, ultrasonic cell disruption, cell lyophilisation, whole cell 

catalysis in an aqueous-organic biphasic system, gas chromatography, H-NMR 

analysis, Strep-Tag purification, NADH-Depletion assay 
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Methods:  Fermentation of eukaryotic cells, online respiration activity measurement (OTR, CTR, 

RQ), HPLC analysis, microfiltration, Beckman Coulter Counter  

 

Supervision of Practical courses and Research projects 

2012-now  Bioprocess engineering, Practical Course, 5th semester, Bachelor Pharmaceutical 

Biotechnology, Biberach University of Applied Sciences 

2014  HILIC-based N-glycan analysis of monoclonal antibodies, Research project, 

Institute of Applied Biotechnology, Biberach 

2014   Regulation of Histone Deacetylase Activity based on Valproic Acid, Research 

project, Institute of Applied Biotechnology, Biberach 

2013  Characterization of mAb aggregates, Research project, Institute of Applied 

Biotechnology, Biberach 
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Education and Civilian service 
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Labor-Fachzeitschrift 

Jakoblinnert A., Mladenov R.,  Asymmetric reduction of ketones with recombinant E. coli whole 
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product quality in mammalian cell culture (Oral) 
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cell culture (Poster) 
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Additional skills 
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