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1. Abstract 

1.1. Zusammenfassung 

 Dieses Promotionsvorhaben konzentriert sich auf zwei Themen im Zusammenhang mit der 

Optimierung von Zellkulturmedien. Das erste Thema zielt darauf ab, ein besseres Verständnis für die 

Chargenvariabilität von Sojaproteinhydrolysaten zu entwickeln, die in Zellkulturmedien verwendet 

werden, um die Robustheit des Produktionsprozesses von monoklonalen Antikörpern (mAb) zu 

gewährleisten. Das zweite Thema befasst sich mit der Minderung des Risikos einer viralen 

Kontamination von Zellkulturmedien durch Kurzzeiterhitzung, um die Sicherheit der mAb-

Produktionsprozesse zu gewährleisten.  

 Ein problematischer Aspekt bei der Verwendung von Proteinhydrolysaten in 

Herstellungsverfahren für rekombinante therapeutische Proteine ist ihr Einfluß auf die 

Proteinproduktion, da die Variabilität von Charge zu Charge nicht bekannt ist. Die Variabilität von 

Sojahydrolysaten und ihre Auswirkungen auf die Fed-Batch-Produktion eines rekombinanten 

monoklonalen Antikörpers, der in Sp2/0-Zellen exprimiert wird, wurden anhand von 37 Chargen 

desselben Herstellers untersucht. Die Variabilität der Sojahydrolysate von Charge zu Charge hatte 

Auswirkungen auf das Zellwachstum, den Titer und die Produktqualität. Die physikalisch-chemische 

Charakterisierung der Chargen bestätigte, dass Sojahydrolysate hauptsächlich eine Quelle für 

Aminosäuren und Peptide sind, wobei geringere Mengen an anderen Komponenten wie 

Kohlenhydrate und chemische Elemente in Zellkulturmedien enthalten sind. Die Zusammensetzung 

der Sojahydrolysate der verschiedenen Chargen war mit Ausnahme der Spurenelemente einheitlich. 

Statistische Analysen ergaben, dass Eisen ein potenzieller Marker für eine schlechte Prozessleistung 

ist. Um diesen Zusammenhang zu überprüfen, wurden einer Charge von Sojahydrolysaten, die mit 

einem niedrigen Eisengehalt während der Zellkultur in Verbindung gebracht wurde, zwei Formen von 

Eisen, Eisen(III)-ammoniumcitrat und Eisen(II)-sulfat, zugesetzt. Beide Eisenformen verringerten 

signifikant das Zellwachstum, den mAb-Titer und erhöhten den Gehalt der sauren Ladungsvarianten 

des mAb. Der Eisengehalt von Sojahydrolysaten kann zu erheblichen negativen Auswirkungen auf die 

Prozessleistung und Produktqualität führen. Dieser letale Prozess, der in der Literatur als Ferroptose 

bezeichnet wird, beruht auf der Fe(II)-abhängigen Akkumulation reaktiver Sauerstoffspezies in den 

Lipiden und die Peroxidation mehrfach ungesättigter Fettsäuren, die zu deren Verarmung und zur 

Akkumulation toxischer reaktiver Sauerstoffspezies (ROS) in den Lipiden führt. Um die negativen 

Auswirkungen des Eisenüberschusses auszugleichen, wurde in unseren Versuchen ein 

Eisenchelatbildner und ein spezifischer Ferroptose-Inhibitor verwendet. Die Erhöhung des 

Eisenchelatbildners in den Zellkulturmedien führte zu einer signifikanten Steigerung der finalen 
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volumetrischen Produktivität bei Sojahydrolysaten mit hohem Eisengehalt. Die Zugabe von 

Ferrostatin-1, einem bekannten Inhibitor der Ferroptose, bot den Zellen in unserem Versuch keinen 

Schutz vor dem Eisenüberschuss während der Zellkultur. In enger Zusammenarbeit mit dem Anbieter 

von Sojaproteinhydrolysaten wurden zwei mögliche Hauptursachen für den erhöhten Eisengehalt 

untersucht: das Soja-Ausgangsmaterial und die Herstellungsschritte. Es wurden Spurenelemente im 

Soja-Ausgangsmaterial und während des gesamten Herstellungsprozesses gemessen, um die Quelle 

des erhöhten Eisengehalts in den Sojahydrolysaten zu ermitteln. Der Eisengehalt im 

Sojaausgangsmaterial blieb konstant, während der Eisengehalt während des Herstellungsprozesses 

tendenziell anstieg. Der Herstellungsschritt, der für den Anstieg des Eisengehalts in Sojahydrolysaten 

verantwortlich ist, wurde identifiziert. Folglich konnten wir aufzeigen, wie sich der Herstellungsprozess 

auf die endgültige Spurenelementzusammensetzung von Sojahydrolysaten und schließlich auf die 

mAb-Produktion auswirken kann. Diese Beobachtungen ermöglichten es, zusätzliche kritische 

Qualitätsmerkmale von Sojahydrolysaten zu definieren, um ein besseres Management der Variabilität 

von Sojahydrolysaten von Charge zu Charge für die Produktion monoklonaler Antikörper zu erreichen. 

Es ist wichtig zu beachten, dass eine solche Kontamination durch Spurenelemente während des 

Herstellungsprozesses nicht nur bei Sojahydrolysaten, sondern bei allen Rohstoffen, die im 

Zellkulturmedium verwendet werden, einschließlich chemisch definierter Zellkulturrohstoffe, 

auftreten kann. Die vorliegende Arbeit hat gezeigt, dass es daher wichtig ist, die Kontamination von 

Rohstoffen, die in Zellkulturmedien verwendet werden, mit Spurenelementen zu kontrollieren, um die 

Prozessleistung sicherzustellen. Darüber hinaus war es mit der Fingerprinting-Analyse von 

Sojahydrolysaten in Kombination mit der Chemometrie nicht möglich, ein Modell zu erstellen, das die 

Performance einer bestimmten Charge von Sojahydrolysaten anhand unseres Datensatzes vorhersagt. 

Durch LC-MS-Analyse konnten einige potenzielle Marker für eine gute Prozessleistung identifiziert 

werden.  

 Neben der Schwankung der Chargenvariabilität, die mit Zellkulturmedium-Rohstoffen 

verbunden ist, sind Zellkulturmedium-Rohstoffe auch als Hauptquelle für virale Kontaminationen in 

der Biotechnologieindustrie bekannt. Filtration von Zellkulturmedien oder deren Hitzeinaktivierung 

sind bekannte Maßnahmen zur Vorbeugung viraler bzw. mikrobieller  Kontaminationen. Die 

üblicherweise verwendeten Filter mit einer Porosität von 0,1 μm schützen Bioreaktoren vor Bakterien- 

und Mykoplasmenkontaminationen, bieten aber keinen ausreichenden Schutz vor viralen 

Kontaminationen. Die Kurzzeiterhitzung (HTST) von Zellkulturmedien ist bekanntlich eine wirksame 

Barriere, um diese zu verhindern. Ein Hauptproblem bei der HTST-Anwendung ist die Kompatibilität 

mit der Zusammensetzung des Mediums. Medien können hitzelabile Komponenten enthalten, die 

beim Erhitzen ausfallen oder geschädigt werden können. In dieser Arbeit wurde die Kompatibilität der 
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HTST-Behandlung mit Medien und Feed-Lösungen von zwei Fed-Batch-Prozessen für die Produktion 

monoklonaler Antikörper untersucht. Die Medien wurden mit dem FT74-20-MkIII-UHT/HTST-System 

mindestens 5 oder 10 Sekunden lang auf 95 °C erhitzt. Die HTST-Behandlung wirkte sich nicht auf die 

gemessenen physikalisch-chemischen Eigenschaften der Medien und der Feed-Lösungen aus, mit 

Ausnahme eines komplexen Mediums, bei dem die Erhitzung zu einer Erhöhung der Trübung des 

Mediums führte. Außerdem wurde brobachtet, dass sich auf der Oberfläche der HTST-

Wärmetauscherplatten ein Niederschlag sammelte, der als eine Mischung aus Hydroxylapatit und 

Eisenoxiden identifiziert wurde. Zur Sammlung, Analyse und Fehlersuche bei der Bildung von 

Präzipitaten aufgrund der hohen Temperatur dieses Zellkulturmediums wurde ein Wirbelsandansatz 

verwendet. Die Präzipitatbildung von Kalziumphosphat wurde mit der Zunahme der Trübung des 

komplexen Mediums in Verbindung gebracht. Das Vorhandensein von Eisenchelatoren im Medium, 

das mit Edelstahl in Berührung kommt, wurde für die Bildung von Eisenoxiden verantwortlich gemacht. 

Bei beiden Fed-Batch-Prozessen wirkte sich der Einsatz des HTST-Systems jedoch weder auf die 

Zellkulturleistung noch auf die Produktqualität negativ aus. Daher ist die HTST-Behandlung mit Medien 

kompatibel, außer mit solchen, die einen hohen Anteil an Kalzium und Phosphat oder, wie in diesem 

Beispiel, Eisenchelatbildner enthalten.  
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1.2. Abstract 

 This PhD project focuses on two topics related to the optimization of the cell culture media for 

monoclonal antibody (mAb) production in the biopharmaceutical industry. The first topic aims at 

developing a better understanding of the batch-to-batch variability of soy protein hydrolysates used 

in cell culture media to ensure robustness of the mAb production process. The second topic is about 

mitigation of viral contamination risk of cell culture media using high-temperature short to ensure 

safety of mAb production processes.  

 A challenging aspect with the use of protein hydrolysates in the manufacturing processes of 

recombinant therapeutic proteins is their impacts on the protein production due to a lack of 

understanding of batch-to-batch variability. Soy hydrolysates variability and its impact on fed-batch 

production of a recombinant monoclonal antibody (mAb) expressed in Sp2/0 cells were studied using 

37 batches from the same supplier. The batch-to-batch variability of soy hydrolysates impacted cell 

growth, mAb titer and mAb quality. Physico-chemical characterization of batches confirmed that soy 

hydrolysates are mainly a source of amino acids and peptides containing lower amounts of other 

components such as carbohydrates and chemical elements in cell culture media. Soy hydrolysates 

composition of different batches was consistent except for trace elements. Statistical analyses 

identified iron as a potential marker of a poor process performance. To verify this correlation, two 

forms of iron, ferric ammonium citrate and ferrous sulfate, were added to a batch of soy hydrolysates 

associated to a low level of iron during cell culture. Both forms of iron significantly reduced cell growth, 

mAb titer and increased level of the acidic charge variants of the mAb. Excess of iron in the process 

might lead to significant negative impacts on process performance and product quality. This lethal 

process, named ferroptosis in the literature, is described by the iron Fe(II)-dependent accumulation of 

lipid reactive oxygen species and the peroxidation of polyunsaturated fatty acids leading to their 

depletion and the accumulation of toxic lipid reactive oxygen species (ROS). To counterbalance the 

negative effect of excess of iron, an iron chelating agent and a specific inhibitor of ferroptosis were 

used in our assays. Increasing levels of the iron chelating agent in the cell culture media led to a 

significant increase of the mAb titers for batches of soy hydrolysates containing high level of iron. 

Ferrostatin-1 supplementation, a known inhibitor of ferroptosis, did not offer cell protection from the 

excess of iron during cell culture in our assay. Two main potential causes of increased iron were 

investigated in close collaboration with the vendor of soy protein hydrolysates: the soy starting 

material and the manufacturing process steps. Trace elements in soy starting material and all along 

the manufacturing process were measured to identify the source of the higher level of iron in the soy 

hydrolysates. The iron content in soy starting material remained steady, while during the 

manufacturing process iron content tended to increase. The manufacturing step causing iron increase 
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in soy hydrolysates was identified. Consequently, we highlighted how the manufacturing process may 

impact the final trace elements composition of soy hydrolysates and finally mAb production. Those 

observations allowed to define an additional critical quality attributes of soy hydrolysates to reach a 

better management of soy hydrolysates batch-to-batch variability for the monoclonal antibody 

production. It is important to notice that variable levels of trace elements can occur for other raw 

materials used in cell culture media, including chemically defined cell culture raw materials. Therefore, 

it becomes important to control trace elements levels in raw materials used in cell culture media to 

ensure process performance. In addition, fingerprinting analysis of soy hydrolysates combined with 

chemometric did not allow to build a model that predicts the performance of a given batch of soy 

hydrolysates using our dataset. Only LC-MS analysis brought to light some potential markers of a good 

performance.  

 In addition to batch-to-batch variability concern associated to cell culture medium raw 

materials, cell culture medium raw materials are also known as the major source of viral contamination 

in the biotechnology industry. The prevention strategy of viral contamination events can be reinforced 

by eliminating or inactivating adventitious viruses in cell culture media during the manufacturing 

process. Filters of 0.1 μm porosity are commonly used to protect bioreactors from bacteria and 

mycoplasma contaminations but do not offer protection from viral contaminations. High-temperature 

short-time (HTST) treatment of cell culture media is known to be an efficient barrier to inactivate 

viruses. One major challenge of HTST application is the compatibility with medium composition. Media 

may contain heat-labile components that can precipitate or get degraded during heating. Here, the 

compatibility of HTST treatment with media and feed solutions of two fed-batch processes for 

monoclonal antibody (mAb) production were assessed. Media were heated at least at 95°C for 5 or 10 

seconds using the FT74-20-MkIII-UHT/HTST system. HTST treatment did not affect the measured 

physico-chemical properties of the media and the feed solutions except for one complex medium for 

which heating induces an increase of the medium turbidity. A precipitate was also collected on the 

surface of the HTST heat exchanger plates identified as a mix of hydroxyapatite and iron oxides. A 

fluidized sand batch was used to collect, analyse, and troubleshoot the precipitate formation 

associated with high temperature treatment of this cell culture medium. Calcium phosphate 

precipitation was identified as the cause of the increased turbidity of the complex medium. The 

presence of iron chelators in the medium in contact with stainless steel was pointed out to be the 

cause of iron oxides formation. Nevertheless, for both fed-batch processes, the use of HTST system 

neither impacted the cell culture performance negatively, nor the product quality. Therefore, HTST 

treatment is compatible with media except for those containing high ratio of calcium and phosphate 

or, in this example, iron chelating agents.   
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2. Introduction  

2.1. Industrial production of antibodies, a general overview 

 Biotechnology processes use recombinant DNA to produce complex therapeutic proteins in 

microorganisms, such as antibodies widely used as therapy for cancer and non-cancer-applications 

(e.g. multiple sclerosis or immunological diseases). 

2.1.1. IgG1  monoclonal antibody structure  

 Monoclonal antibodies (mAbs), also known as immunoglobulins, are heterodimeric and 

bivalent glycoproteins. Indeed, mAbs have two identical glycosylated heavy chains (H) linked together 

by two disulfide bonds and non-covalent interactions, and two identical light chains (L) linked to the 

heavy chains by a disulfide bond and non-covalent interactions. (Figure 1) Mabs have two paratopes 

(antigen-binding sites). There are 2 types of light chains: K or λ. The 5 classes of immunoglobulins (IgG, 

IgM, IgA, IgE, IgD) are defined by the heavy chain isotypes γ, μ, α, ε or δ. Each light (L) and heavy (H) 

chain has constant (C) and variable (V) immunoglobulin domains. The different antibodies have their 

own properties related to the differences in the primary structure, molecular weight, number and 

position of disulfide bonds, and glycosylation pattern. Immunoglobulin G (IgG) is the major class of 

immunoglobulins.1,2 

 Immunoglobulin G molecule consists of four polypeptide chains, composed of two 50 kDa 

heavy (H) chains and two 25 kDa K or λ light (L) chains, linked together by disulfide bonds. Each heavy 

chain consists of an N-terminal variable domain (VH) and three constant domains (CH1, CH2, CH3), with 

an additional hinge region between CH1 and CH2. (Figure 1) Similarly, the light chains consist of an N-

terminal variable domain (VL) and a constant domain (CL). The light chain associates with the VH and 

CH1 domains to form a Fab (fragment antigen binding) arm, and functionally, the V regions interact to 

form the antigen-binding region. Two heavy chain-light chain heterodimers combine into a single 

antibody molecule via disulfide bonds in the hinge region and non-covalent interactions between the 

CH3 domains. The part of the antibody formed by the lower hinge region and the CH2/CH3 domains is 

called Fc (fragment crystallizable region). The 3D structure of the variable regions of the Fab is 

responsible for the capability of immunoglobulins to bind to an antigen. The residues most proximal 

to the hinge region in the CH2 domain of the Fc part are responsible for effector functions of antibodies. 

A highly conserved N-linked glycosylation asparagine site at position 297 is located at the interface 

between the two CH2/CH3. CH2 carries carbohydrate chains.1,2   
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Figure 1. Structure of an immunoglobulin G (IgG)3 
IgG is composed of two heavy (H) and light (L) chains linked by disulfide bonds. The heavy chains 

contain a variable domain (VH) and three constant domains (CH1, CH2, CH3). The light chains contain 

one variable domain (VL) and one constant domain (CL). The fragment antigen binding (Fab) consists of 

one constant domain and one variable domain of both the heavy (VH and CH1) and light chains (VL and 

CL). The fragment crystallizable region (Fc) consists of the two constant domains CH2 and CH3 of the 

heavy chains.  

2.1.2. IgG1  monoclonal antibody properties 

 The 3D structure of the variable regions of the Fab is responsible for the capability of 

immunoglobulins to bind to a specific antigen. Antibodies can kill target cells that express antigen 

through antibody-dependent cell-mediated cytotoxicity (ADCC) or complement-dependent 

cytotoxicity (CDC).4 For example, Cetuximab, marketed as Erbitux, is a chimeric monoclonal antibody 

that recognises the human epidermal growth factor receptor (EGFR) used in the treatment of human 

colorectal cancer.5 It is composed of the variable domain of a murine anti-EGFR antibody and the 

human IgG1 constant regions. Cetuximab binds to the extracellular domain of the epidermal growth 

factor (EGFR) preventing activation of EGFR. It results in non-activation of receptor-associated kinases, 

inhibition of cell growth and induction of apoptosis. In addition to bind to a desired target, antibodies 

must also meet a set of biophysical properties to be used for human applications. These properties 

include for example a long serum half-life in patients, high solubility to avoid precipitation in serum, 

low immunogenicity, resistance to aggregation, and being thermally stable in serum.6  
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2.1.3. Industrial production process of monoclonal antibodies  

 The production of monoclonal antibodies (mAbs) requires two fundamental elements: a cell 

line and a culture medium. The gene of interest producing the therapeutical mAb is integrated into the 

host cell genome. Mammalian cells are preferentially used because they are associated with lower 

immunogenicity and allow post-translational modifications essential for their functions in humans. 

Among mammalian cell lines, Chinese hamster ovary (CHO) cells, murine myeloma cells (NS0) and the 

hybridoma mouse cell lines (SP2/0) are utilized to produce mAbs. CHO cells have remained the most 

common used for recombinant protein expression by the pharmaceutical industry to produce 

therapeutic proteins.7 The culture of mammalian cells requires a set of components to support cell 

growth and mAb production in vitro. Cell culture media are mainly source of energy and nutrients. The 

first cell culture media were usually supplemented with animal serum. Cell culture media compositions 

were optimized to reduce safety risks of contamination by adventitious agents, costs of raw materials, 

and batch-to-batch variability concerns. Serum was first substitute by plant hydrolysates. Then, 

chemically defined cell culture media become a standard in the biopharmaceutical industry.8 (see 

section 2.2) 

 The manufacturing process of monoclonal antibody is in general divided in upstream and 

downstream process steps. (Figure 2) Upstream process corresponds to the cell culture and the 

synthesis of the mAb of interest. Downstream process corresponds to the purification of the mAb. 

During upstream process, cell culture is most often carried out in fed-batch or perfusion process. 

(Figure 2) In a fed-batch process, cell nutrients (feeds) are added during the run and the product 

accumulates in the bioreactor. In a continuous perfusion process, fresh media is added continuously 

while the harvest containing the mAb is removed. Cells are retained in the bioreactor. During the 

purification, mAbs are isolated from a complex mixture of molecules. Chromatography is used to 

separate the impurities from the protein of interest. Depending on the impurities present in the 

bioreactor and their characteristics, different types of chromatography are used to purify the protein 

of interest. The future of industrial production process of monoclonal antibodies is currently oriented 

towards systems allowing high productivity as well as plant flexibility thanks to an end-to-end 

continuous process in a single-use facility. 

 Production facility standard is in most cases based on large stainless-steel bioreactors (up to 

15,000 L) and tanks. Over the past few years, biopharmaceutical industries have shown increase 

interest for the implementation of single-use (disposable) technologies across the manufacturing 

process. Advantages associated to the use of single use technologies are essentially cost and time 

reduction for plant construction, less requirements for cleaning and sterilization, less risk of cross 
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contamination in multiproduct manufacturing. However, single-use technologies still face some 

limitations and concerns regarding high cost of disposables, lack of universal standards between 

vendors, solid waste disposal, leachable and extractables and a cell culture capability limited to 

2000 L.9   

 
Figure 2. Antibody manufacturing process strategies (Laustsen et al. 2017)10  

In a fed-batch process, cell nutrients (feeds) are added during the run and the product accumulates in 

the bioreactor. In a continuous perfusion process, fresh media is added continuously while the harvest 

containing the mAb is removed. Cells are retained in the bioreactor thanks to a cell retention device. 

To maintain a steady cell concentration in the bioreactor, a bleed stream is used to remove excess 

cells. In a traditional process, the entire batch is harvested and purified by single-batch 

chromatography. In a continuous process, the harvest undergoes simulated moving bed 

chromatography (SMBC).10,11 

 Significant advances have been made in biotechnology to optimize mAb production, while 

maintaining high mAb quality. Part of these progresses target the engineering of the cell lines (eg. 

advances in cell line expression vectors, clone selection)12,13, the optimization of the cell culture 

medium8, the optimization of the upstream14 and downstream processes15, and the characterization 

of the protein of interest.13,16–18 Consequently, monoclonal antibody titers have increased over the last 

decades. The reported data indicate that for CHO cell line, mAb production processes reach the highest 

product titers with about 1 g/L in batch and from 1 to 10 g/L in fed-batch. For NS0 and Sp2/0 cell lines, 

mAb titers are between 0.1 and 0.2 g/L in batch and between 0.1 and 0.8 g/L in fed-batch.19 Continuous 

culture using perfusion bioreactors allows to increase the mAb production even more significantly.11  

 Performance of the cell culture process is closely related to productivity and product quality. 

Therefore, a set of bioreactor operating parameters and process indicators that must be controlled 
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during cell culture to ensure optimal conditions for cell growth, and mAb production. They can be 

classified into three categories 20:  

- The physical parameters include for example temperature, agitation speed, and gas flow rate. 

- The chemical parameters include for example dissolved oxygen, dissolved carbon dioxide, pH, 

osmolality, the metabolite levels (substrates and metabolic by-product). 

- The biological parameters include for example viable cell density, cell viability.  

 During their expression in cultured cells, or during purification, formulation and storage steps, 

IgG monoclonal antibodies can be subject to multiple post-translational, physical and chemical 

modifications which induce the formation of variants. These modifications must be under control as it 

could impact the immunogenicity, efficacy, solubility, and half-life of the product.21–23 Therefore, 

biopharmaceutical industries need to ensure that manufacturing processes for therapeutic mAbs 

consistently deliver a product that meets the desired quality attributes to ensure mAb properties (see 

section 2.1.2). The critical monoclonal quality attributes commonly observed are the following.  

- Charge variants. Numerous variants are commonly observed when mAbs are analysed by 

charge-based separation techniques. Variants with a lower pI are defined as acidic charge 

variant, while variants with a higher pI are defined as basic charge variant.24 (Figure 3) The 

formation of acidic and basic charge variants is due to modifications such as aggregations, 

fragmentation, glycosylation, oxidation and deamidation of monoclonal antibodies.   

 

Figure 3. Schematic representation of a cation exchange chromatogram containing different 
charge variants (acidic, main, and basic peaks) 
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Basic 
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- Aggregates. Aggregation of monoclonal antibodies induces the formation of high molecular 

weight species (HMW). Aggregates can lead to the formation of insoluble precipitates. Some 

process parameters have been shown to impact aggregation of mAbs such as temperature, 

pH, protein concentration, and shaking.21 

 

- Fragments. Fragmentation of monoclonal antibodies induces the formation of low molecular 

weight species (LMW). Fragments are obtained by disruption of a covalent bond in a protein 

by either spontaneous or enzymatic reactions. Fragmentation may occur during cell culture 

where various proteases in cell culture supernatant may induce fragmentation at specific 

cleavage sites. Copper ions are also known to significantly increase fragmentation of IgG1 in 

the hinge region. 25 

 

- Glycosylation. Briefly, glycosylation of mAbs corresponds to enzymatic reactions that link 

carbohydrates to proteins. Glycosylation occurs on asparagine (N-linked) or on 

serine/threonine (O-linked). Immunoglobulins G have two conserved N-linked glycosylation 

sites located at Asn 297 on each of the CH2 domains of the Fc region. N-glycans are usually 

complex biantennary oligosaccharides. They contain a common structure of two N-

acetylglucosamine residues (GlcNac) linked to asparagine 297 via an amide and three mannose 

(Man) residues.23 (Figure 4) Additional sugar residues, mainly Man, fucose (Fuc), galactose 

(Gal), N-acetylgalactosamine (GalNAc), GlcNAc, sialic acid or N-acethylneuraminic acid (NANA) 

and N-glycolylneuraminic acid (NGNA), could be added. N-glycans may contain 0 to 2 terminal 

galactose residues (G0: Non-galactosylated; G1: Monogalactosylated; G2: Di-galactosylated). 

Sialic acids may be found attached to the terminal galactose residue. These results in three 

representative classes of N-linked glycans (high mannose, hybrid, complex) illustrated in 

figure 4. The cell line and the manufacturing process (cell culture conditions) are parameters 

that are known to impact the most the glycosylation of mAbs.21–23  
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Figure 4. Representative structure of N-linked glycans and O-linked glycans (Hossler et al. 2009)22 
(A) Representative structures of the three classes of N-linked glycans.  
(B) Representative structures of the eight core classes of O-linked glycans.  
(C) Symbolic representation of the monosaccharides commonly observed on N- and O-glycans. Sugar 
residues mentioned are: Mannose (Man), fucose (Fuc), galactose (Gal), N-acetylgalactosamine 
(GalNAc), N-acetylglucosamine (GlcNAc), sialic acid or N-acethylneuraminic acid (NANA), N-
glycolylneuraminic acid (NGNA).  

- Oxidation. Protein oxidation is a covalent modification of an amino acid that is induced by 

reactive oxygen. Protein oxidation occurs predominantly on methionine residues to form 

methionine sulfoxide during purification, formulation, and storage. 21 

 

- Deamidation. Deamidation of asparagine residues lead to the formation of acid aspartic and 

isoaspartic acid residues at a ratio of about 1:3 via an unstable succinimide intermediate. 

Deamidation increase with increasing pH and temperature.21    

 This PhD project focuses on two topics related to the optimization of the cell culture media. 

The first topic aims to develop a better understanding of the batch-to-batch variability of soy protein 

hydrolysates used in cell culture media. The second topic is about mitigation of viral contamination 

risk of cell culture media using high-temperature short. These topics are outlined and described in 

detail in the following chapters. 

  



   

19 

2.2. Cell culture media, a general overview  

2.2.1. Cell culture media and classification  

 During cell culture, the medium provides all nutrients necessary to sustain cell growth and the 

expression of the protein of interest. In general, cell culture medium consists in a basal medium 

supplemented with chemically defined or undefined components (e.g. serum, protein hydrolysates, 

growth factors, hormones). The addition of these elements varies according to the requirements of 

the cultured cell type. Culture media are commonly classified according to the origin of supplements 

added. Recommended classifications of cell culture media were presented by Yao et al.,8 and Karnieli 

et al., 26 in 2017, and is summarized in Table 1.  

Table 1. Classification of synthetic cell culture media 8,26 

Classification Description 

Serum-based media  Serum-based media typically contain animal or human sera as 

supplements. 

Serum-free media  Serum-free media typically contain purified proteins that are derived 

from animals or humans (e.g. crude protein fractions, such as bovine 

serum albumin) and are likely associated with other defined and 

undefined factors. 

Xeno-free media  Xeno-free media contain human serum or human plasma (e.g. human 

serum albumin), but animal components are not used as supplements.  

Animal component-

free media  

Animal component-free media do not contain human- and animal-

derived components but may contain plant hydrolysates. Both protein-

free media and chemically defined media are animal-component free. 

Protein-free media  Protein-free media do not contain proteins but often contain undefined 

components such as protein hydrolysates which can be used as 

supplements. 

Chemically defined 

media  

Chemically defined media are typically composed of recombinant 

proteins and synthetic components. 

2.2.2.  Composition of cell culture media and role of raw materials  

 Cultured cells require a set of components for energy production and biosynthesis. The basal 

media mainly provide amino acids, vitamins, inorganic salts, trace elements, carbohydrates, and 

additional components may be added afterwards. Each type of cell culture media components 

performs a specific function. A non-exhaustive list of the main mammalian cell culture medium 

components and supplements is presented in Table 2. 
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Table 2. Non-exhaustive list of main mammalian cell culture medium components and supplements 

Components Definition Major biological functions Examples 

Amino acids 27 

Amino acids are organic molecules that have 

either a carboxyl group or acidic character, 

and an amino group, along with a side chain 

specific to each amino acid. 

There are essentials amino acids, non-

essential amino acids, derivatives and 

dipeptides. 

Amino acids:  

- are needed by cells for protein 

synthesis: cytoskeleton, protein 

component of enzymes, receptors, 

and signaling molecules.  

- act as growth-promoting factors and 

are used for maintenance of cells. 

The twenty proteogenic amino acids, L-cystine 

and L- hydroxyproline are the most used 

amino acids in mammalian cell culture.  

Carbohydrates/ 

saccharides 28 

Carbohydrates are polyhydroxy aldehydes or 

ketones or compounds which produce them 

on hydrolysis. 

Carbohydrates are classified into four groups: 

monosaccharides, disaccharides, 

oligosaccharides, and polysaccharides. 

Carbohydrates are a source of energy through 

glycolysis and the citric acid cycle.  

E.g.: Glucose, galactose, maltose, fructose. 

Glucose is the most used carbohydrate. 

Vitamins 29 

Vitamins are a group of essential organic 

compounds. There are fat-soluble vitamins 

and water-soluble vitamins. 

 

Vitamins are essentials for growth and 

proliferation of cells. Vitamins act as: 

- enzyme cofactors, (e.g. vitamins K 

and most B vitamins), 

- biological antioxidants, (e.g. vitamins 

C and E), 

- hormones, (e.g. vitamins A and D). 

E.g.: Vitamins A, D, E, K (fat soluble vitamins) 

and vitamins B, vitamin C (water-soluble 

vitamins).   

The vitamins B are the most used in culture 

medium. 

Inorganic salts 30 

Inorganic salts are neutral organic compounds 

that can be dissociated into cations and anions 

in solutions. They do not contain a carbon-

hydrogen bond. 

Inorganic salts play a role for example in:  

- pH regulation,   

- osmotic balance,  

- membrane potential,  

- communications, 

- transport. 

E.g.: Sodium bicarbonate or calcium 

phosphate buffer, sodium chloride to adjust 

the osmotic pressure. 
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Components Definition Major biological functions Examples 

Trace elements 8,31 

Trace elements are chemical elements 

present in trace quantities (ppm) in cell 

culture media.  

Trace elements serve as cofactors and 

reagents for numerous metabolic pathways 

involved in: 

- cell growth, 

- protein expression, 

- mAb glycosylation.  

E.g.: Se, Fe, Cu, and Zn are generally used in 

cell culture medium.  

It is important to note that other cell culture 

medium components can also be source of 

trace elements. 

Chelators 32 

Chelators are molecules with at least two 

negatively charged groups that can chelate or 

form complexes with positively-charged metal 

ions. Chelators can be naturally derived or 

synthetic molecules. 

Chelators: 

- are involved in the intracellular 

transport of metals, 

- facilitate the formation and function 

of many enzymes, 

- sequester metal ions, to a certain 

extent obstructing their ability to 

participate in Fenton and Heber 

Weiss reaction that propagate 

reactive oxygen species (ROS).  

E.g.: Citrate, ethylenediaminetetraacetate 

(EDTA), maltol, transferrin. 

Proteins and 

polypeptides 33,34 

Polypeptides are series of amino acids (<50) 

joined by peptide bonds. Proteins are 

biologically functional macromolecules, 

formed from one or more polypeptide chains. 

Proteins and peptides may act as: 

- carrier proteins, 

- growth factors. 

E.g.: Albumin, transferrin, insulin. 

 

Lipids 8,35 

Lipids are hydrophobic or amphiphilic 

macromolecules. Lipids include fatty acids, 

glycerolipids, glycerophospholipids, 

sphingolipids, saccharolipids, polyketides, 

sterol lipids and prenol lipids.  

They serve in: 

- cell membrane, 

- energy storage, 

- transport, 

- signal transduction. 

E.g.: Cholesterol, fatty acids (e.g. linoleic acid), 

ethanolamine.  

It is important to note that most cells can 

synthetize lipids from glucose and amino acids 

available in the medium. When lipids are 

available in the culture medium, biosyntheses 

of fatty acids and cholesterol are inhibited.  
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Components Definition Major biological functions Examples 

Poloxamer 36 

Poloxamer is a copolymer of ethylene oxide 

and propylene oxide, having a formula of 

HO(C2H40)n(C3H60)m(C2H40)nH 

with n≥60, and m≥25.  

Poloxamer is used in industrial protein 

production to enhance the cell viability by: 

- protecting the cell membrane from 

shear stress,  

- reducing cell aggregations. 

E.g.: Pluronic ®.  

Serum 8,37,38 

Serum is a complex mix of amino acids, 

proteins, vitamins, carbohydrates, lipids, 

hormones, growth factors, inorganic salts, 

trace elements, and other compounds.  

Serum could be derived from different 

sources (calf, horse, human). 

 

Serum: 

- promotes cell growth and 

recombinant protein production, 

- contains carrier proteins (e.g. 

albumin, transferrin), 

- reduces shear stress during cell 

culture, 

- improves the pH-buffering capacity 

of the medium. 

E.g.: Fetal bovine serum (FBS) is the most 

common.  

2% to 20% serum is used as cell culture 

medium supplement in serum-based media. 

 

Protein hydrolysates 
39–41 

Protein hydrolysates are mainly a source of 

amino acids and oligopeptides, carbohydrates, 

inorganic salts, and metals. 

Protein hydrolysates are derived from animals 

(milk or tissues), microorganism (yeast) or 

plants (soy, wheat, cotton). 

Protein hydrolysates: 

- enhance cell growth and/or 

productivity in mammalian cells, 

- act as a buffering agent, 

- can provide chelating peptides. 

E.g.: Soy hydrolysates, wheat hydrolysates. 

Plant hydrolysates are mainly used for 

biosafety concern. 
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2.2.3.  Cell culture media optimisation and concerns  

 The first cell culture media formulation, minimum essential medium (MEM), was developed 

by Harry Eagle, in 1955. MEM is composed of 13 essential amino acids, 8 vitamins, glucose, 6 inorganic 

salts.42 In 1959, Dulbecco R. optimized MEM medium with the Dulbecco’s Modified Essential Medium 

(DMEM) to better fit cell requirements.43 Most often, these media were supplemented with sera to 

sustain mammalian cells in vitro. Fetal bovine serum (FBS) was the most commonly used supplement. 

However, in the course of the development and optimization of cell culture medium for the production 

of recombinant pharmaceuticals, the use of serum and any product of animal origin was pointed out 

to be undesirable for its risk to be contaminated by adventitious agents (e.g. viruses), high cost, and 

batch-to-batch variability.8,44   

 Regulatory agencies strongly recommend avoiding the use of serum and animal-derived 

components in cell culture media.45 One strategy was to develop optimal chemically defined cell-

culture medium. The first one was DMEM F12, a combination of DMEM and Ham’s nutrient mixture F-

12 supplemented by insulin–transferrin–sodium selenite supplement.46 Another strategy was to 

exchange serum by serum fractions, then by serum proteins such as transferrin and albumin, and 

growth factors. Different supplements were identified to replace the use of serum, such as inorganic 

salts, chelating agents, poloxamer, and protein hydrolysates. 8,47 The addition of protein hydrolysates 

in culture media became a standard in the 1990s.  

 It is important to highlight that recent bioprocesses for mAb production are mainly based on 

chemically defined media. The use of chemically defined cell culture media reduces the large batch-

to-batch variability, manufacturing cost, and risk of contamination by adventitious agents associated 

to complex cell culture media, especially with serum-based medium and animal-derived medium 

components. However, the use of complex media containing serum or soy hydrolysates remains for 

some already marketed processes. Therefore, the risks associated with their use must be taken into 

consideration by the biopharmaceutical industries to ensure process robustness, product safety and 

efficiency. 

 Indeed, the batch-to-batch variability of incoming cell culture medium raw materials are 

known to potentially impact negatively bioprocess performance. Controlling the batch-to-batch 

variability of complex raw materials is therefore a key point to ensure optimal cell growth and mAb 

productivity. Biopharmaceutical industries tend to pre-test critical raw materials (e.g. serum, soy 

hydrolysates, poloxamer) using cell culture scale-down models before using a given batch at large 

scale. (Figure 5) This point will be introduced in detail in chapter 2.3.  
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 The second concern is the risk of viral contamination associated to cell culture media especially 

with media containing animal or animal-derived raw materials. Although the non-chemically defined 

medium components are sometimes crucial to ensure the production of the molecule of interest, they 

can also represent a significant risk of viral contamination. In some cases, non-animal derived 

components can also be contaminated, for instance by rodent exposure during storage and transport 

(e.g. Minute Mouse Virus). Some cases of viral contamination in the pharmaceutical industry have 

occurred within the last thirty years and, in most cases, raw materials were suspected.48 Such viral 

contamination events may lead to drastic economic impacts for the biopharmaceutical industries. 

Biopharmaceutical drugs required a viral risk management to ensure drug safety for patients. The viral 

risk management is based on three main pillars: prevention of viral contaminations, detection, and 

elimination of viruses. In general, in a manufacturing process, preventive steps are carried out during 

viral testing on critical raw materials and on cell lines, viral detection steps are performed during the 

cell culture, and viral clearance steps are performed during the purification of the therapeutic 

molecules. (Figure 5) To increase mitigation of this risk, some biopharmaceutical industries tend to 

add a preventive step into the manufacturing process to clear potential adventitious viruses during cell 

culture medium preparation. Many technologies have been developed or are under development such 

as HTST (high temperature short time), nanofiltration, ultraviolet and gamma irradiation technologies. 

This point is considered in more detail in chapter 2.4. 

 Consequently, maintaining process performance while ensuring viral safety are still major 

challenges to consider for the biopharmaceutical industries, and even more when complex cell culture 

media are used. These topics are outlined and described in detail in the following chapters. 

 

 

Figure 5. Risk management of the batch-to-batch variability of soy protein hydrolysates and viral 

contamination in a biopharmaceutical process  
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2.3. Batch-to-batch variability of soy protein hydrolysates  

 Plant hydrolysates have been used as cell culture medium supplements to replace animal-

derived components and to improve the performance of the cell culture processes. However, plant 

hydrolysates are subject to batch-to-batch variations that may affect the upstream process output.8 

This chapter focus on the use of soy protein hydrolysates in cell culture medium.  

2.3.1. Soy hydrolysates composition 

 Protein hydrolysates (peptones) are water-soluble products obtained by partial hydrolysis of 

proteins. They could be derived from animals (milk, tissues), microorganisms (yeast) or plants.8 Plant 

hydrolysates, obtained from various sources such as soy, rice, wheat, corn, cotton, and pea, are the 

safest supplements.49 Typically, soy hydrolysates are the ones that are most used as supplements, 

typically at 1-2 g/L (w/v) to chemically defined media and/or added in a concentrated feed solution in 

fed-batch processes.41 Michiel et al, in 2011, roughly characterized soy hydrolysates as a mixture of 

about 60 ± 5% peptides, 20 ± 5% of carbohydrates, 10% of salts and less that 0.0012% of phospholipids. 

Gupta el al., in 2015, reported the total amino acids content, the level of some chemical elements and 

the presence in trace quantities of other components such as saponins (0.2-0.3%), isoflavones (0.1-

0.3%), and Maillard reaction products and cross-linked amino acids (not quantified).41  

2.3.2. Manufacturing process of soy hydrolysates  

 The soy starting material are firstly moistened and then hydrolysed under controlled pH and 

temperature conditions. Enzyme digestion (eg. trypsin or pepsin) is most often used. For the hydrolysis, 

both endo- and exopeptidases can be used.50 Endopeptidases cleave internal bonds within the protein 

chain and form peptides and polypeptides. Exopeptidases hydrolyse proteins and polypeptide chains 

from the ends of the chain and therefore release predominately amino acids. For example, pepsin 

hydrolyses peptide bonds, with a high affinity for hydrophobic bonds involving amino acids such as 

tyrosine and phenylalanine, and trypsin catalyses the hydrolysis of peptide bonds on the C-terminal 

side of the amino acids lysine or arginine (Figure 6). Enzyme digestion is then inactivated by increasing 

the temperature within the reservoir. Centrifugation and filtration steps then allow the removal of 

most of the insoluble compounds. To ensure better preservation of protein hydrolysates, a 

pasteurization step is carried out by rapidly increasing the temperature and then cooling to destroy 

most pathogenic germs. In order to obtain the protein hydrolysates or soy peptone in powdered form, 

evaporation steps and spray drying are required.51,52 (Figure 7, Figure 8) 
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Figure 6. Hydrolysis of a peptide by several peptidases 53 

This diagram illustrates where in a peptide the different peptidases catalyze hydrolysis the peptide 
bonds. R1, R2 and R3 are radicals.  
 

 

Figure 7. Simplified flow chart of the manufacturing process of hydrolysates (Hou et al. in 201752)  
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Figure 8. Downstream processing of protein hydrolysates manufacturing process 50 

2.3.3. Impacts of supplementation of culture medium with protein hydrolysates  

 Plant hydrolysates have been used in serum-free cell culture media to enhance cell culture 

performance of biological production processes. In general, plant hydrolysates significantly improve 

cell growth and/or productivity in mammalian cells as compared to chemically cell culture media.41,54,55 

The addition of protein hydrolysates in chemically defined media was correlated in different studies 

with a variation of 77-244% of viable cell density and 78-413% of the recombinant protein production 

relative to the chemically-defined medium (100%).41 Indeed, it was shown that the beneficial effect on 

cell growth and productivity was dependent on the source of protein hydrolysates, the initial 

composition of the culture medium and the cell requirements.47,49 The beneficial effects of protein 

hydrolysates supplementation are also influenced by the concentration of protein hydrolysates added 

to the culture medium and the time of addition when used as a concentrated feed solution. In addition, 

in fed-batch systems, the optimal effect of protein hydrolysates is reached under an optimal feeding 

strategy, but a given feeding strategy for one cell culture system might not be optimal for another.54,56 

It was also shown that mixes of different source of hydrolysates may exhibit higher cell growth- and 

expression-promoting effect than single hydrolysates.56–58 Recently, the potential impacts of protein 

hydrolysates on product quality was also reported to be dependent on the hydrolysates. Some 

hydrolysates were correlated to significant increase of the galactosylation and the sialylation of some 

antibodies.55  
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2.3.4. Identification of plant hydrolysate factors promoting cell performance  

 This improvement in performance is due to the complex composition of the hydrolysates. The 

role of protein hydrolysates on metabolic pathway remains poorly understood. Nevertheless, some 

elements can be gathered from the literature. Protein hydrolysates are a source of nutrients (mainly 

amino acids and oligopeptides, carbohydrates, inorganic salts, and metals). Those elements are 

required for an optimal cell growth and mAb production. The protein hydrolysates supplementation 

in cell culture media stimulates a more efficient cellular metabolism compared to the equivalent free 

amino acid mixture.59 Indeed, it was reported that the uptake of intact peptides followed by 

intracellular hydrolysis is an energetically more efficient mechanism than the uptake of free amino 

acids.60,61  

 It was also often reported that the positive effects of protein hydrolysates could be correlated 

in part to some oligopeptides of the hydrolysates having both nutritional values and biological 

functions. Some publications tend to identify the most active hydrolysates fractions. Spearman et al. 

(2014) fractionated peptones based on the molecular weight.62 They tested six different fractions from 

1670 Da to 460 Da and found that the fractions with the highest molecular weight exhibit the highest 

growth promoting effect. However, none of them showed higher growth promoting effect than the 

non-fractionated peptone. Farges-Haddani et al. (2006) tested fractions of rapeseed-derived 

peptone.63 Fractions were selected on their molecular weight, from >5000 Da to <500 Da. They found 

that the fraction corresponding to polypeptides with a molecular weight of 1000 to 3000 Da exhibits 

the highest cell growth and expression promoting effect on a CHO cell line expressing interferon-γ. 

 Indeed, soy hydrolysates are a source of bioactive peptides, a short amino acid sequence in a 

protein that confers a biological function.52 In general, bioactive peptides have a small number of 

amino acids (2-20).52 Bioactive peptides may exhibit different properties such as anti-oxidative stress 

properties, mineral binding properties and radical scavenging properties.64 Some publications reported 

that some peptides within hydrolysates may have an anti-apoptotic effect, or could act as growth 

factors.65–67 As an example, Franek (2004) confirmed the effects of synthetic tripeptides to 

pentapeptides composed of glycine, alanine, serine, lysine, or phenylalanine on their ability to 

suppress apoptosis and promote the growth of the culture.67  

2.3.5. Identification of factors causing the batch variability of protein hydrolysates 

 The amounts of components present in soy hydrolysates are subject to batch-to-batch 

variations that may affect the upstream process output.8,51,68 Observed variabilities of recombinant 

mAb yield associated with different batches of soy hydrolysates can be attributed to several factors 

affecting soybean cultivation (geographic location, harvest and storage conditions) and the 
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manufacturing process.51,69,70 As a result, cell culture performance may vary significantly. Several 

researches have been conducted to better identify these parameters.  

 Certain components present in protein hydrolysates could promote or inhibit culture 

performance and cause the observed batch variation.41,51,56,62,71 For example, saponins were shown to 

reduce cell death in CHO cell cultures 72, while isoflavones induce apoptosis and genotoxicity thus 

increasing cell death 73. Maillard reaction products and cross-linked aminoacids (e.g. lysinoalanine), 

which are not native to the raw material but produced during processing were shown to affect 

negatively the cell culture performance.74–76 Gupta et al. (2015) have identified correlations between 

cell culture performance and the composition of soy hydrolysates. They identified key compounds in 

soy protein hydrolysates, such as phenyllactate, lactate, trigonelline, chiro-inositol and X-190 (an 

unannotated peptide) that correlated with CHO cell density.41 Using compositional analysis with an 

untargeted metabolomics approach, Gupta et al. (2014) detected 410 compounds in soy hydrolysates 

including 157 compounds that were annotated.77 The most important compound (phenyllactate and 

ferrulate) explained 29% and 30% of the variance for relative integral viable cell density and total IgG 

production by CHO cells.  

 Some causes of the batch-to-batch variability in performance were investigated and several 

publications pointed to the potential impacts of seasonal effect during the soybean cultivation or 

during the production process of soy hydrolysates.69,70,78,79 The manufacturing process includes several 

steps such as protein hydrolysis, filtrations steps, pasteurization and drying.51,52 Hartshorn et al. were 

able to correlate cell culture performance with the level of some components and changes in seven 

parameters of the hydrolysates manufacturing process over eight process steps.69 Likewise, Lau et al. 

identified process parameters which can influence the levels of 20 markers among amino acids, lipids, 

carbohydrates, nucleotides, peptides and xenobiotics that needed to be closely controlled to get a 

favorable hydrolysates composition.78 One key manufacturing step (not disclosed) was found to 

significantly influence half of the identified shared performance indicators.  

2.3.6. Management and prediction of protein hydrolysates performance at large-scale 

manufacturing  

 Following the observation of a significant variability in product titer due to changing the batch 

of soy hydrolysates at manufacturing scale of a commercial fed batch process, the management of soy 

hydrolysates variability becomes a concern for biopharmaceuticals. A systematic assessment of the 

performance of a given batch of soy hydrolysates before use at manufacturing scale can be 

implemented by biopharmaceutical industries by performing cell culture using scale-down models. 

Therefore, performance variations of protein hydrolysates can be measured, and only batches 
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associated to the highest production of the molecule of interest could be selected. In parallel, physico-

chemical characterization of the batches tested can be performed to capture the global composition 

of the protein hydrolysates batches. This approach allows a better understanding of the composition 

of soy hydrolysates, and finally the identification of potential composition changes in batches over 

time. Another interesting approach presented in the literature is based on combining spectrometric 

testing and statistical analysis. Spectroscopy or spectrometry coupled to statistical analysis such as 

multivariate data analysis (MVDA) allowed to develop models that predict the performance of batches 

of plant hydrolysates. 71,80–83 

2.4. Mitigation of viral contamination risk using high temperature short time treatment 

 Mammalian cell cultures for mAb production are at risk for viral contaminations due to raw 

materials used in the cell culture medium. This risk could be mitigated by adding a preventive step into 

the manufacturing process to clear potential adventitious viruses during cell culture medium 

preparation. Many technologies have been developed or are under development such as HTST (high 

temperature short time), nanofiltration, ultraviolet and gamma irradiation technologies. This point is 

considered in more detail in this chapter with a focus on high temperature short time treatment of cell 

culture medium. 

2.4.1. Viral contamination in the biopharmaceutical industry  

 Viral contaminations are a severe issue in the frame of the production of biopharmaceuticals 

by mammalian cells. The production of therapeutic proteins from living organisms, such as mammalian 

cells, requires a set of components essential for cell survival and cell growth. Those components are 

provided by cell culture media. Formerly, bovine serum was widely used in cell culture media as a 

source of amino acids, proteins, vitamins, carbohydrates, lipids, hormones, growth factors, inorganic 

salts, trace elements, and other compounds. The use of serum or in general of any animal or animal-

derived raw materials is associated with a higher risk of viral contaminations. For safety and economic 

reasons, serum-free media, sometimes supplemented with protein hydrolysates, have been developed 

to replace the use of serum.8 However, animal-component-free raw materials also carry a viral 

contamination risk if they were in contact with animal or animal-derived material during cultivation, 

manufacturing process, storage or shipment. This risk of viral contamination by cell culture media raw 

materials was pointed out early in 1977 by Nuttall and al.84 They reported the high risk of occurrence 

of bovine viral diarrhea virus (BVDV) contamination in untreated fetal bovine serum. Some examples 

of viral contamination in the pharmaceutical industry were publicly reported and are presented in 

Table 3. Those virus contamination events have become rare as only 26 virus contaminations have 

been reported over the past 36 years.48 Raw materials were the likely source of contamination in most 
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cases. In 11 of the 12 reported contaminations in CHO cell culture, a raw material or medium 

component was identified or suspected to be the source.48 Such an event often leads to serious 

economic and safety consequences.85 Costs associated with a viral contamination event can range 

from one to hundreds of millions of dollars depending on its severity48. For example, the costs 

associated with a vesivirus 2117 contamination were higher than $200 million including a fine of $175 

million from the U.S. Food and Drug Administration.85 To reduce the risk of introducing viruses during 

production, preventive steps are carried out such as detection tests on cell banks and on raw materials 

of animal origin. Detection of potential viral contaminations is also performed on the unprocessed 

bulk. Downstream viral clearance steps allow to inactivate or remove most of viruses during the 

purification of the therapeutic proteins depending on the type and the final amount of viruses present 

in the unprocessed bulk.86 Given the inhomogeneity of distribution of potential adventitious agents, 

the sensitivity and specificity limits of detection of viral testing, it remains difficult to identify a viral 

contamination in a raw material or in the cell culture media before the cell culture step.87 It was also 

reported that using cytopathic assays is not 100 % effective in assuring that the cell culture is free of 

viruses.87,88  

Table 3. Examples of viral contamination events in the pharmaceutical industry  

Year Viruses Cell Identified or most likely cause Reference 

1988 EHDVa CHOb 
Animal-derived raw material (Fetal Bovine 
Serum) 

Burstyn, 1996; Rabenau et al., 
1993 89,90 

1993; 
1994 

MMVc CHOb Raw material (Unknown) Garnick, 1996, 1998 91,92 

1999 Reovirus 
Newborn 
kidney 

Unknown  
Ault, 1999; Hartnell & Gates, 
2000 93,94 

Not 
disclosed  

Reovirus CHOb Fetal bovine serum Kerr & Nims 2010 95 

2000 CVVd CHOb 
Animal-derived raw material (Fetal Bovine 
Serum) 

Nims et al., 2008 96 

2002 
Human 
Adenovirus 

HEK 293e Non-animal-derived raw material (Unknown) Rubino 2010 97 

2003 
Vesivirus 
2117 

CHOb Not disclosed Oehmig et al, 2003 98 

2003; 
2004 

CVVd CHOb 
Animal-derived raw material (Fetal Bovine 
Serum) 

Nims et al., 2008 96 

2008; 
2009 

Vesivirus 
2117 

CHOb Raw material (Not disclosed) 
Bethencourt, 2009; Conley et al., 
2017 99,100 

2009 MMVc CHOb 
Non-animal-derived raw material 
(recombinant media additive – contamination 
outside of the facility) 

Moody et al., 2011 101 

2010 PCV-1f Vero Animal-derived raw material (Trypsin) Dubin et al., 2013 102 

2010 
PCV-1; PCV-2 

f 
Vero Animal-derived raw material (Trypsin) Ranucci et al., 2011 103 

a Epizootic hemorrhagic disease virus; b Chinese Hamster Ovary; c Mouse Minute Virus; d Cache Valley Virus; e 

Human Embryonic Kidney; f Porcine Circovirus 
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2.4.2. Comparison of the main viral clearance technologies applied on cell culture media 

or raw materials 

 Therefore, it is recommended to better mitigate this risk by implementing a virus preventive 

treatment of the cell culture media and feed solutions. Several techniques can be considered such as 

high temperature short time (HTST) treatment, nanofiltration, gamma or UV-C irradiation. (Table 4)  

 Briefly, UV-C irradiation has the advantage of being compatible with serum-based media. 

However, this technology is associated with tremendous challenges regarding exposure uniformity, 

application at large scale, and maintenance of the equipment.104–106 Alterations of vitamins, carboxylic 

acids and proteins were also often reported.104–107 

 Gamma irradiation is widely used for viral inactivation of serum, but it is not practically a point 

of use technology and it requires application by the supplier. Its efficacy is virus-dependent, and the 

technology is also very challenging to be implemented for large cell culture media volumes.108,109  

 Nanofiltration of media is considered effective for virus removal, but costs can be significant 

and media composition can sometimes lead to low flow rate and filter clogging.110,111   

 Heat treatment is historically performed in food industry on milk, juice and some meat 

products to inactivate potential pathogens and extend shelf life. Pasteurization of plasma products for 

the pharmaceutical industry was first performed in the 50’s of the last century after cases of hepatitis 

reported in the US Armed Forces troops were linked to a vaccine manufactured with human serum.112 

In 1948, a study, published by Gellis et al., showed the effectiveness of pasteurization as a viral 

inactivation technique on human serum albumin with hepatitis B virus.113 In this review, the high 

temperature short time (HTST) technology will be discussed as a mitigation step for cell culture media 

and feed solutions against viral contamination in the biopharmaceutical industry.
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Table 4. Comparison of the main viral clearance technologies applied on cell culture media or raw materials 

 Principles Application Parameters Advantages Limitations References 

N
an

o
fi

lt
ra

ti
o

n
 Size exclusion of 

viruses 
Filtration of 
media through 
membranes 
with pore size 
of 20 nm  
 

- Pressure 
or flowrate 
 

- Effective removal of both enveloped and 
non-enveloped viruses   
- No alteration of media composition 
reported   
 

- Not compatible with complex cell 
culture media (e.g. soy hydrolysates, 
poloxamers) 
- Cost of nanofilters  
- Media filtration step duration at large 
scale 

[110,114] 

H
ig

h
 t

e
m

p
e

ra
tu

re
 s

h
o

rt
 

ti
m

e
 t

re
at

m
e

n
t 

Inactivation of 
viruses by 
disintegration of 
the viral capsid 

Heat-
treatment in 
solution at 
high 
temperature 
(eg.  100°C) 
for a short 
period (eg. 10 
seconds) 

- 
Temperatur
e 
- Holding 
time 
- Pressure 

- Effective inactivation of both enveloped 
and non-enveloped viruses   

- Risk of heat-labile components 
degradation or precipitation (eg. insulin, 
calcium phosphate, trace elements) 

[115] 

U
lt

ra
vi

o
le

t-
C

 

Inactivation of 
viruses by 
absorption of 
ultraviolet light by 
DNA or RNA 
pyrimidine bases 
(formation of 
dimers)  

UV-c 
irradiation 
(~254 nm) of 
media with 
doses 
between 1000 
J/m2 to 3000 
J/m2 
 

- Fluence 
(UV dose) 
 

- Effective inactivation of both enveloped 
and non-enveloped viruses including viruses 
highly resistant to physicochemical 
treatment (eg. parvovirus) 
- Compatible with sera 

-  Uniformity of the dose received by the 
media (low effective depth penetration)  
- Degradation of proteins and vitamins 
present in media 
- High cost associated to equipment 
maintenance (lamp, tubing) 
- scalability is low (no system on the 
market for an application at large scale) 

[104–106,116–

118] 

 

γ-
ir

ra
d

ia
ti

o
n

 

Inactivation of 
viruses by base 
mutations, strand 
cross-linking and 
strand breakage 
of virus nucleic 
acids 

γ-irradiation 
(25 à 40 kGy) 

- Dose - Compatible with sera 
- Treatment can be applied directly on 
packaging  

- Lowest inactivation efficacy for small 
viruses   
- Uniformity of the dose received by the 
media (Not suitable for large volumes)  
- Irradiation at low temperatures (eg. 
frozen samples) to reduce formation of 
free radicals  

[108,109] 
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2.4.3. High temperature short time (HTST) treatment  

 HTST treatment is also well known as flash pasteurization. In the biopharmaceutical industry, 

it is important to highlight the difference between heat treatment of culture media and heat treatment 

of viruses for vaccine applications. The first one only lasts a few seconds to preserve media integrity 

and is a preventive treatment. The second one can last longer as it is crucial for pathogenicity 

suppression.119,120 Flash pasteurization was often the chosen technology put in place by 

biopharmaceutical industries that have experienced one or more viral contamination events in the 

90’s. In general, flash pasteurization of cell culture media is performed with continuous systems 

composed of two heat exchangers separated by an insulated retention tube. (Figure 9) The medium is 

heated to the targeted temperature in the first heat exchanger and then held at this temperature for 

a short period of time in an insulated retention tube (e.g., 102°C for 5 sec). The heating section is 

mainly divided in two parts: pre-heating and heating. The medium is then cooled through the second 

heat exchanger and sterilized by a standard microfiltration step. Inactivation temperature and holding 

time are the most important controlled parameters to reduce impacts on cell culture media while 

ensuring an effective viral inactivation. 

 

Figure 9. Schematic representation of the HTST treatment unit with heat exchanger plates 
The plate heat exchanger is subdivided into three parts, from left to right: heating, pre-heating, cooling 
sections. The medium is first pre-heated in the pre-heating section (step 1 to 2), then it is heated to 
reach the desired temperature (e.g. 102°C) using a hot water circuit (step 2 to 3). Then, the medium is 
maintained at 102 ° C for 5 seconds in the retention tube (step 4 to 5), before returning to the pre-
heating section (step 6 to 7), where the hot pasteurized product makes it possible to preheat the 
incoming medium. Finally, the medium is cooled in the "cooling" section using a cold-water circuit 
(step 7 to 8). The flash pasteurized medium is finally collected. 
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 Two types of heat exchangers are used in the industry. One of them is the shell and tube heat 

exchanger, which typically works by countercurrent circulation of fluids in the tubes and the shell. Shell 

and tube heat exchangers are the most common type used in the pharmaceutical industry. Thanks to 

their resistance to high pressure, they are ideal candidates for high viscosity media. Generally, shell 

and tube heat exchangers have welded tube sheets that prevent the removal of the tube bundled for 

inspection and cleaning, although there are many designs, and some modern hygienic exchangers will 

allow the removal of the tube sheet. Borescope inspections are commonly used as well as standard 

pressure testing for inspection and maintenance purposes. The second type, plate-and-frame heat 

exchangers is smaller, cheaper, and more efficient in terms of heat transfer. Plate and frame 

exchangers can have additional plates installed easily to increase the flow path (or removed to 

decrease the flow path). However, they are more prone to pressure drop issues due to plate fouling as 

the flow path is narrow. Maintenance is typically faster as the plate packs can easily be removed for 

cleaning or replacement. Selection of plate and frame heat exchanger is therefore fluid dependent.121 

2.4.4. Viral inactivation effectiveness of HTST treatment 

 High temperature short time treatment is known to be able to effectively inactivate a broad 

range of viruses. Boschetti et al. reported the principle of virus inactivation by heat, by measuring 

endonuclease activity after different heat treatments. A high level of endonuclease activity measured 

by polymerase chain reaction (PCR) after heat treatment at 90°C for 10 minutes illustrated accessibility 

of viral DNA for endonucleases and therefore the disintegration of the viral capsid. Heat inactivation 

of viruses prevents the interaction of viral capsid proteins with cell-surface receptors that facilitate 

their entry into the cells.122 

 Heat sensitivity of viruses after short time exposure at high temperature (> 90°C) was reported 

in scientific articles (Table 5). Larkin et al. highlighted that due to their chemical composition, 

enveloped viruses are more sensitive to heat, while non-enveloped parvoviruses and picornaviruses 

show the highest resistance to heat treatment.123 Mouse Minute Virus (MMV), a non-enveloped 

parvovirus, was often used as a worst case viral model given its high resistance to heat treatment, its 

small size (18-24 nm) and its demonstrated capability to contaminate recombinant protein cell culture 

operations.48,86,124 Media spiked with viruses were put into small containers and exposed to a specific 

temperature and time of exposure. This method is commonly applied for viral inactivation studies, 

although alternative technologies can be used, like the microflow system experimented by Murphy et 

al.125 The comparison of data from literature allows to highlight some convergences and divergences 

related to heat sensitivity of viruses. A robust inactivation of viruses (≥ 4 LRV) was not achieved by only 

treating media for a few seconds below 90°C for MMV based on references presented in Table 5. At 
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90°C, at least 10 minutes of heat treatment was required to reach an effective MMV inactivation (≥ 4 

LRV).122 Heating to 97°C and immediate cooling was efficient to provide complete inactivation (0.7 

log10 TCID50 limit of detection) for MMV.126 A similar finding was made by Schleh et al. who 

highlighted that at a temperature above 95°C, culture media spiked with MMV and exposed for a 

minimum of 2 sec to heat treatment could be effectively cleared of viruses ( ≥ 4.56 LRV).127  

 Therefore, if MMV is inactivated under certain conditions, it is indeed very likely for other 

viruses under the same conditions to be effectively inactivated as well (≥ 4 LRV). For example, above 

95°C and with a holding time as short as 5 sec, an effective viral clearance (≥ 5.6 LRV) was demonstrated 

for Porcine Circovirus 2 (PCV2).128 This leads to high degree of virus safety regarding known and 

emerging human pathogens. 

 It is important to note that experimental conditions (used devices, composition of media, virus 

load) may have a significant impact on the assessment of viral clearance. For example, different heat 

transfer materials were used (e.g. water, steam, sand, oil). Depending on the material used, the time 

required to heat media to the targeted temperature might vary. Some materials are associated to high 

heat conductivity while others can cause media to heat more slowly. The media composition also has 

an impact on the viral inactivation.127 Media properties (e.g., high media viscosity) may have protective 

effects by impacting heat transfer and the microenvironment of viruses. Viruses suspended in plasma 

showed a higher temperature resistance than viruses suspended in distilled water.129 The effectiveness 

of HTST treatment on cell culture media may also depend on the number of viral contaminants as 

Murphy et al. reported that the probability of achieving complete inactivation (100%) decreases as 

MMV contaminants increase.125 

2.4.5. Impact on culture media of the HTST treatment 

 Culture media are partially composed of heat-sensitive components which can be damaged by 

HTST treatment (Table 6). Therefore, every medium treated with this technology should be analysed 

to ensure that media can still feed the cells with all necessary nutrients. 

 The major issue encountered in literature with HTST-treated media is component 

precipitation. While Schleh et al. and Kiss indicated that heat treatment did not cause any precipitation, 

such events have been highlighted by Cao et al, Pohlscheidt et al., and Shiratori et al.126,127,130–133 When 

precipitation occurred, the precipitates were mainly calcium phosphates. This has been chemically 

explained by Cao et al.130 The solubility of calcium complexes in water, which is already low at 25°C 

(Ksp = 10-33), decreases when temperature increases. These precipitations can lead to serious  
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Table 5. Assessment of viral inactivation by heat treatment based on data available in the literature  

Virus Media  Technology Conditions tested Conclusions taken from respective publications Reference 

BPVa Distilled water or human 
plasma 

Fusion-sealed 
ampoules of 0.1mL 
fully immersed in 
agitated water bath 

Media were incubated for durations between 0 
and 48h at 60°C 

Viruses suspended in plasma show a higher 
temperature resistance than viruses suspended in 
distilled water. Inactivation of 7 log was obtained after 
28h in water and 48h in plasma. 

Bräuniger et al., 
2000129 

MMVb, 
BEVc, 
SINVd, 
PRVe, 
HIV-1f 

Solution of 2.5% 
apolipoprotein A-I, 3M 
guanidine hydrochloride 
and 0.75mM EDTA 

Not given (probably a 
standard incubator) 

Media were treated for 0, 60, 120, 180, 240, 
300, 360 min at 60°C and immediately diluted 
fivefold in ice-cold cell culture medium.  

Robust inactivation ≥4 log was obtained for BEVc, PRVe 
and HIV-1 f after 3h, inactivation of ≥8 log was 
obtained for Sin after 3h, and inactivation of ≥6 log 
was obtained for MMVb after 10h.  

Schlegel et al., 
2001124 

MMVb Water 
Homemade device, 
wet-heat treatment 
and ice bath. 

Water samples were incubated for 0,1,2,5,10,20 
and 60 min at 70, 80, 90°C. Media were 
immediately cooled in ice until titration. 

Robust inactivation (≥4 log) was only achieved at 90°C 
for at least 10 min.  

Boschetti et al., 
2003122 

PCV2g 

PPVh 

Eagle’s MEM with non-
essential amino acids 
containing antibiotics 
and 10 % of fetal calf 
serum 

Media in glass 
containers immersed 
in a heated shaking 
water bath. 

Media were incubated for 5 sec, 5 min and 15 
min at 80°C, 90°C and 95°C, then placed after 
treatment in an ice bath. 
 

The highest reduction of infectivity, ≥ 6.0 and ≥ 5.6 
log10, respectively, could be seen after 5 seconds at 
95°C for PCV2g. In this study PPVh was also studied. 
The results indicated that PCV2 g is even more heat-
resistant than PPVh.  

Emmoth et al., 
2004128 

MMVb 
Two cell culture media 
with slightly different 
compositions 

Apparatus designed 
and constructed in 
house 

Media were incubated for 2,5,10,15,30 sec at 
95°C, 105 °C, 115°C. Media were then cooled to 
~ 17 degrees before cooling. 

Logarithm virus inactivation in these conditions were 
≥3.24 by heating media 1 at least 5 sec and ≥4.56 logs 
for media 2 under all conditions tested. 

Schleh et al., 
2009127 

MMVb 

Tests performed with a 
serum containing (10%, 
2% or serum free media) 
cell culture media 
sample 

Heating tube within a 
hot oil bath, held at 
that temperature by 
flowing through an 
insulated retention 
coil, rapidly cooled by 
a refrigerated water 
bath 

Media were incubated for 0,2,6,8,10 sec at 
87°C, 92°C, 97°C.  

Heating to 97°C and immediately cooling was enough 
to provide complete inactivation for media containing 
10% serum. Similar inactivation results were obtained 
with 2% serum-containing medium and serum-free 
medium at 102°C over the range of hold times. Based 
on a modelling work, a design target of 102 °C and 10 
sec exposure was selected for evaluation of media 
compatibility studies. 

Kiss, 2011126 

MMVb 
Eli Lilly’s proprietary 
medium LM7105 

AFRICA microflow 
system (syrris Ltd) 

Media were treated for 10, 20, 30, 40, 50, 60 
sec at 80, 90 and 100°C. 

To receive ≥3 log10 of reduction, MMVb spiked 
medium had to be treated at 100°C for 60 sec.  
 

Murphy et al., 
2011125 

a bovine papillomavirus; b mouse minute virus ; c bovine enterovirus; d Sindbis virus ; e pseudorabies virus ; f human immunodeficiency virus ; g porcine circovirus ; h porcine 
parvovirus 
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 consequences (e.g. incomplete glycosylation) and production process yields.132 Additionally, 

precipitates may disrupt temperature control by fouling the heat exchanger surfaces. Key factors 

associated with the risk of precipitation of calcium phosphates with HTST treatment are temperature, 

pH, and concentrations of calcium and phosphate.132 Reducing the temperature may not be the best 

choice to prevent precipitations, as the viral inactivation may then not be effective (≤ 4 LRV). However, 

lowering the pH was shown to be a promising strategy that resulted in reduced turbidity of the 

media.133 Another option to mitigate precipitation events is to supply the medium with calcium and 

phosphate only after the HTST treatment step (these additions would nevertheless need to undergo 

another type of viral inactivation) depending on the overall viral risk of the sources of CaPO4. Methods 

such as fluidized sand bath or oil bath can be used to predict if precipitation is going to occur with a 

specific media during HTST treatment.131,132 Shiratori et al. used a design of experiments to assess when 

precipitation events occurred depending on the nature of the solution treated, pH and phosphate and 

calcium concentrations.132,133 

 Apart from precipitation, HTST treatment might have other impacts on media, especially on 

heat labile components. For instance, a loss by 10-20% of insulin and highly heat labile vitamins was 

reported by Kiss et al., while no significant losses of amino acids, methotrexate, glucose concentration 

were detected.126,132,133 Floris et al. reported that heat treatment of CHO media formulations was 

associated with increased presence of Maillard products, particularly for hydrolysate-supplemented 

formulations which introduce more carbohydrates and amino-acids.134 Furthermore, Weaver & 

Rosenthal  observed that a medium containing fetal bovine serum was not compatible with heat 

treatment.135 However, as HTST was not performed on the same medium without serum, it cannot be 

assessed whether this incompatibility came from the serum itself or another component of the basal 

medium. Kiss  reported no impact on a medium containing serum.126 In conclusion, tests must be 

performed for each medium composition to elucidate possible incompatibilities with HTST, which 

would eventually require alternative viral clearance methods to be considered. 
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Table 6. Assessment of media impacts by heat treatment based on data available in the literature 

Media Technology Conditions tested Conclusions taken from respective publications Reference 

Media Similar to the common 

DMEM/Hams F12 medium 

formulations supplemented with 

protein hydrolysates.  

Glucose solution. 

Trace elements solution. 

Heat sterilization for media and 

glucose solution. 

Autoclave sterilization for trace 

elements solution.  

102°C for 10 sec for 

media and glucose 

solution. 

 

- 10-20% loss of insulin 

- No significant loss of amino acids, vitamins, methotrexate. 

- No significant impact on glucose concentration.  

- Trace elements solutions treated by autoclave sterilization did 

not significantly affect the metal concentration. 

- No significant impact on media or feed filtration performance. 

Kiss, 2011126 

Medium containing a growth 

factor, a complex plant 

hydrolysate, vitamins, amino acids, 

methotrexate and other nutrients 

Screening of media with a bench 

scale using a fluidized sand bath.  

Series of heat exchangers.  

102 ± 2 °C for 

approximately 10 

sec and then 

cooled to 37°C 

- At elevated temperature, calcium and inorganic phosphates in 

the media form insoluble particles, such as hydroxyapatites.  

- Significant back pressure due to filter clogging 

- Significant precipitation and residue on filter and production 

equipment 

- Calcium and inorganic phosphate salts were removed from the 

basal media and added after the HTST treatment. Media 

prepared with all components except calcium salts showed 

negligible precipitation when heated to 102°C. 

Kiss, 2011131 

Three different media in term of 

composition   

Custom-fabricated module. The 

heater is a steam heated, shell-

and-tube heat exchanger.  

Media heated at 

102°C for 10 sec 

and then cooled to 

25°C  

- Precipitation of components during the heat treatment were 

mainly metal phosphates (tricalcium phosphate, trimagnesium 

phosphate and iron (III) phosphate). 

- Need to reduce or remove some or all heat labile components 

- Prevent precipitations by lowering the pH before treatment and 

by adding NaOH solution right after the HTST treatment. 

Cao et al., 2013130 

Four cell culture media, including 

one containing fetal bovine serum 

(FBS) 

Bench-scale processing system. 

The unit is a tubular heat 

exchanger with sections 

configured for preheating, 

heating, and cooling of the 

solution to be treated. 

102°C for 10 sec 

and 115°C for 30 

sec 

- FBS containing media was not compatible with HTST treatment  
Weaver & 

Rosenthal, 2010135 

Seven CHO media formulations 

including three chemically-defined 

media and four supplemented 

with soy hydrolysates 

Small scale HTST system 

developed in-house for 

continuous-flow media 

processing 

100°C for 10 sec 

and then cooled to 

20°C 

- No visible alteration by heat treatment. 

- Very modest shifts in pH values associated to the partial release 

of CO2 during heat-treatment 

- Stable back pressure  

Floris et al., 2017134 
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- Increased presence of Maillard products in HTST-treated 

formulations, particularly for hydrolysate-supplemented 

formulations which introduce more carbohydrates and amino-

acids 

Roche/Genentech proprietary cell 

culture media 

Study 1. HTST units designed for 

bioprocessing applications with 

shell and tube heat exchangers 

Study 2. Fluidized Sand-bath 

model system (extreme 

conditions) 

102 ± 2 °C for 10 ± 

2 sec 

- Study 1. no significant effect on typical cell culture media amino 

acids, most of the vitamins, selection agents, some growth 

factors, glucose, and salts, among others.  

~10–20% loss of recombinant human insulin and ~10–20% loss 

of highly heat-labile vitamins. 

Formation of a precipitate highly enriched with phosphate and 

calcium (Ca5(PO4)3OH(s) 

- Study 2. Up to 60% loss of some heat-labile vitamins (eg. vitamin 

B12).  

In both study, trace elements losses were observed for some 

conditions (specifically iron). Precipitation mitigation by 

lowering the phosphate concentration, the media pH, or both 

the pH and the phosphate concentration before HTST treatment 

M. Shiratori & Kiss, 

2018132 

Undefined medium formulations 

supplemented with soy 

hydrolysates 

Bench-top HTST device 

100°C, 150°C and 

200°C for 10.8 sec, 

110°C for 21.6 and 

43.2 s 

and then cooled to 

20°C 

 

- Prolonged holding times of 43 sec at temperatures of 110 °C did 

not adversely impact medium quality while significant 

degradation was observed upon treatment at elevated 

temperatures (200 °C) for shorter time periods (11 sec). 

- At 150°C, 10.8 sec, precipitates, considerable browning, pH 

shifts were observed 

Floris et al., 2018136 

Basal production media and feed 

medium with varying pH Levels 
Fluidized sand bath 

102°C for 10 sec 

pH from 5.9 to 7.5 

Calcium from 0 mM 

to 3.5 mM 

Phosphate from 0 

mM to 6.5 mM 

Samples cooled in a 

water bath 

- In several cases, lowering pH without lowering calcium and 

phosphate concentrations led to lower turbidity after heat 

treatment 

- Formulations without calcium or with low calcium 

concentrations neither showed precipitation events nor had 

high turbidity even at neutral pH. 

- Importance of the ratio between phosphate and calcium 

concentrations 

M.Shiratori et al., 

2019133 
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2.4.6. Impact on process performance and product quality of the HTST treatment 

 In addition to the evaluation of the impact of heat treatment on media component 

degradation, and due to the complex nature of cell culture media and feed solutions, functional tests 

are also required to assess the impact on cell growth, productivity and product quality. Kiss et al., 

reported no impact on specific growth rate of a Chinese hamster ovary (CHO) cell line with treated 

culture growth medium over 4 days containing 2% serum and treated production culture growth for 

10 sec at 97, 102, 107 and 115°C in a 2 L model system.126 Same conclusions were made for media 

treated at 102°C for 60 sec. No significant impacts were observed on titer or on the product quality 

attributes. In the same way, Pohlscheidt et al., reported at small and large-scale comparable cell 

growth, cell metabolism, product yield and product quality (e.g. charge and size variants attributes) for 

a CHO cell line after heating media containing a growth factor and complex plant hydrolysates in 

addition to other nutrients at 102°C for 10 sec.131 Weaver & Rosenthal, only identified a minor impact 

on cell growth under extreme treatment conditions (115°C for 30 sec), but no impact was observed 

under standard conditions of exposure at 102°C for 10 sec.135 In addition, they demonstrated the 

absence of impact on measured protein quality attributes following media heat treatment by analyzing 

sialylated glycan profile, Lys-C peptide map, and  size-exclusion high-performance liquid 

chromatography (SE‐HPLC) profile. Shiratori & Kiss reported no negative effects on the CHO cell culture 

performance or on measured product quality attributes even though a loss of 10-20% of recombinant 

insulin and 10-20% of highly heat labile vitamins was assessed in heat-treated media.132 

2.4.7. HTST treatment in the biopharmaceutical industry 

 Viral inactivation of cell culture media and feed solutions in a biomanufacturing process is a 

preventive treatment that is not viewed as mandatory by regulatory agencies. HTST is a technique 

which can be quite easily implemented at a large-scale without being excessively costly. Genentech 

was the first company to have implemented HTST treatment to mitigate potential virus contamination 

events after they experienced a contamination by MMV in 1993 and 1994.126,131 Since then, more 

commercial processes have been adapted to include this preventive treatment. In 2011, 

Genentech/Roche had established 16 HTST processes (6 commercial processes including a 16,500L 

scale- and 10 clinical processes) at 9 different sites, including those of  contract manufacturing 

organisations or partners.126,131 In 2013, 22 HTST operating units were reported in the pharmaceutical 

industry.137 Among them, some are known to be owned by Amgen, and Biomarin.127,130,134–136 Eli Lilly 

also showed interest in this technology with a study at small-scale.125 The Life Science business of 

Merck KGaA offers the opportunity for outsourcing HTST treatment of high-risk raw materials such as 
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glucose at their two redundant large-scale production sites. Outsourcing HTST treatment can save high 

upfront capital investments, mitigates production risks, and saves operational footprint. 
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3. Aims of the study 

 Cell culture medium composition is critical to ensure consistency and safety of mAb production 

processes in the biopharmaceutical industry. The presented work aims to address two concerns 

related to the use of cell culture media for monoclonal antibody production in the biopharmaceutical 

industry. The first part focuses on the use of soy protein hydrolysates in cell culture medium and its 

impacts on mAb yield and quality. Soy protein hydrolysates are a complex cell culture raw material 

used to enhance cell growth and mAb production. Using a small-scale cell culture model in shake-

flasks, we will measure how much batch-to-batch variability of soy protein hydrolysates could impact 

mAb production. A physico-chemical characterization of batches of soy hydrolysates will be conducted 

in parallel to evaluate if any variation in process outputs is correlated with a variation in quality of soy 

hydrolysates. This research may lead to increased knowledge on soy protein hydrolysates composition, 

and above all on the determination of critical components that could impact mAb production. These 

finding will allow us to rise attention on critical elements in cell culture medium to ensure optimal mAb 

yield and quality. The second part focuses on increasing mitigation actions on cell culture media 

regarding the risk of contamination by viruses. Indeed, raw materials used in cell culture medium are 

the main source of viral contaminations. Therefore, two different processes producing mAb were 

evaluated for their compatibility with high temperature short time treatment (HTST) using HTST 

technology and small-scale cell culture models. This work will allow to determine if some components 

in cell culture media are not compatible with heat treatment and consequently define strategy to allow 

heat treatment without altering cell culture media. 
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4. Materials and Methods 

4.1. Soy hydrolysates and soy starting material 

4.1.1. Soy starting material  

 Soy starting material are the incoming raw material used for soy hydrolysates production. 20 

batches of soy starting materials were collected at the vendor site. 

4.1.2. Soy hydrolysates 

 37 batches of the same reference product of soy protein hydrolysates manufactured by the 

same vendor in a 6-year period were used in this study. The soy hydrolysates were stored at room 

temperature.  

4.2. Cell culture medium preparations  

 Two fed-batch manufacturing processes of two different therapeutic monoclonal antibodies, 

named process A and process B, were used. Only process B which contains soy protein hydrolysates 

was used to study the soy protein hydrolysates batch-to-batch variability. Both processes A and B were 

used to study the compatibility of high temperature short time treatment of their respective cell 

culture media and feed solutions.  

4.2.1. Process A, cell culture media  

 Cell culture media and feed solutions used in this process are chemically defined. The cell 

expansion medium was obtained by dissolving chemically defined powdered medium in water at room 

temperature with stirring and different components including a buffer system and insulin. The cell 

expansion and production media are very similar; the expansion medium contains one additional low 

concentration compound. The fed-batch process consisted of three feed solutions: a concentrated 

glucose solution at 350 g/kg, a solution rich in amino acids, trace elements and vitamins (main feed), 

and a concentrated amino-acids solution.  

4.2.2. Process B, cell culture media 

 Cell culture media and two feed solutions used in this process are complex due to the presence 

of soy hydrolysates and animal-derived components. The cell expansion medium was prepared by 

dissolving powdered medium and different supplements including a buffer, an iron chelating agent, 

and protein hydrolysates in water at 37°C with stirring. The powdered medium used to prepare process 

B cell culture medium is a mix of components such as amino acids, vitamins, and chemical elements. 

The iron chelating agent is described as a strong metal ion chelator, but its nature and concentration 
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were not disclosed by the supplier. The cell expansion and production media are very similar; the 

production medium contains one additional low concentration compound. The fed-batch process 

includes different feed solutions including protein hydrolysates, trace elements, glucose, amino acids 

and a growth-promoting solution.  

4.2.3. Study of batch-to-batch variability of soy hydrolysates  

 The powdered basal medium and other required supplements were dissolved in water at 30-

35°C with stirring, except for the soy protein hydrolysates powder (4.2.2). The same batches of raw 

materials were used during medium preparations. The cell culture medium was then divided into 

several aliquots for testing of up to 8 batches of soy protein hydrolysates including each time the same 

reference batch. The reference batch corresponds to the batch being used at manufacturing scale at 

the time of this study. Each cell culture medium aliquot was supplemented with a batch of soy 

hydrolysates to a final concentration of 1.25 g/L. The fed-batch process includes a concentrated 

feeding solution of soy hydrolysates at 250 g/L dissolved at 30-35°C and stirred for one hour. Media 

and feed solution were filtered aseptically on a 0.22 µm porosity membrane filter and stored protected 

from light at 2°C to 8°C. A few hours before their use, cell culture media were incubated at 37°C. 

4.2.4. Ferrostatin-1 supplementation assays  

 Ferrostatin-1 (SML0583, Sigma-Aldrich) was dissolved at 10 mg/mL in dimethyl sulfoxide 

(DMSO, D2438, Sigma-Aldrich) and then added to process B culture medium at 0, 3 nM, 10 nM, 30 nM, 

100 nM, and 300 nM containing a batch of soy hydrolysates associated to a low level of iron (60 µg/g 

of soy hydrolysates or 60 ppm for batch 10). An additional control was added with the maximum 

quantity of DMSO added to the culture medium. The prepared solutions were stirred for 10 minutes 

before being 0.22 µm filtered. Initial seeding density was targeted at 2.0 x 105 viable cells/mL, and cells 

were maintained during 7 days in shake flasks in duplicate in batch mode. This first experiment allowed 

to check the potential cytotoxicity effect of the addition of ferrostatin- 1 and DMSO to the culture 

medium by measuring viable cell density, viability, and metabolites during cell culture (4.8). Then, as 

mentioned previously, culture medium with 0, 100 nM or 300 nM of ferrostatin-1 were prepared and 

supplemented with ferrous sulfate to an iron quantity that mimics the level added by a soy hydrolysate 

batch containing 60 ppm (without ferrous sulfate), 175 ppm or 250 ppm. The concentrated feed 

solution of soy hydrolysates, added at day 4 of cell culture, was also supplemented with ferrous sulfate 

to an iron quantity that mimics the level added by a soy hydrolysate containing 60 ppm (without 

ferrous sulfate), 175 ppm or 250 ppm. Levels of iron indicated in ppm mimic quantities of iron present 

in soy hydrolysates powder. These conditions were tested in shake flasks in duplicate (4.6.2. and 4.7). 
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4.2.5. Ammonium ferric citrate and ferrous sulfate supplementation assays  

 Process B cell culture medium and feed solution containing a batch of soy hydrolysates 

associated to a low level of iron (60 µg/g of soy hydrolysates or 60 ppm for batch 10) were spiked with 

ammonium ferric citrate (Merck Millipore) or with ferrous sulfate heptahydrate (Sigma-Aldrich®). 

Levels of iron tested and indicated in ppm mimic quantities of iron present in soy hydrolysates powder. 

Concentrations of iron at 80, 100, 130, 175, 250, 500 ppm (µg of iron /g of soy hydrolysates) were 

tested in cell culture in shake flasks in triplicate as mentioned in 4.6.2. and 4.7.  

4.3. High temperature short time treatment  

 Cell culture media and feed solutions, mentioned in 4.2.1 and 4.2.2, were heated with the 

UHT/HTST Armfield FT74-30-MkIII system. For process A: The processing parameters, temperature and 

holding time, were set at 95°C or 102°C for 5 seconds. After heat treatment, media and feed solutions 

were microfiltered. The culture media were stored protected from light at 2-8°C. The feed solutions 

were stored protected from light at room temperature. A few hours before their use, culture media 

were incubated at 37°C. For process B: HTST treatment was tested on production medium, at 95°C, 

98°C or 102°C, for 5, 10 or 15 seconds. For the expansion medium, only 5 sec and 10 sec holding times 

were conducted at 95°C, 98°C and 102°C. Finally, each of the feed solutions underwent 5 sec of heat 

exposure at the lowest and highest temperature (95°C and 102°C). After heat treatment, media and 

feed solutions were aseptically filtered and stored protected from light at 2-8°C. A few hours before 

their use, culture media of both processes were incubated at 37°C. 

4.4. Fluidized sand bath experiments  

 Bench scale screening of media for their respective compatibility with heat treatment is 

recommended by using a fluidized sand bath (Techne, USA, Fluidized Bath SBS-4) together with a 

temperature controller (Techne, USA, TC-9D).131 In comparison to Armfield system, the fluidized sand 

bath does not require large volume of media and there is no chance of clogging the system in case of 

severe precipitation.  It took about 10 minutes for the sample previously stored at room temperature 

to reach the targeted temperature of 102°C. This is much longer than the time it takes to heat the 

media during HTST treatment (approximately 10 to 20 s).131 Therefore, the fluidized sand bath system 

can be considered worst case regarding heating time and heat exposure of the media.131 Then, the 

tube containing the medium is kept during a given period of time in the fluidized sand bath before 

being cooled in a water bath. In this study, experiments were conducted to collect, analyse, investigate, 

and limit potential precipitate formation due to high temperature with process B cell culture medium. 

35 mL of medium was filled into a pressure glass tube (Ace Glass, 8648-43), and a temperature probe 
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was used to monitor the temperature of the media. A visual inspection was performed, and medium 

turbidity was measured with Turb 555 IR (WTW). For precipitate collection, heated medium was 

centrifuged at 3,000 relative centrifugal force for 10 minutes, and supernatant was discarded. 

Precipitate was washed twice with 20 mL of reverse osmosis water and centrifuged again before being 

analysed. 

4.5. Analytical methods related to heat treatment 

 The media and feed solutions were analysed pre- and post-heat treatment to quantify 

potential impacts of HTST treatment. Turbidity, pH and osmolality were measured with Turb 555 IR 

(WTW), 780 pH Meter (Metrohm), and Model 3320 Micro-Osmometer (Advanced Instruments), 

respectively. Concentrations of glutamine, glucose, lactate, glutamate, and ammonium were 

determined with Nova Bioprofile 100+ (Nova Biomedical, Waltham, MA). Amino-acid titers were 

measured with ACQUITY UPLCTM (Waters) and AccQ Tag Ultra (2.1x100mm) column (Waters). For the 

screening of trace elements, two different ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

devices and methods were used: a semi-quantitative overview analysis (Totalquant®) using quadrupole 

ICP-MS and a quantitative re-measurement using high resolution ICP-MS. Regarding analyses of 

precipitates, stereomicroscope and scanning electron microscopy (SEM) images were taken with 

SteREO Discovery.V20 (Zeiss) and VEGA3 (Tescan) respectively. VEGA3 (Tescan) was also used to 

perform Energy Dispersive X-ray Spectroscopy (EDS). In addition, infrared spectra of the samples were 

determined using microscope IRTF LUMOS II (Bruker).    

4.6. Cell lines and cell cultures  

4.6.1.  Process A 

 The Chinese hamster ovary (CHO) cell line was used to produce the therapeutic monoclonal 

antibody. Cell cultures were firstly incubated in shake tubes at 36.5°C with a humidified atmosphere 

containing 5% CO2, and with an agitation speed of 320 rpm. Shake tubes were fitted with an airy cap 

for gas exchange, and studies were performed in triplicate with 30 mL working volume. Thawing was 

performed using non heat treated medium. The recombinant cell line was then adapted to heated or 

unheated cell culture medium with sequential dilutions performed every two to three days for 14 days. 

At the first passage, one shake tube was used per condition due to the limited number of cells. 

Triplicate tubes per condition were obtained from the second passage. Initial seeding density target 

was 3.0x105 viable cells/mL. The production phase lasted fourteen days using heated or unheated cell 

culture medium. At the sixth day of the production phase, the temperature of the incubator was 

lowered to 33°C. Samples were taken during the culture to monitor both cell growth and cell 
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metabolism, and to assess final mAb titers. During the production stage, cell culture was carried out in 

fed-batch mode with the sequential addition of three different heated or unheated feed solutions. The 

addition of the feed solutions was only carried out after having monitored cell growth and metabolism. 

(Figure 10) 

 

Figure 10. Design of experiment 

Fed-batch cell culture for the production human IgG1 antibody performed in shake tubes using 

unheated, heated at 95°C for 5 seconds (95°C/5 sec) or at 102°C for 5 seconds (102°C/5 sec) cell culture 

media and feed. Each condition was tested in triplicate from thawing for 14 days, followed by a 

production phase lasting 14 days. 

4.6.2.  Process B 

 The recombinant cell line derived from the murine hybridoma cell line Sp2/0 was used to 

produce the therapeutic monoclonal antibody. Cell cultures were maintained in an incubator at 37°C 

with a humidified atmosphere containing 10% CO2, and with an agitation speed of 130 rpm. Shake 

flasks were fitted with an airy cap for gas exchange, and studies were performed in triplicate with 40 

mL working volume per shake flask. Cell culture took place in two phases. During the cell expansion 

phase, the recombinant cell line was adapted to its culture medium by diluting the cells in the test 

medium with an interval of two to three days between dilutions. The production phase then lasted 

eleven days using a given cell culture medium corresponding to the desired tested condition. 

Production phase corresponds to a phase of cell growth and production of the monoclonal antibody. 

Initial seeding density target was 2.8x105 viable cells/mL. Samples were taken throughout the culture 

to monitor both cell growth and cell metabolism and to assess mAb final titers. During the production 

stage, cell culture was carried out in fed-batch mode with the sequential addition of three feeding 

solutions. The additions of the feed solutions were only carried out after having monitored cell growth 
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and metabolism on the second and fourth day of culture to ensure cell culture parameters were 

adequate. On the fourth day of culture, the culture medium was supplemented with a concentrated 

solution of soy hydrolysates at 10 mL/L of cell culture medium. 

4.7. Analytical methods for cell culture 

4.7.1. Measurement of viable cell density and cell viability during cell culture 

 The viable cell density and the cell viability were measured using a Vi-Cell analyser (Beckmann 

Coulter, Brea, CA). Vi-CELL instrument differentiates living cells from dead cells stained with trypan 

blue.  

4.7.2. Measurement of metabolites during cell culture 

 After cell counting, the rest of the sample was filtered at 0.22 µm to remove cells. Metabolites, 

such as glutamate, glutamine, lactate and glucose, and ammonium ions, were determined with the 

Nova Bioprofile 100+ (Nova Biomedical, Waltham, MA). Glutamate, glutamine, lactate and glucose 

biosensors are amperometric electrodes that have immobilized enzymes in their membranes (eg. 

glucose oxydase). In the presence of oxygen and the substrate being measured, these enzyme 

membranes produce hydrogen peroxide (H2O2), which is then oxidized at a platinum anode held at 

constant potential. The resulting flow of electrons and current change is proportional to the sample 

concentration. Ammonium measurements are potentiometric. The selective ammonium membrane 

potential is directly proportional to the logarithm of the concentration of the ion being measured.  

4.7.3. Measurement of mAb titers  

 At the end of the cell culture, part of the supernatant was removed, filtered at 0.22 µm to 

remove cells and stored at -80ºC prior to determining the monoclonal antibody titer. Titer 

quantifications of the mAb produced were performed using a PA-HPLC (Protein A high performance 

liquid chromatography) method with Alliance 2690 HPLC separations module (Waters). Normalized 

results were calculated for mAb titers and mAb quality attributes at the end of the cell culture 

compared to the control condition.  

4.7.4. Measurement of mAb critical quality attributes  

4.7.4.1. Process A  

 Antibodies were captured from the cell culture supernatants. These concentrated samples 

were then used to determine the product quality. Deamidation percentage was determined by weak 

cation exchange high performance liquid chromatography (WCX-HPLC) using Alliance 2690 HPLC 
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separations module (Waters). Glycan mapping was performed by using fluorescent dye, 2-

aminobenzamide (2AB) with AssayMap Bravo liquid handling platform (Agilent). Then the isolated 

glycans were separated and quantified by hydrophilic-interaction liquid chromatography (HILIC) using 

ACQUITY UPLCTM (Waters) and ACQUITY UPLC BEH glycan 1.7 µm column (Waters) coupled with 

fluorescence (FLR) detector (Waters). The charge variants were determined by imaged capillary 

electrophoresis (iCE) using iCE3 (ProteinSimple). High Molecular Weight (HMW) fragments of the mAbs 

were quantified by size exclusion high performance liquid chromatography (SE-HPLC) using Alliance 

2690 HPLC Separations Module (Waters). While low molecular weight (LMW) fragments were 

quantified by capillary electrophoresis using Labchip GXII (Perkin Elmer). Oxidation levels of 

methionine residues were determined by reversed-phase chromatography (RP-HPLC) and ACQUITY 

UPLC BEH C18 column (Waters) coupled to UV detector High sensitivity TUV cell B (Waters). 

Normalized results were calculated mAb quality attributes at the end of the cell culture compared to 

the control condition.  

4.7.4.2. Process B 

 Eventually, product quality was assessed after a first chromatography capture step on protein 

A, after the triplicate shake flasks content were pooled, centrifuged, and 0.22 µm filtered. Analysis of 

the acidic charge variants was performed by CEX-HPLC (Cation exchange high performance liquid 

chromatography). The relative amount of acidic forms was determined as the sum of the peaks area 

eluted before the main peaks over the sum of all peaks area and were normalized.  

4.8. Characterization of soy hydrolysates  

4.8.1. Free and total amino acid analyses 

 For the analysis of total amino acids in soy hydrolysates, 300 mg sample was dissolved in 

10.0ml 6N hydrochloric acid. 1ml of this was pipetted into a glass tube and hydrolysed at 110°C for 

18h. 0.1ml was pipetted into a 20ml volumetric flask and made up to 20ml with sample dilution buffer. 

For the analysis of free amino acids soy hydrolysates sample are prepared at 20 mg/ml in ultra-pure 

water, and then diluted 1:10 prior to analysis. Analyses of free and total amino acids were performed 

using an Acquity UPLC system (Waters, USA) coupled with an Acquity PDA photodiode array detector 

(Waters, USA). The stationary phase consisted of a Waters AccQ-Tag Ultra RP column (2.1 mm x 100 

mm, 1.7 µm, Waters, USA). The mobile phase consisted of AccQ-Tag ultra eluent A and AccQ-Tag ultra 

eluent B. The separation mode was based on reversed-phase separation of amino acids previously 

derivatized with AccQ•Tag Ultra reagent. The sample chamber temperature was 25°C. The column 

temperature was 48°C. The injection volume was 1 µL. The flow rate was 0.7 mL/min. The gradient 
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elution method was (minute-minute/%A:%B): 0-4/100:0, 4-6/90.5:9.5, 6-7.25/88:12, 7.25-11.5/75:25, 

11.5-30.01/100:0.  

4.8.2. Molecular weight distribution  

 Samples of soy hydrolysates were first dissolved at 2.5g/L in 30:70 Acetronitrile:H20 with 0.1% 

trifluoroacetic acid. Molecular weight distribution was determined by size exclusion chromatography 

(SEC) using an Acquity UPLC system (Waters, USA) coupled with a PDA photodiode array Acquity 

detector (Waters, USA). The stationary phase consisted of an Acquity UPLC protein BEH SEC column 

(1.7 µm, 4.6 mm X 300 mm, Waters, USA). The sample chamber temperature was 8°C. The column 

temperature was 40°C. The mobile phase consisted of 30:70 acetronitrile:H20 with 0.1% trifluoroacetic 

acid. The injection volume was 5 µL. The flow rate was 0.4 mL/min. The elution method was isocratic 

and lasted 10 minutes. 

4.8.3. Vitamin analyses 

 Analysis of vitamins were performed using an Acquity UPLC system (Waters, USA) coupled with 

a single-quadrupole mass dectector Acquity QDa (Waters, USA) and a PDA photodiode array Acquity 

detector (Waters, USA). The stationary phase consisted of an Acquity HSS T3 column (2.1 mm x 150 

mm, 1.8 µm, Waters, USA). The mobile phase consisted of 10 mM ammonium formate with 0.1% 

formic acid in water (mobile phase A) and 10 mM ammonium formate with 0.1% formic acid in 

methanol (mobile phase B). The separation mode was based on reversed-phase separation of vitamins. 

The sample chamber temperature was 8°C. The column temperature was 46°C. The injection volume 

was 5 µL. The flow rate was 0.3 mL/min. The gradient elution method was (minute-minute/%A:%B): 0-

12/100:0, 12-13/65:35, 13-15/10:90, 15-30/100:0, 30/99:1. By using standard solutions corresponding 

to the following vitamins, this method allowed the detection of calcium pantothenate, biotin, 

cyanocobalamin, folic acid, niacinamide, niacin, pyridoxal, pyridoxine, riboflavin, and thiamine.  

4.8.4. Maillard reaction product and cross-link lysinoalanine detection  

 Maillard reaction products such as carboxymethyllysine (CML), carboxyethyllysine (CEL) and 

furosine (Fur), and the cross-link amino acid lysinoalanine were qualitatively analysed on analysed by 

UPLC™/Q-TOF-MS (Ultra-High Performance Liquid Chromatography-Quadrupole Time-Of-Flight Mass 

Spectrometry) on a Xevo-QTOF instrument. The stationary phase consisted of an Acquity UPLC BEH 

amide column (2.1 mm x 30 mm, 1.7 µm, Waters, USA). The mobile phase consisted of 0.1% formic 

acid in water (mobile phase A) and 0.1% formic acid in acetronitril (mobile phase B). The sample 

chamber temperature was 4°C. The column temperature was maintained at 35°C. The injection volume 

was 15 µL. The flow rate was 0.3 mL/min. The gradient elution method was (minute-minute/%A:%B): 
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0-6.5/80:20, 6.5-8/0:100, 8-30/80:20. CML, CEL and LAL were identified using an extracted trace at 

205.10 Da,219 Da, and 234 Da respectively.  

4.8.5. Saccharide analyses  

 Saccharide analyses were performed using an Acquity UPLC system (Waters, USA) coupled 

with a single-quadrupole mass dectector Acquity QDa (Waters, USA). The stationary phase consisted 

of an Acquity UPLC BEH amide column (2.1 mm x 30 mm,1.7 µm, Waters, USA). The separation mode 

was based on hydrophilic interaction (HILIC) of saccharides. For fructose, galactose, glucose, inositol, 

sucrose, lactose, maltose, analyses were performed as followed. The mobile phase consisted of 90% 

acetonitrile, 5% water, 5% 2-propanol, 0.05% diethylamine plus 500 ppb guanidine HCl. The sample 

chamber temperature was 8°C. The column temperature was maintained at 85°C. The injection volume 

was 2 µL. The flow rate was 0.7 mL/min. The elution method was isocratic and lasted 15 minutes. For 

stachyose and raffinose, analyses were performed as followed. The mobile phase consisted of 80% 

acetronitrile, 20% water with 0.1% ammonium hydroxide (mobile phase A) and 30 % acetronitrile, 70% 

water with 0.1% ammonium hydroxide (mobile phase B). The sample chamber temperature was 8°C. 

The column temperature was maintained at 70°C. The injection volume was 2 µL. The flow rate was 

0.4 mL/min. The gradient elution procedure was (minute-minute/%A:%B): 0-6/85:15; 6-6.01/70:30; 

6.01-10/85:15. 

4.8.6. Chemical element analyses  

 50 mg of samples mixed with 2 mL nitric acid HNO3 and 1mL ultrapure water were first 

decomposed using a microwave digestion system. After completion, 50 µL indium II standard solution 

was added and samples were diluted with ultrapure water to a volume of 50 mL. The semi-quantitative 

overview analysis of 67 elements was determined using a quadrupole ICP-MS Elan 6000 instrument 

(Totalquant, PerkinElmer). In analysis by ICP-MS, samples are atomised and broken down into the 

individual sample atoms and ionised in an argon plasma at very high temperatures (> 5000 K). These 

ions can be separated according to the individual atomic masses in a mass spectrometer and detected 

with very high sensitivity by means of a detector. Calibration lines are generated by means of a blank 

value and a multi-element standard, and the samples are measured against these. The standard used 

(ICP multi-element solution VI, Merck) contains not all, but only 30 of the elements to be determined. 

For all masses not contained in the calibration solution, calibration lines are generated via sensitivities 

stored in the device software. Especially for elements whose masses are superimposed by 

interferences, the correctness is to be questioned. For this reason, masses that are strongly affected 

by interferences or difficult to determine with Q-ICP-MS are remeasured with HR-ICP-MS (high 

resolution inductively coupled plasma mass spectrometry). HR-ICP-MS has a higher sensitivity than Q-
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ICP-MS and due to the higher resolution, interferences can be separated from the analyte signal. In 

contrast to Q-ICP-MS, the element concentrations at the HR-ICP-MS are determined quantitatively by 

means of an external calibration via standard solutions containing all elements (Na, Mg, K, Ca, Sc, Ti, 

V, Cr, Fe, Ni, Cu, Zn, As, Se and Ba) to be remeasured.  

4.8.7. Fingerprinting 

4.8.7.1. Near-infrared spectroscopy (NIR) 

 Soy hydrolysates powders were sampled in 22 mm glass vials. Spectral acquisition was 

obtained in diffuse reflectance on a Bruker Fourier Transform Multi-Purpose Analyser (MPA FT-NIR) by 

using OPUS software (Bruker Optics, USA) with 8 scans and 8 cm-1 resolution. The spectral range 

covered 4,000 cm-1 to 12,493 cm- 1. Some batches of soy hydrolysates were analysed in triplicate to 

ensure consistency.  

4.8.7.2. Liquid Chromatography Mass Spectrometry (LC-MS) 

 This is a screening method which mostly detects amino acids and peptides present in the 

sample of soy hydrolysates prepared at 2 mg/mL. Batches of soy protein hydrolysates were analysed 

by UPLC™/Q-TOF-MS (Ultra-High Performance Liquid Chromatography-Quadrupole Time-Of-Flight 

Mass Spectrometry) on a Xevo-QTOF instrument. The samples were separated by reverse phase liquid 

chromatography on an Acquity UPLC CSH C18 column (2.1 mm x 100 mm, 1.7 µm, Waters, USA, 

100 mm) and eluted by a water/methanol gradient with 0.1% formic acid. On the mass spectrometry 

spectrum of a given batch of soy hydrolysates, the compounds detected were semi-quantified by 

taking the intensity of the monoisotopic peak. Quality control standard was prepared using several 

samples of soy hydrolysates. The data from different series of analyses were therefore normalized 

using the standard.  

4.8.7.3. Raman 

 Powders of soy hydrolysates batches were dissolved into distilled water at 25 g/L. The Raman 

spectra were measured on an RXN2 Raman spectrophotometer (Kaiser Optical Systems, Inc., Ann 

Arbor, MI) equipped with an optical fiber probe. The Raman scattering intensity was measured for 

Raman Shifts between 100 cm-1 to 3400 cm-1. For each batch, solutions were analysed in triplicate to 

ensure consistency, then in duplicate. The exposure time was 10 seconds, and 75 scans were co-added 

together for each spectrum.   
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4.9. Data analysis 

4.9.1. Univariate data analysis 

 Data were first assembled in Excel 2003 (Microsoft, Redmond, WA). Minitab® 18 statistical 

software (Minitab Inc., 2018, Pennsylvania) was used for the comparison of tested conditions with 

one-way ANOVA (analysis of variance) and linear regressions. Minitab® 18 statistical software (Minitab 

Inc., 2018, Pennsylvania) was used for the completion of figures. 

4.9.2.  Spectra visualisation, filters and multivariate data analysis 

 Spectra visualisation, filters and multivariate data analysis (MVDA) were performed using 

SIMCA® 17.0 data analysis software (Umetrics, 2021, Kinnelon).  

4.9.2.1. Row-center (RC) filter 

 Baseline variation is a problem encountered in many types of spectral data. To correct for the 

influence of varying baseline shapes and shifts it is often desirable to apply a correction algorithm prior 

to multivariate modelling to reduce the effect of artifacts. Row-center filter shifts spectrum by 

subtracting the row mean from each row mean from each row value.  

4.9.2.2. Standard normal variate (SNV) filter 

 Normalization is a tool to reduce or remove the effect of signal intensities caused by 

instrument and sample variation. When applying the SNV filter, each spectrum is normalized by 

subtracting the mean and dividing with the standard deviation (Equation 1).  

Equation 1. The standard normal variate (SNV) transformation of Barnes et al.138 

4.9.2.3. Multivariate data analysis 

 MVDA extracts information from large data sets. It aims to find similarities and differences 

between samples. Principal component analysis (PCA) is often used to reduce multidimensional data 

sets. Principal components are new variables that are constructed as linear combinations of the initial 

variables. In presented models, two components were used. Among regression techniques, the 

method of orthogonal partial least squares (OPLS) can linearly correlate multivariate data with the 

measured response by considering the correlations between variables. The orthogonal partial least 

squares discriminant analysis (OPLS DA) considers the class membership of each observation in the 
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dataset and thus find a model that separates classes of observations based on their X variables. The S 

plot is a practical and reliable way to identify important discriminating variables in the two-class 

discriminant problem. R2X and R2Y display the fraction of the sum of squares for the selected 

component. Q2 is the fraction of the total variation of X or Y that can be predicted by a component, as 

estimated by cross-validation.  
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5. Results and Discussion 

5.1. Overall objectives  

 One the main objectives of the present study was to identify media components used for 

antibody production in mammalian cell culture that are responsible for observed batch-to-batch 

variation of antibody yields. This aspect is addressed in the following chapter 5.2. Moreover, the 

question of compatibility of high temperature short time treatment on cell culture media to mitigate 

viral contamination risk in fed-batch monoclonal antibody production was addressed. This is further 

outlined in chapter 5.3.  

5.2. Batch-to-batch variability of soy protein hydrolysates and influence of its iron 

content on monoclonal antibody production by a murine hybridoma cell line 

 The objective of this chapter was to evaluate the batch-to-batch variability of soy protein 

hydrolysates used in the composition of one complex culture medium. The performance of different 

batches of plant hydrolysates was evaluated to assess the impact on growth, metabolism, and mAb 

titers. This variability was evaluated by comparing the impact of different batches of soy hydrolysates 

using a laboratory cell culture scale-down model. At the same time, soy hydrolysate composition has 

been characterized to identify the causes of batch variability and to define analytical tools for the 

selection of batches in favour of high productivity. Those analyses allowed to determine which 

components varied from batch to batch and to identify which ones are critical for the production 

process.  

The goals were:  

• to assess the impacts of soy hydrolysates batch-to-batch variability on the process 

performance,  

• to increase understanding of soy hydrolysates composition, 

• to identify potential markers that might explain the obtained batch-to-batch variability, 

• to assess potential analytical tools for batch selection. 

5.2.1. Impacts of batch-to-batch variability of soy hydrolysates on cell culture, on mAb 

production and product quality 

 To study the impact of soy hydrolysates batch-to-batch variability on cell growth, metabolism 

and on mAb production, SP2/0 cells stably expressing a chimeric IgG1 antibody targeting tumor cells 

were grown in 40 mL working volume per shake-flasks using medium and feed solution prepared with 

a given batch of soy hydrolysates as mentioned in sections 4.2.3 and in 4.6. Cell culture took place in 
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two phases. During the cell expansion phase, the recombinant cell line was adapted to its culture 

medium by diluting twice the cells in the test medium with an interval of two to three days between 

dilutions. The production phase then lasted eleven days using a given cell culture medium 

corresponding to the desired tested condition. Production phase corresponds to a phase of cell growth 

and production of the monoclonal antibody. The mAb titer is in the range of the g/L. 

5.2.1.1. Cell growth and cell metabolism  

 We investigated cell growth using 37 supplier batches of soy hydrolysates. Different indicators 

could be measured to check if a change of soy protein hydrolysates could impact the cell culture such 

as the viable cell density and the cell viability. The consumption rates of glucose and glutamine and 

the accumulation rates of glutamate, lactate, and ammonia also reflect metabolic activities of cultured 

cells. Therefore, samples were taken throughout the culture to monitor cell viability, viable cell density, 

and concentrations of glucose, glutamine, glutamate, lactate, and ammonia. 

 The batch-to-batch variability of soy hydrolysates was found not to impact cell viability during 

the cell culture. (Figure 11) However, the batch of soy hydrolysates used had an impact on the viable 

cell density beyond the second day of the production phase. The peak cell density ranges from 

2.5×106 cells/mL for batch 22 to 4.0×106 cells/mL for batch 3. (Figure 11) 

 The batch-to-batch variability of soy hydrolysates did not significantly impact the production 

of glutamate, lactate and ammonium measured in the cell culture supernatant (data not shown). 

However, beyond the fourth day of culture after soy hydrolysate addition, the concentrations of the 

substrates in the cell culture supernatant, glucose and glutamine, were affected. (Figure 11) For 

example, lower levels of glucose and glutamine were measured in the supernatant for batch 3, 19, the 

reference, 21, 20, and 22, respectively. (Figure 11) The observed higher consumption of glutamine and 

glucose present in the culture medium could be related to the effect of a batch of soy hydrolysates on 

cell density. 

5.2.1.2. Volumetric productivity 

 Figure 12 shows the average volumetric productivity observed for 36 batches of soy 

hydrolysates relative to the chosen reference batch. The reference corresponds to the batch being 

used at manufacturing scale at the time of this study. The productivity varied from 75% to 111% 

compared to the reference batch. Therefore, the batch-to-batch variability of soy hydrolysates can 

trigger productivity variations up to 36%. Overall, more recent batches of soy hydrolysates tend to be 

associated to lower volumetric productivity compared to the older batches of soy hydrolysates. 
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Figure 11. Impact of soy hydrolysate batches in cell culture media and feed solution on cell density 
(A), cell viability (B), glucose (C) and glutamine (D). 
Each batch of soy hydrolysates was tested in triplicate in shake flasks except for batch 22 which was 
tested in duplicate only. On the fourth day of culture, the culture medium was supplemented with a 
concentrated solution of the same batch of soy hydrolysates. Bars are one standard error from the 
mean. 

  

C 
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Figure 12. Impact of batch-to-batch variability of soy hydrolysates on monoclonal antibody titer. 
36 batches of soy hydrolysates from the same vendor were compared to a given batch for which the 
mAb titer was fixed at 100%. Tests were performed in shake-flaks in triplicate. Results are expressed 
as the percentage of the titer obtained with a given soy hydrolysate batch at the end of the culture 
compared to the titer obtained with the reference batch. Bars are one standard error from the mean. 

5.2.1.3. Acidic charge variants upon antibody production   

 For ten batches of soy hydrolysates tested in shake-flask, the mAb acidic charge variants were 

measured as described in 4.7.4.2. The acidic charge variants were obtained by a cation exchange 

chromatography. It corresponds to the sum of the peaks area eluted before the main peaks over the 

sum of all peaks area. Results were normalized in Figure 13. These results highlighted that a change of 

soy hydrolysates batch was also associated to a variation of the mAb acidic charge variants.  
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Figure 13. Impacts of batch-to-batch variability of soy hydrolysates on monoclonal antibody acidic 
charge variants 
10 batches of soy hydrolysates from the same vendor were compared. Results represent the increase 
in the mAb acidic charge variants level obtained with a given soy hydrolysates batch at the end of the 
culture compared to the mAb acidic charge variants obtained with the reference batch for which the 
level was fixed at 100%. A single measurement was done for each condition.  

 In summary, depending on the batch of soy hydrolysates used, cell growth was impacted from 

the second day of cell culture and concentration of glucose and glutamine in the supernatant from the 

fourth day of the cell culture. These results pointed to a batch-to-batch variability in the composition 

of soy hydrolysates. Some batches might be composed of elements promoting or inhibiting cell growth 

and therefore impacting volumetric productivity and product quality. Consequently, physico-chemical 

characterization of batches of soy hydrolysates was conducted to evaluate if any variation in process 

outputs was correlated with a variation in quality of soy hydrolysates. 

5.2.2. Characterisation of soy hydrolysates 

 In addition to information available in certificates of analyses of soy hydrolysates batches, 

batches were subjected to a panel of analyses. 

5.2.2.1. Certificate of analyses of soy hydrolysates  

 Certificates of analyses allow to ensure that the product complies with a predefined quality. 

The panel of tests and the acceptance criteria are based on standards or guidelines required by the 

buyers. The information of 41 certificates of analyses were gathered and compared. All batches met 
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the acceptance criteria. Batches were manufactured from 2013 to 2019. Test results were consistent, 

except for clarity (Table 7). Clarity results were not correlated to the volumetric productivity but were 

often associated with lowest filterability of the feed solutions containing soy hydrolysates (data not 

shown). 

Table 7. Summary of information from certificates of analyses of 41 batches of soy hydrolysates 

Analysis Mean ± SD 

Residue on Ignition (%) 9.5 ± 1.7 

Degree of Digestion (%) 23.6 ± 1.2 

Amino Nitrogen (%) 2.2 ± 0.1 

pH 7.1 ± 0.1 

Total nitrogen (%) 9.2 ± 0.2 

Clarity (NTU) 0.43 ± 0.49 

Color 0.55 ± 0.07 

5.2.2.2. Amino acids and molecular weight distribution  

 Soy hydrolysates contain on average about 56 ± 2% (w/w) of peptides/amino acids. The 

proportions of each amino acid are represented in Table 8. The three most abundant free amino acids 

are arginine, leucine and lysine (1.1%, 1.0%, and 0.7%, respectively), while the two most abundant 

amino acids present in peptides are glutamic acid and aspartic acid (12.4% and 7.2%, respectively). 

Molecular weight distribution was obtained from 23 batches of soy hydrolysates (Table 9). Most 

peptides had a molecular weight below 500 Da (73%). These peptides were therefore composed of 

less than 5 amino acids. 
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Table 8. Free and total amino acid composition of soy hydrolysates 

The free amino acid composition of 33 batches were analysed as well as the total amino acid 

composition of 24 batches of soy hydrolysates. Free and total amino acid compositions are expressed 

in gram of a given amino acid per 100 g of soy hydrolysates (%).  

 
Free amino acid (%, w/w) Total amino acid (%, w/w) 

Alanine 0.28 ± 0.04 2.64 ± 0.09 

Arginine 1.07 ± 0.13 3.76 ± 0.16 

Asparagine 0.30 ± 0.03 ND 

Aspartic acid 0.22 ± 0.03 7.17 ± 0.28 

Cysteine ND ND 

Cystine ND  0.30 ± 0.03 

Glutamic Acid 0.48 ± 0.05 12.43 ± 0.49 

Glutamine ND ND 

Glycine 0.30 ± 0.04 2.56 ± 0.09 

Histidine 0.16 ± 0.02 1.42 ± 0.06 

Isoleucine 0.05 ± 0.02  2.26 ± 0.10 

Leucine 1.03 ± 0.13  4.08 ± 0.14 

Lysine 0.66 ± 0.08 3.57 ± 0.15 

Methionine 0.16 ± 0.02 0.64 ± 0.05 

Phenylalanine 0.33 ± 0.06 2.44 ± 0.10 

Proline 0.02 ± 0.01 2.71 ± 0.13 

Serine 0.54 ± 0.08 3.26 ± 0.11 

Threonine 0.29 ± 0.04 2.49 ± 0.09 

Tryptophan 0.13 ± 0.02 ND 

Tyrosine 0.23 ± 0.04 1.69 ± 0.08 

Valine 0.10 ± 0.03 2.51 ± 012 

Total Free amino acid  6.35 ± 0.77 55.93 ± 1.91  

ND: not detected 

Table 9. Molecular weight distribution of batches of soy hydrolysates 

23 samples of different soy hydrolysates batches from the same vendor were analysed.  

Molecular Weight  Proportion (%, w/w) 

< 0.5 kDa 72.8 ± 2.6 

0.5-1 kDa 26.5 ± 2.4  

1-2 kDa 0.8 ± 0.3  
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5.2.2.3. Carbohydrates 

 Soy hydrolysates also contain about 16.2% (w/w) of carbohydrates. Sucrose and stachyose 

were the main sugars at 7.1% and 7.0%, respectively. Raffinose and fructose were detected in lower 

proportion (1.4% and 0.7% respectively). Low levels of glucose were reported for some batches. 

Lactose, maltose, galactose and inositol were not detected. (Table 10) 

Table 10. Carbohydrates content in soy hydrolysates.  

32 samples of different soy hydrolysates batches from the same vendor were analysed. 

 

Carbohydrate 

composition 
Proportion (%, w/w) 

Sucrose 7.1 ± 1.16 

Stachyose 7.0 ± 1.02 

Raffinose 1.4 ± 0.36 

Fructose 0.7 ± 0.25 

Galactose ND 

Glucose ND 

Inositol ND 

Lactose ND 

Maltose ND 

Total 16.2 ± 1.89 

ND: not detected. 

5.2.2.4. Chemical elements 

 Chemical elements represent about 7% (w/w) of the total composition of soy hydrolysates. 

High levels (> 200 µg/g of soy hydrolysates) of potassium, sodium, magnesium, and calcium were 

detected at 3.5%, 3%, 0.3%, and 0.1%, respectively and they are the major chemical elements present 

in soy hydrolysates. Medium levels (20-200 µg/g of soy hydrolysates) of boron, aluminium and iron 

were measured. Finally, very low levels of vanadium, manganese, nickel, zinc, rubidium and 

molybdenum were detected. (Table 11) Considering levels of these trace elements in the basal 

medium, these levels are considered insignificant. Soy hydrolysates represent a significant source of 

iron, boron and aluminium compared to the other raw materials present in cell culture medium and 

feed solutions. 
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Table 11. Chemical elements content in soy hydrolysates. 

Chemical elements of 35 samples of different soy hydrolysates batches from the same vendor were 

analysed.   

Chemical elements Quantity (µg/g of soy hydrolysates) 

K > 36’000 

Na > 27’000 

Mg > 2’600 

Ca > 1’100 

Fe 95 ± 25 

Al 65 ± 35 

B 48 ± 11 

Rb 17 ± 4 

Ni 10 ± 1 

V 9 ± 4 

Zn 6 ± 1 

Mn 5 ± 1 

Mo 5 ± 2 

 

5.2.2.5. Maillard reaction products and cross-linked amino acids 

 Maillard reaction products and cross-linked amino acids are both compounds that are not 

naturally present in soy starting material, but they are produced during prolonged heat treatment 

steps of the manufacturing process of soy protein hydrolysates. (Figure 7) Carboxymethyllysine (CML), 

carboxyethyllysine (CEL), furosine (FUR) content were analysed as an markers of the Maillard reactions, 

and lysinoalanine were used as an indicator of cross-linked amino acid formation.41 The chemical 

structure of those mentioned compounds  are  represented in Figure 14. 

Figure 14. Chemical structure of carboxymethyllysine, carboxyethyllysine, furosine and 

lysinoalanine.139 

Carboxymethyllysine (CML) Carboxyethyllysine (CEL) 

Furosine (furoylmethyl L-lysine) (FUR) Lysinoalanine, (LAL) 
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 The chemistry of the Maillard reaction is complex, but briefly Maillard reaction products results 

from a reaction between a reducing sugar (e.g. glucose) and amino compounds (e.g. lysine) under 

heating conditions. According to Hodge (1953)140, the Maillard reaction is divided into seven general 

types reactions reported as below:  

i. Initial or early stage of the Maillard reaction:  

(a) Sugar-amine condensation  

(b) Amadori rearrangement  

ii. Intermediate or advanced stage of the Maillard reaction:  

(c) Sugar dehydration  

(d) Sugar fragmentation  

(e) Amino acid degradation  

iii. Final stage of the Maillard reaction:  

(f) Aldol condensation 

(g) Aldehyde-amine condensation and formation of heterocyclic nitrogen compounds 

 Therefore, furosine (ε-N-(2-furoylmethyl)-l-lysine) is known to be form at the initial stages of 

the Maillard reaction while carboxymethyllysine (CML) and carboxyethyllysine (CEL) are formed in the 

late stage of the Maillard reaction under more severe condition of heat treatment compared to 

furosine.139,141  

 Heating soy proteins may also convert some of the amino acids into unnatural amino acids 

such as lysinoalanine (LAL). First, hydroxide ion-catalyzed elimination of cysteine, serine, and 

phosphoserine residues to a dehydroalanine intermediate; then the double bond of dehydroalanine 

reacts with the Ɛ -NH2 group of lysine to form a lysinoalanine crosslink.142 (Figure 15) 

  



 

67 

 

Figure 15. Formation of the cross-linked lysinoalanine 142 

 Maillard reaction products, carboxymethyllysine and carboxylethyllysine, were detected in soy 

hydrolysates. Furosine was not detected in our samples. No significant variation was observed 

between batches of soy hydrolysates. (Table 12) 

Table 12. Maillard reaction products and cross-link amino acid lysinoalanine for 33 batches of soy 
hydrolysates.  

Compounds Mean (Area Under Curve) 

Carboxymethyllysine, CML 6773 ± 360 

Carboxylethyllysine, CEL 6246 ± 541 

Furosine, FUR ND 

Lysinoalanine, LAL 7229 ± 525 

ND: not detected  

5.2.2.6. Vitamins 

 Vitamins were not were detected in soy hydrolysates.  

 In summary, soy hydrolysates were found to be composed of about 56 ± 2% (w/w) of amino 

acids/peptides, 16 ± 2% (w/w) of carbohydrates, and 7% (w/w) of chemical elements. Some Maillard 

reaction products were detected. Vitamins were not observed. Results from the characterization of 

batches of soy hydrolysates and the effect on cell growth, cell viability, protein expression and product 

quality were compared to identify some relationships that might explain the observed impacts on cell 

growth, productivity and on product quality. 
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5.2.3. Viable cell density and productivity 

 The integral viable cell density at the end of the cell culture were calculated for each batch. 

Normalized results were calculated compared to the reference batch. A linear regression indicated 

that the relationship between the normalized productivity and integral viable cell density (IVCD) is 

statistically significant (p < 0.001, R2 = 76%). The positive correlation (r = 0.87) indicates that when 

IVCD increases, productivity also tends to increase. (Figure 16) 

 

 

 
Figure 16. Correlation between normalized integral of viable cell density and normalized volumetric 

productivity. 

The relationship between productivity and integral of viable cell density (IVCD) is statistically significant 

(p < 0.001). 76% of the variation in productivity is explained by the regression model. The positive 

correlation (r = 0.87) indicates that when IVCD increases, productivity also tends to increase. 

5.2.4. Characterization and productivity 

5.2.4.1. Correlation between characterization and productivity 

 No significant correlation between volumetric productivity and concentrations of amino acids, 

total amino acids, molecular weight distribution, carbohydrates, Maillard reaction products, and 

chemical elements was found. However, there was a correlation between the level of iron in soy 

hydrolysates and productivity (p-value < 0.001, R2 = 0.48). The higher the concentration of iron in a 

batch of soy hydrolysates, the lower the volumetric productivity. (Figure 17, Figure 18) A one-way 

Anova analysis indicates that the mean of iron concentration in good performing batches differs from 

means of intermediate and bad performing batches at the 0.05 level of significance (p-value = 0.004). 



 

69 

Soy hydrolysates represent a major source of iron in the cell culture medium and in the feed solution 

in comparison with the basal medium composition for which the iron content is 15 times lower.  

  
Figure 17. Box plot of iron content for batches of soy hydrolysates categorized according to their 

impact on monoclonal antibody titer. 

Three categories were defined. Batches with a mAb titer higher than 104% were identified as good 

batches (n = 8). Batches with a mAb titer between 96% and 104% were identified as intermediate 

batches (n = 12). Batches with a mAb titer below 96% were identified as bad batches (n = 12). Iron 

content indicated in ppm stands for µg of iron per g of soy hydrolysates. 
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Figure 18. Prediction plot for the correlation between productivity and iron concentration in soy 

hydrolysates. 

The fitted line is the predicted productivity for any iron concentration in a batch of soy hydrolysates. 

The dashed lines correspond to the upper and lower 95% prediction intervals. The relationship 

between productivity and iron is statistically significant (p < 0.05). 48.7% of the variation in productivity 

is explained by the regression model. The negative correlation (r = - 0.70) indicates that when iron 

levels increase, volumetric productivity tends to decrease. Iron content indicated in ppm stands for µg 

of iron per g of soy hydrolysates. 

 Given the negative correlation between the level of iron in soy hydrolysates and productivity, 

supplementation assays were carried out to confirm or disprove this hypothesis.  

5.2.4.2. Effect of ferric ammonium citrate supplementation 

 In order to test the hypothesis of iron impact on the cell culture process performance, iron 

supplements made of ferric ammonium citrate, ranging from 80 to 500 ppm in cell culture medium 

and in the concentrated soy hydrolysates solution were tested. Levels of iron indicated in ppm mimic 

quantities of iron present in soy hydrolysates powder. This complexed form of iron was chosen 

knowing the intermediate chelating properties of citric acid and the potential prior complexation form 

of iron in soy hydrolysates illustrated in some publications.39,143 After the first passage, the cell viability 

of the condition with the highest level of iron tested (500 ppm) decreased to 15% when compared to 
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the control (91%). The cell viabilities for remaining conditions were consistent except for the condition 

with 250 ppm of iron that was associated to a slight decrease of the cell viability to 87%. After the 

second passage, the cell viability of the condition with 250 ppm dropped to 7.2%, while other 

conditions remained consistent compared to the control. Therefore, it was hypothesized that 

conditions with iron concentration above 175 ppm reduced drastically the cell growth and induced cell 

death. It was not possible to continue the cell culture for these conditions. For all remaining conditions, 

no major impact was observed on cell growth (Figure 19) or cell metabolism (results not shown). We 

confirmed experimentally an inverse correlation between level of iron and productivity (Figure 20). An 

elevated level of iron in the cell culture medium and in the soy hydrolysates feed solution resulted in 

about 7% lower productivity when the equivalent iron concentration was above 80 ppm. An impact on 

the acidic charge variants distribution was clearly observed. At elevated iron concentrations, a 

significantly larger fraction of acidic forms of the monoclonal antibody was observed (p-value = 0.005 

and R2 = 94.8%) (Figure 21). Notably, usage of ferric ammonium citrate, which is already a form of 

chelated iron, could result in less negative effects on process performance compared to a non-

complexed form of iron. 

 

Figure 19. Effect of ferric ammonium citrate supplementation on viable cell density 

Ferric ammonium citrate was supplemented in both cell culture medium and soy hydrolysates feed 

solution added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron 

present in soy hydrolysates powder. Bars are one standard error from the mean. Tests were performed 

in shake-flaks in triplicate. 
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Figure 20. Effect of ferric ammonium citrate supplementation on antibody titer 

Ferric ammonium citrate was supplemented in both cell culture medium and soy hydrolysates feed 

solution added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron 

present in soy hydrolysates powder. Bars are one standard error from the mean. Tests were performed 

in shake-flaks in triplicate. 

 

 

Figure 21. Effect of ferric ammonium citrate supplementation on acidic charge variants of the 

monoclonal antibody 

Ferric ammonium citrate was supplemented in both cell culture medium and soy hydrolysates feed 

solution added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron 

present in soy hydrolysates powder. The positive correlation indicates that at elevated iron 

concentrations, a significantly larger fraction of acidic forms of the monoclonal antibody was obtained 

(p-value = 0.005 and R2 = 94.8%). 
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5.2.4.3. Effect of ferrous sulfate supplementation 

 As iron in soy hydrolysates might be present in an uncomplexed form, supplementation with 

ferrous sulfate was also tested as described above. Figure 22 illustrates the impact of ferrous sulfate 

supplementation on viable cell densities after 2 passages. Above 100 ppm, a clear negative impact was 

observed. It was not possible to maintain the condition at 500 ppm, as the viability reached 10.4% after 

the first passage. In the same way, for conditions at 175 ppm and 250 ppm, cell densities did not allow 

one to obtain enough cells after the second passage for the production phase. At 250 ppm, cell viability 

dropped to 38% while the control (60 ppm) was at 94%. At 175 ppm, only a slight decrease of the cell 

growth was observed as cell viability was kept above 86% after the second passage. Therefore, cells 

from the control at 60 ppm were used to inoculate 175, 250, and 500 ppm conditions. The effect of 

ferrous sulfate supplementation in the cell culture medium and in the soy hydrolysates on viable cell 

densities is shown in Figure 23, on antibody titers in Figure 24 and on acidic charge variants in Figure 

25. During the production phase, viable cell density and viability dropped to 0.04×106 cells/mL and to 

10% respectively at the second day for the condition at 500 ppm. For all remaining conditions, 

viabilities were comparable throughout the production phase even at 250 ppm (results not shown). 

This might be explained by higher cell densities that may reduce the toxic effect of iron. Nevertheless, 

inhibition of cell growth was observed for conditions above 100 ppm (Figure 23). This was associated 

to a significant decrease of titer by 10% at 130 ppm, by 18% at 175 ppm, and by 32% at 250 ppm (Figure 

24). On top of that, acidic charge variants tend to be higher for conditions spiked with ferrous sulfate 

compared to the control (60 ppm) (Figure 25). 
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Figure 22. Effect of ferrous sulfate supplementation on viable cell density during cell expansion after 

two passages 

Tests were performed in shake flaks in duplicate. Levels of iron indicated in ppm mimic quantities of 

iron present in soy hydrolysate powder. The condition at 500 ppm is not represented given that the 

viable cell density reached 0.02×106 cells/mL after the first passage.  

 

 

Figure 23. Effect of ferrous sulfate supplementation on viable cell density 

Ferrous sulfate was supplemented in both cell culture medium and soy hydrolysates feed solution 

added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron present 

in soy hydrolysates powder. Bars are one standard error from the mean. Tests were performed in 

shake flaks in triplicate. 
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Figure 24. Effect of ferrous sulfate supplementation on monoclonal antibody titer 

Ferrous sulfate was supplemented in both cell culture medium and soy hydrolysates feed solution 

added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron present 

in soy hydrolysates powder. Bars are one standard error from the mean. Tests were performed in 

shake flaks in triplicate. 

 

 

Figure 25. Effect of ferrous sulfate supplementation on acidic charge variants of the monoclonal 

antibody 

Ferrous sulfate was supplemented in both cell culture medium and soy hydrolysates feed solution 

added at the fourth day of cell culture. Levels of iron indicated in ppm mimic quantities of iron present 

in soy hydrolysates powder. 
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In conclusion, the inverse correlation between levels of iron in cell culture media and mAb titer 

for both ferric ammonium citrate and for ferrous sulfate was experimentally confirmed. An increase of 

the acidic charge antibody variants was also brought to light. The next section 5.2.5 illustrates how 

high concentration of iron can be detrimental for cells, while section 5.2.6 presents the results of two 

experimental strategies that were investigated to increase cell protection from toxic levels of iron using 

a chelator or a specific inhibitor. 

5.2.5. Iron uptake, trafficking, and lipid peroxidation induced by excess of iron in cell 

culture medium  

 Iron is an essential transition metal. Its importance in cell culture media and its impacts on cell 

growth, mAb production and acidic charge variants was described in several publications.144–151 Cellular 

iron deficiency can be associated with a lower cell growth, while higher level of iron has shown to be 

potentially cytotoxic due to Fenton reaction.144,145 Impact on cell growth due to transitional metals 

variations, here e.g. iron, in cell culture media is a mechanism described by Dixon et al. in 2012 as 

ferroptosis.152 Ferroptosis is a non-apoptotic form of cell death that can be triggered by conditions 

inhibiting glutathione biosynthesis of the glutathione-dependent antioxidant enzyme GPx4 (Figure 26). 

This lethal process is defined by the iron Fe(II)-dependent accumulation of lipid reactive oxygen species 

and the peroxidation of polyunsaturated fatty acids leading to their depletion and the accumulation of 

toxic lipid reactive oxygen species (ROS).152–154 This mechanism might explain in part the cause of batch 

variability of soy hydrolysates. In addition, it was reported that iron forms ROS that tend to increase 

also acidic mAb species.146–151 

5.2.5.1. Cellular iron uptake and trafficking  

 Iron homeostasis is tightly controlled through the regulation of its import, storage, and 

efflux.34,155 (Figure 26) Two atoms of ferric iron can bind transferrin (Tf), and two transferrin molecules 

can bind the transferrin receptor (TfR). The formed complex is endocytosed. Ferric iron (Fe(III)) 

released from Tf is induced by a drop in pH of the endosome. Ferrireductases (e.g. STEAP3) reduce 

Fe(III) to Fe(II) which is translocated into cytosol by the divalent metal transporter 1 (DMT1). (Figure 

26) This transporter can also import iron in excess, in its ferrous state. Mainly, intracellular iron is 

directed toward mitochondria or provided to iron-dependent proteins. Iron uptake by mitochondria 

generates hemes for heme-containing proteins (e.g. cytochromes) and iron-sulfur clusters (ISC) for ISC-

containing proteins (e.g. succinate deshydrogenase). In excess, iron is delivered to ferritin or exported 

across ferroportin (Fpn1). Ferritin is an iron storage protein that concentrates intracellular iron in a 

redox-inactive form that can be released for later use by ferritinophagy (lysosomal degradation). 

Finally, free intracellular Fe(II) can react with hydrogen peroxide (H2O2) and produce cytotoxic 
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hydroxyl radicals (·OH) via the Fenton reaction155 or be involved in lipid peroxidation (see section 

5.2.5.4.).  

5.2.5.2. Glutathione biosynthesis 

 Glutathione (GSH) is a tripeptide γ-L-glutamyl-L-cysteinylglycine. Biosynthesis of GSH is critical 

for oxidative protection by preventing the cell accumulation of radical oxygens species (ROS). System 

xc- is a cystine (Cys2)/glutamate (Glu) anti-transporter across which extracellular cystine is imported in 

exchange to intracellular Glu.156 Cys2 is then reduced into two molecules of cysteine (Cys) by 

thioredoxin (TRX) or by oxidation of two GSH to GSSG. Glutaminase (GLS) converts glutamine (Gln) to 

glutamate (Glu) through deamidation reaction. Synthesis of GSH needs first the synthesis of γ-

glutamylcysteine (GGC) thanks to glutamate–cysteine ligase (GCL) activity and the oxidation of one 

adenosine triphosphate (ATP). GSH synthesis ends with glutathione synthetase (GSS) that links glycine 

(Gly) to GGC.157 (Figure 26) 

5.2.5.3. Reduction of lipid hydroperoxide 

 The selenocysteine-containing glutathione peroxidase 4 (Gpx4) is an antioxidant defense 

enzyme.158 It uses two glutathione (GSH) molecules as a donor to reduce lipid hydroperoxides 

(PL- OOH) to its corresponding alcohol (PL-OH). (Figure 26) Glutathione disulfide (GSSG) is formed as a 

by-product and reduced to GHS using glutathione reductase (GR) and NADPH/H+ cofactor.159 

5.2.5.4. Non enzymatic lipid peroxidation 

 Lipid peroxidation reactive site is on the polyunsaturated fatty acyl moieties in phospholipids. 

Non-enzymatic lipid peroxidation is driven by the Fenton-like or Fenton reaction. (Figure 26) The first 

one uses labile iron and superoxide anion to produce alkoxyl phospholipid radicals (PL-O•) from PL-

OOH. Then the oxygen-dependent free radical chain reaction is divided into three stages: initiation, 

propagation, and termination. The first stage is the formation of a carbon-centred phospholipid radical 

(PL•) by the removal of a bisallylic hydrogen atom from PL-H using PL-O•. During the propagation 

stage, PL• reacts with O2 to yield phospholipid peroxyl radical (PL-OO•), which can subsequently 

subtract a hydrogen atom from PL-H. The radical chain reaction is terminated when two PL-OO• react 

to form PL-OH and PL=O. This enables to avoid PL-OOH accumulation. If PL-OOH accumulates, then the 

phospholipid radicals (PL-OO• and PL-O•) are constantly being produced which further propagates the 

production of PL-OOH leading to the breakdown of membrane integrity and subsequent rupture of cell 

and organelle membranes. The Fenton reaction differs from the Fenton-like reaction in their respective 

initiation phase. In the Fenton reaction, the initial phospholipid radical (PL•) is formed using hydroxy 

radical (•OH) synthesis using hydrogen peroxide and Fe(II).160 ROS production of superoxide (O2‑
•) and 
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hydrogen peroxide (H2O2) are generated by mitochondria when electrons from the electron transfer 

chain (ETC) leak out and interact with oxygen.161 

5.2.5.5. Enzymatic lipid peroxidation 

 Mammalian lipoxygenases (LOXs) are non-heme iron-containing dioxygenases that catalyze 

dioxygenation of free and esterified polyunsaturated fatty acids containing at least one bis-allylic 

moiety.162 Fatty polyunsaturated acids are reduced to fatty acids hydroperoxide in a stereospecific 

manner which are then converted to their corresponding alcohols generating lipid-signaling molecules. 

Cell death by LOXs lipid peroxidation has been correlated to specific conditions such as GHS reduced 

availability.163 
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Figure 26. Schematic view of iron uptake, trafficking, and lipid peroxidation induced by excess of iron in cell culture medium 
Adenosine triphosphate (ATP), Alkoxyl phospholipid radicals (PL-O•), Cysteine (Cys), Cystine (Cys2), Divalent metal transporter 1 (DMT1), Electron transfer 
chain (ETC), Ferroportin (Fpn1), Hydrogen peroxide (H2O2), Hydroxyl radicals (•OH) Glutaminase (GLS), Glutamine (Gln), Glutamate (Glu), Glutamate–cysteine 
ligase (GCL), γ-glutamylcysteine (GGC), Glutathione (GSH), Glutathione peroxidase 4 (Gpx4), Glutathione reductase (GR), Glutathione synthetase (GSS), Glycine 
(Gly), Lipid alcohol (PL-OH), Lipid hydroperoxides (PL-OOH), lipoxygenases (LOXs), Phospholipid peroxyl radical (PL-OO•), Phospholipid radical (PL•), 
Thioredoxin (TRX), Transferrin (Tf), Transferrin receptor (TfR).  
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5.2.6. Protection of mammalian cells against excess of iron  

5.2.6.1. Chelating agents 

5.2.6.1.1. Chelating agents in cell culture media  

 Transferrin, initially provided by sera in serum-based cell culture media, binds to iron and 

delivers iron to the cells. Fe3+ is stabilized by transferrin which acts as an iron chelator to assure the 

biological availability of iron. (Figure 26) While transferrin is highly efficient, it is a large molecule (76 

kDa) and as a protein, transferrin has to be separated during purification from the recombinant 

therapeutic protein. The removal of serum and protein additives in cell culture medium led to the use 

of iron salts and chelating agents (e.g., EDTA, maltol) or certain acids having chelating properties (e.g., 

citrate).32,164 

 Chelators have different binding affinities for metal ions. For example, transferrin binds ferric 

ions.34 EDTA binds divalent and trivalent metal ions (Mn(II), Cu(II), Fe(III), Pb(II) and Co(III)) and 

consequently both ferric and ferrous ions.165 (Figure 27) The pyrones, maltol and ethyl maltol, are 

strong metal ion chelators, particularly for trivalent ions such as ferric and aluminium ions.166 (Figure 

28) Citrate, as a chelator, binds ferric, calcium, strontium, manganese, and magnesium ions.32 (Figure 

29)  

 

 

 

Figure 27. Structure of EDTA metal ions and representation of the 1:1 metal-to-EDTA complex 
EDTA binds to metals via four carboxylate and two amine groups. M represents a metal, and orange 
dashed lines signify bonds between the chelator and the metal.32  
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Figure 28. Structure of maltol and representation of the 1:3 iron-maltol complex  

Orange dashed lines signify bonds between the chelator and the metal. 166 

 

Figure 29. Structure of citrate and representation of the iron-citrate complex 
A: M2L2; B: M3L3, C: ML2, D: MLH (Silva et al., 2008167).  

  

  

Citrate 

Maltol (3-hydroxy-2-methyl-4H-pyran-4-one) 

1:3 Fe(III)-maltol complex 
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 The molecular structure, charge, and metal affinity of a chelator determine its functionality. 

For example, EDTA sequesters metal ions and cannot permeate the cell membrane due to its negative 

charge.32 On the contrary, the iron-pyrone complex being uncharged, is able to diffuse across cell 

membranes and thus may facilitate iron transport.168 Ferric citrate binds to the citrate binding sites 

before delivering its iron to the cells.169  

 Given that the mammalian cell growth is strongly dependent on iron, without an appropriate 

chelator, the cells show poor cell growth, and the culture viability drops. In addition to the intracellular 

transport of metals, chelator addition to culture medium protects cells from toxic amounts of metal 

ions and therefore protects cells from ROS generation.  

5.2.6.1.2. Chelating agent supplementation during cell culture  

 Given that the iron chelating agent used in the cell culture medium has a high affinity for iron, 

an increased concentration of iron chelating agent in the cell culture medium may counterbalance the 

high levels of iron present in some batches of soy hydrolysates. Therefore, four batches of soy 

hydrolysates associated to different levels of iron, 60, 170, 130 and 130 µg/g of soy hydrolysates for 

batches 10, 22, 28 and 34 respectively were tested in presence of 1 time and 1.5 times the standard 

concentration of the iron chelating agent in the cell culture medium. For a given batch of soy 

hydrolysates, no significative difference was observed between conditions containing 1 time or 1.5 

times the standard concentration of the iron chelating agent for total cell density and cell viability 

(results not shown). Data reported in figure 30 show the absence of significant impacts on viable cell 

density between conditions compared two by two but there were slight differences on glutamine 

profiles for batches associated to high level of iron with 1.5 times the standard concentration of the 

iron chelating agent compared to the condition with standard concentration of the iron chelating 

agent. No significant differences were observed for other metabolites measured during cell culture. 

Figure 31 also shows that the addition of the iron chelating agent induced an increase of the volumetric 

productivity by 5% to 7%, but only when a batch associated to a high level of iron was used. A slight 

decrease in acidic charge variants was observed for 3 out of 4 batches of soy hydrolysate tested. (Figure 

32) Consequently, addition of iron chelating agent did not counterbalance the impacts of iron on cell 

growth, but it enhanced the mAb volumetric productivity. 

  



  

83 

 

Figure 30. Effect of the iron chelating agent supplementation on viable cell density (A) and on 

glutamine profile (B). 

1 X ICA corresponds to the standard concentration of iron chelating agent (ICA), while 1.5 X ICA 

corresponds to 1.5 times the standard concentration of the iron chelating agents. At the fourth day of 

the cell culture, glutamine levels were above the upper limit of detection. The indicated concentration 

corresponds to the upper limit of quantification of the equipment.  Bars are one standard error from 

the mean. Tests were performed in shake-flaks in duplicate. 

A 

B 
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Figure 31.  Effect of iron chelating agent addition on volumetric productivity. 

The volumetric productivity was fixed to 100% for all soy hydrolysates batches with the standard 

concentration of iron chelating agent (1 X ICA). The volumetric productivity with 1.5 times the standard 

level of iron chelating agent (1.5 X ICA) was compared to their respective control. Respective amount 

of iron for a given batch of peptone is indicated in ppm (µg of iron per g of soy hydrolysates).  Bars are 

one standard error from the mean. Tests were performed in shake-flaks in duplicate. 

 

Figure 32.  Effect of iron chelating agent addition on acidic charge variants. 

1 X ICA (iron chelating agent) corresponds to the standard condition, while 1.5 X ICA corresponds to 
1.5 times the standard concentration of the iron chelating agents. Amount of iron for a given batch is 
indicated in ppm (µg of iron per g of soy hydrolysates). A single measurement was done for each 
condition.  
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5.2.6.2. Inhibition of ferroptosis using ferrostatin-1 

5.2.6.2.1. Mechanism of action of ferrostatin-1 

 Ferrostatin-1 (fer-1) is a known inhibitor of ferroptosis. (Figure 33) Ferrostatin-1 forms a 

complex with Fe(II). This complex can reduce radicals by hydrogen atom transfer. The hydrogen on the 

secondary amine is transferred to a lipid alkoxy radical (PL-O•) forming its corresponding alcohol (PL-

OH). This was done by splitting the linking pair of electrons between the N atom and the H atom. The 

newly formed radical on the secondary amine is then reduced by Fe(II) through intramolecular electron 

transfer. Fe(II) is oxidized to Fe(III) and a negative charge is formed on the N atom. Ferrostatin-1 ion is 

then protonated upon reacting with a water. 170 

 

Figure 33. Ferrostatin-1, an inhibitor of ferroptosis  

(Miotto et al. 2019) 170 

 

5.2.6.2.2. Ferrostatin-1 supplementation during cell culture  

 This first experiment allowed to check the potential cytotoxic effect of the addition of 

ferrostatin-1 (fer-1) and DMSO to the culture medium by measuring viable cell density, viability, and 

metabolites during cell culture after addition of fer-1 at 0, 3 nM, 10 nM, 30 nM, 100 nM, and 300 nM. 

An additional control was added with the maximum quantity of DMSO added to the culture medium. 

No impact was observed during cell culture for all conditions tested. (result not illustrated). 

Consequently, for the purpose of the study, the highest concentrations of fer-1 at 100 nM and 300 nM 
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were added to culture medium in presence of ferrous sulfate to an iron quantity that mimics the level 

added by a soy hydrolysate containing 60 ppm (without ferrous sulfate), 175 ppm or 250 ppm. The 

concentrated feed solution of soy hydrolysates, added at day 4 of cell culture, was also supplemented 

with ferrous sulfate to an iron quantity that mimics the level added by a soy hydrolysate containing 60 

ppm (without ferrous sulfate), 175 ppm or 250 ppm. Levels of iron indicated in ppm mimic quantities 

of iron present in soy hydrolysates powder. The fer-1 addition did not allow to protect cells for 

increased levels of iron in cell culture medium as no positive impact was obtained on viable cell 

densities (Figure 34) and in normalized volumetric productivities (Figure 35).  

 

Figure 34. Effect of ferrostatin-1 addition in presence of increased level of iron on viable cell densities 

Culture media with 0, 100 nM or 300 nM of ferrostatin-1 were prepared and supplemented with 

ferrous sulfate to an iron quantity that mimics the level added by a soy hydrolysate containing 60 ppm 

(without ferrous sulfate), 175 ppm or 250 ppm. The concentrated feed solution of soy hydrolysates, 

added at day 4 of cell culture, was also supplemented with ferrous sulfate to an iron quantity that 

mimics the level added by a soy hydrolysate containing 60 ppm (without ferrous sulfate), 175 ppm or 

250 ppm. Levels of iron indicated in ppm mimic quantities of iron present in soy hydrolysates powder. 

These conditions were tested in shake flasks in duplicate. Error bars are one standard error from the 

mean.  
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Figure 35. Effect of ferrostatin-1 addition in presence of increased level of iron in cell culture media 

on normalized volumetric productivity 

Culture medium with 0, 100 nM or 300 nM of ferrostatin-1 were prepared and supplemented with 

ferrous sulfate to an iron quantity that mimics the level added by a soy hydrolysate containing 60 ppm 

(without ferrous sulfate), 175 ppm or 250 ppm. The concentrated feed solution of soy hydrolysates, 

added at day 4 of cell culture, was also supplemented with ferrous sulfate to an iron quantity that 

mimics the level added by a soy hydrolysate containing 60 ppm (without ferrous sulfate), 175 ppm or 

250 ppm. Levels of iron indicated in ppm mimic quantities of iron present in soy hydrolysates powder. 

These conditions were tested in shake flasks in duplicate. Error bars are one standard error from the 

mean. 

Finally, increasing levels of the iron chelating agent to 1.5 times the standard concentration in 

the cell culture media led to a significant increase of the final volumetric productivity for batches of 

soy hydrolysates containing a high level of iron. Ferrostatin-1 supplementation did not offer cell 

protection from the excess of iron during cell culture in our assays. Improving mAb volumetric 

productivity by increasing iron chelating agent in cell culture medium is not the chosen solution. 

Indeed, introducing changes in a commercial process is complex and takes time. Therefore, reducing 

the iron content in soy hydrolysates is more convenient and efficient. The objective is to identify the 

origin of the variation of iron concentration in soy hydrolysates and better control this source of 

variation. It was hypothesized that it might either be due to variations of trace elements from soy 
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starting material or due to iron brought during the manufacturing process of soy hydrolysates. This 

point is addressed in section 5.2.7. 

5.2.7. Origin of the batch-to-batch variability of iron content in soy protein hydrolysates 

 Our data indicate that it is advisable to identify the source of iron variation in soy protein 

hydrolysates. Two main sources can be envisioned: the soy starting material itself or the manufacturing 

process. In fact, soybeans are sources of trace elements, and environmental conditions and agricultural 

practices may impact the final trace element composition of soybean crops. Plants need small amounts 

of essential trace elements for their growth and metabolism. Soybean crops are mainly sensitive to 

trace elements present in the soil including iron. In response to a deficiency in trace elements, 

supplementation can be made. This supplementation is made by adding fertilizer, a product containing 

the trace element in its mineral form or formulated within organic complexes which promote 

absorption by plants.171,172 On top of that, the soy hydrolysates manufacturing process can be a source 

of trace elements. The filter aids made of perlite or diatomaceous earth used during filtration steps of 

manufacturing processes are known to contain trace elements.173,174 The metals used to shape 

stainless steel tanks can also be released under specific physicochemical conditions.175 It is advisable 

to establish a close collaboration with the vendor of soy protein hydrolysates to reach a better 

understanding and management of the observed iron-induced batch-to-batch variability. 

5.2.7.1. Comparison of chemical element content in soy starting material and in soy 

hydrolysates 

 The initial levels of chemical elements present in soy starting material (n=20) were compared 

to the final levels in soy hydrolysates batches (n=33). Low levels of copper (Cu) were detected in the 

soy starting material, but they were not detected in soy hydrolysates. Low levels of aluminium, sodium, 

nickel, and iron (Al, Na, Ni, Fe) were detected in the soy starting material, but higher quantities were 

measured in the soy hydrolysates. Medium levels of manganese, zinc, strontium, and calcium (Mn, Zn, 

Sr, Ca) were detected in the soy starting material, but lower quantities were measured in the soy 

hydrolysates (Figure 36). Therefore, it was hypothesized that the process of manufacturing of soy 

hydrolysates could remove, add, or concentrate chemical elements compared to the initial 

composition of the soy starting material. 
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Figure 36. Chemical element levels in soy starting material compared to soy hydrolysates 
The average levels of a given chemical element of 20 soy starting material batches and 33 soy 
hydrolysate batches are compared. Bars are one standard error from the mean.  

5.2.7.2. Iron content in soy starting material 

 In this context, it was also noticed that all batches of soy starting material presented a steady 

level of iron (about 67 ppm) that therefore could not be correlated to iron variation observed in 

batches of soy hydrolysates (Figure 37). It was clearly concluded that the higher level of iron in soy 

hydrolysates did not come from the soy starting material. The source of increased iron had to be looked 

for in the manufacturing process of soy hydrolysates.   
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Figure 37. Comparison of iron content in soy starting material and soy hydrolysates powder 

Iron concentration are expressed in ppm (µg of iron per gram of sample) for 15 batches of soy 

hydrolysates manufactured using 20 batches of soy starting material.  

5.2.7.3. Reducing iron content in soy hydrolysates during manufacturing process 

 Different manufacturing steps may explain such iron variations. Iron concentration was 

measured at different process steps in manufacturing process of soy hydrolysates (data not 

illustrated). It was demonstrated that the manufacturing process led to higher levels of iron in the final 

product, especially due to a given manufacturing process step. During this step a raw material known 

to be rich in trace elements including iron is added to the soy material. The use of higher quantities of 

this raw material during the soy hydrolysate manufacturing process was pointed out to be causing a 

higher quantity of iron in the final product. Additional information and data are confidential.   
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5.2.8. Fingerprinting of soy hydrolysates 

 Soy hydrolysates, in cell culture media, enhance cell growth and mAb production. We have 

demonstrated that the batch-to-batch variation of soy hydrolysates can drastically impact process 

robustness, cell growth, mAb production, and mAb quality. The batch-to-batch variation was 

correlated in part to increased level of iron in soy hydrolysates. However, it was difficult to determine 

all the causes of the obtained batch-to-batch variation due to the complex composition of soy 

hydrolysates. Complexity, cost and time of analyses have led to the study of rapid screening of raw 

materials using spectroscopy or spectrometry. This approach combines fingerprinting of soy 

hydrolysates with chemometric data analysis. We chose to apply a chemometric approach. In the 

chemometric approach, samples of soy hydrolysates were analysed using vibrational spectroscopic 

tools (Near infrared and Raman) and untargeted metabolomic approach using mass spectroscopy (LC-

MS). The obtained results and mAb titers data were analysed using principal component analysis and 

partial least squares regressions to find some correlations. The output of those analyses is presented 

below. 

5.2.9. Near-infrared spectroscopy 

 A set of spectra of soy hydrolysates obtained from near-infrared spectroscopy (NIR) analysis 

were gathered in Figure 38. The NIR spectrum is a consequence of the absorbance of light due to the 

molecular vibrations (overtones and combination bands of vibrational energy levels) of hydrogen 

bonds like C-H, N-H, O-H.176 Spectra were colored according to their belonging to 1 of 3 groups. Spectra 

of soy hydrolysates batches associated to a poor performance are in red (mAb titer below 96% 

compared to the reference). Batches associated to an intermediate performance (mAb titer between 

96% and 104%) are in blue. Batches associated to a good performance are in green (mAb titer above 

104% compared to the reference). NIR spectra were generated during raw-material incoming testing 

by quality control department on batches used at large scale production. Consequently, it is important 

to note that the number of NIR spectra associated to a poor performance was not large enough in 

comparison to other groups. 
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Figure 38. Raw spectra of soy hydrolysates obtained from near-infrared spectroscopy (NIR) analysis 

Spectra of soy hydrolysates batches associated to a poor performance are in red (mAb titer below 96% 

compared to the reference, 5 spectra of 3 different batches). Batches associated to an intermediate 

performance are in blue (mAb titer between 96% and 104%, 15 spectra of 10 different batches). 

Batches associated to a good performance are in green (mAb titer above 104% compared to the 

reference, 18 spectra of 10 different batches). 

 In order to compare spectra, it is highly recommended to apply some filters to reduce artifacts 

and instrument variation. Two filters were used, the row-center filter and the SNV filter (section 4.9.2). 

Filtered spectra a represented in Figure 39. NIR spectra mainly overlap. Differences in the spectra for 

different soy hydrolysates batches were observed in the 4900-5200 cm-1 wavelength region for batches 

5, 6, and 11 and for batch 7, which stand out in the 11000-12400 cm-1. 
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Figure 39. Spectra of soy hydrolysates obtained from near-infrared spectroscopy (NIR) analysis and 

filtered using row center (RC) and standard normal variate (SNV) filters 

Spectra of soy hydrolysates batches associated to a poor performance are in red (mAb titer below 96% 

compared to the reference, 5 spectra of 3 different batches). Batches associated to an intermediate 

performance are in blue (mAb titer between 96% and 104%, 15 spectra of 10 different batches). 

Batches associated to a good performance are in green (mAb titer above 104% compared to the 

reference, 18 spectra of 10 different batches). 
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 The PCA score plot in Figure 40 explained 92% of the total variation (R2X=0.92), (Table 13). The 

principal component analysis score plot identified one batch outside Hotelling’s T2 range (Batch 7) 

These batch was kept in the dataset.  

 
 
Figure 40. Principal component analysis (PCA) score plot of the NIR analysis on soy hydrolysates data set 
Each plot mark corresponds to an observation (NIR soy hydrolysate spectrum of a given batch). Red marks 
correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 96% compared to 
the reference, 5 spectra of 3 different batches). Blue marks correspond to batches of soy hydrolysates associated 
to an intermediate performance (mAb titer between 96% and 104%, 15 spectra of 10 different batches). Green 
marks correspond to batches of soy hydrolysates associated to a good performance (mAb titer above 104% 
compared to the reference, 18 spectra of 10 different batches). 
 

 The method of least squares (OPLS) was used to linearly correlate NIR spectra with the mAb 

productivity by considering the correlations between variables. (Figure 41) Unfortunately, differences 

between NIR spectra could not be significantly correlated to soy hydrolysates performance (R2Y=20%). 

Therefore, it was not possible to predict mAb titer using this model (Q2=11%). NIR models might be 

reinforced by adding spectra analysis of additional batches of soy hydrolysates (especially bad batches) 

in the model. 
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Figure 41. Orthogonal partial least squares (OPLS) score plot of the NIR analysis on soy hydrolysates 

data set 

Each plot mark corresponds to an observation (NIR soy hydrolysate spectrum of a given batch). Red 

marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 

96% compared to the reference, 5 spectra of 3 different batches). Blue marks correspond to batches 

of soy hydrolysates associated to an intermediate performance (mAb titer between 96% and 104%, 15 

spectra of 10 different batches). Green marks correspond to batches of soy hydrolysates associated to 

a good performance (mAb titer above 104% compared to the reference, 18 spectra of 10 different 

batches). 

 

Table 13. Parameters of the PCA and OPLS models used in NIR analysis on soy hydrolysates for mAb 
titer prediction 

Models A N R2X R2Y Q2 

Figure 40 PCA 2 39 0.92 n.a. n.a. 

Figure 41 OPLS 1+1 39 0.87 0. 20 0.11 

A: number of components used in the model, N: number of samples; X: NIR intensities Y: mAb titer 
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5.2.9.1. Raman spectroscopy 

 Figure 42 shows Raman spectra of several soy hydrolysates solutions prepared from different 

batches. Raman spectroscopy is based on measuring the shift in wavelength of the scattered light. 177 

The Raman analyses were used to form a dataset where each row corresponds to an analysis of a batch 

of soy hydrolysates. The dataset includes 3326 Raman shifts for each of the 28 analysed batches 

analysed in duplicate or triplicate. Batches were colored according to their mAb titer, in red when the 

productivities were below 96% in comparison with the reference, in blue when the productivities were 

between 96% and 104% in comparison with the reference, and in green when the productivities were 

higher than 104% in comparison with the reference.  

 

Figure 42. Raw spectra obtained from Raman analysis of soy hydrolysates batches 
Spectra of soy hydrolysates batches associated to a poor performance are in red (mAb titer below 96% 
compared to the reference, 17 spectra corresponding to duplicate and triplicate analyses of 8 different 
batches). Batches associated to an intermediate performance are in blue (mAb titer between 96% and 
104%, 19 spectra corresponding to duplicate and triplicate analyses of 9 batches). Batches associated 
to a good performance are in green (mAb titer above 104% compared to the reference, 11 spectra 
corresponding to duplicate and triplicate analyses of 5 different batches).  
 

 After the pre-processing of the spectra using row center (RC) and standard normal variate 

(SNV) filters, Figure 43 shows the high similarities between Raman spectra of soy hydrolysates 

regardless of their performance.  
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Figure 43. Spectra of soy hydrolysates obtained from Raman analysis and filtered using row center 
(RC) and standard normal variate (SNV) filters 
Spectra of soy hydrolysates batches associated to a poor performance are in red (mAb titer below 96% 
compared to the reference, 17 spectra corresponding to duplicate or triplicate analyses of 8 different 
batches). Batches associated to an intermediate performance are in blue (mAb titer between 96% and 
104%, 19 spectra corresponding to duplicate or triplicate analyses of 9 batches). Batches associated to 
a good performance are in green (mAb titer above 104% compared to the reference, 11 spectra 
corresponding to duplicate or triplicate analyses of 5 different batches). 
 
 The PCA score plot explained 96% of the total variation (R2X=0.96) (Figure 44, Table 14). The 

principal component analysis score plot in Figure 44 identified three samples outside Hotelling’s T2 

range (Batch 16 and one Raman analysis of batch 24). Those batches were kept in the dataset.  
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Figure 44. Principal component analysis (PCA) score plot of the Raman analysis on soy hydrolysates 
data set 
Each plot mark corresponds to an observation (Raman soy hydrolysate spectrum of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 17 spectra corresponding to duplicate or triplicate analyses of 8 
different batches). Blue marks correspond to batches of soy hydrolysates associated to an 
intermediate performance (mAb titer between 96% and 104%, 19 spectra corresponding to duplicate 
or triplicate analyses of 9 batches). Green marks correspond to batches of soy hydrolysates associated 
to a good performance (mAb titer above 104% compared to the reference, 11 spectra corresponding 
to duplicate or triplicate analyses of 5 different batches).  
 

 OPLS was used to correlate Raman intensities (X) to mAb titer (Y). Given the high similarities 

between Raman spectra, the orthogonal partial least squares (OPLS) did not correlate Raman spectra 

of soy protein hydrolysates batches to mAb titers. (Figure 45). No significant correlation was observed 

between Raman intensities and mAb titer (R2Y=10%). Therefore, it was not possible to predict mAb 

titer using this model (Q2<0). 
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Figure 45. Orthogonal partial least squares (OPLS) score plot of the Raman analysis on soy 

hydrolysates data set 

Each plot mark corresponds to an observation (Raman soy hydrolysates spectrum of a given batch). 
Red marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer 
below 96% compared to the reference, 17 spectra corresponding to duplicate or triplicate analyses of 
8 different batches). Blue marks correspond to batches of soy hydrolysates associated to an 
intermediate performance (mAb titer between 96% and 104%, 19 spectra corresponding to duplicate 
or triplicate analyses of 9 batches). Green marks correspond to batches of soy hydrolysates associated 
to a good performance (mAb titer above 104% compared to the reference, 11 spectra corresponding 
to duplicate or triplicate analyses of 5 different batches).  
 
Table 14. Parameters of the PCA and OPLS models used in Raman analysis on soy hydrolysates for 
mAb titer prediction 

Models A N R2X R2Y Q2 

Figure 44 PCA 2 47 0.96 n.a. n.a. 

Figure 45 OPLS 1+1 47 0.94 0.10 - 0.0611 

A: number of components used in the model, N: number of samples; X: Raman intensities Y: mAb titer 
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5.2.9.2. Liquid chromatography-mass spectrometry (LCMS) 

The LC-MS analysis was used to form a dataset where each row corresponds to an analysis of 

a batch of soy hydrolysates. Liquid chromatography-mass spectrometry (LCMS) mostly screens amino 

acids and peptides present in the sample. On the mass spectrometry spectrum of a given batch of soy 

hydrolysates, the compounds detected were semi-quantified by taking the intensity of the 

monoisotopic peak. The dataset includes 980 metabolites for each of the thirty-one analysed batches. 

The PCA score plot on 31 samples and 980 metabolites explained 70% of the total variation (R2X=0.70), 

(Figure 46, Table 15). The principal component analysis score plot in Figure 38 identified two samples 

outside Hotelling’s T2 range (Reference and batch 21) and 3 moderated outliers (Batch 1, 19,20). The 

reference batch was forgotten during the analysis and was analysed in another analytical sequence. 

This might be the reason why it was identified as a sample outlier. Therefore, those 5 batches were 

removed from the models.  

 

 

Figure 46. Principal component analysis (PCA) score plot of the LC-MS analysis on soy hydrolysates 
data set 
Each plot mark corresponds to an observation (LC-MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 10 batches). Blue marks correspond to batches of soy hydrolysates 
associated to an intermediate performance (mAb titer between 96% and 104%, 14 batches). Green 
marks correspond to batches of soy hydrolysates associated to a good performance (mAb titer above 
104% compared to the reference, 7 batches).  
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The new dataset was used to generate the PCA score plot on 26 samples and 980 metabolites 

in Figure 47. The two-components PCA score plot explained 38% of the total variation (R2X=0.38), 

(Figure 47, Table 15). In the PCA plot, no cluster of soy hydrolysates batches according to their 

performance is observed. Only good batches, in green, are located more frequently in the lower half 

of the plot.  

 

Figure 47. Principal component analysis (PCA) score plot of the LC-MS analysis on soy hydrolysates 
data set without selected 5 outliers 
Each plot marks corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Blue marks correspond to batches of soy hydrolysates 
associated to an intermediate performance (mAb titer between 96% and 104%, 12 batches). Green 
marks correspond to batches of soy hydrolysates associated to a good performance (mAb titer above 
104% compared to the reference, 6 batches).  
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  OPLS was used to correlate LC-MS peaks (X) to mAb titer (Y). Significant correlations were 

observed between markers and mAb titer (R2Y=0.85). However, it was not possible to predict 

significantly mAb titer using this model (Q2=0.29). 

 

 

Figure 48. Orthogonal partial least squares (OPLS) score plot of the LC-MS analysis on soy 
hydrolysates data 
Each plot marks corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Blue marks correspond to batches of soy hydrolysates 
associated to an intermediate performance (mAb titer between 96% and 104%, 12 batches). Green 
marks correspond to batches of soy hydrolysates associated to a good performance (mAb titer above 
104% compared to the reference, 6 batches).  

 

 The OPLS discriminant analysis was carried out between “bad batches” and “good batches” 

groups (Figure 41), “good batches” and “intermediate batches” groups (Figure 37), “intermediate 

batches” and “bad batches” groups (Figure 48).   

 The two-components PCA score plot explained 44% of the total variation (R2X=0.44), (Figure 

49, Table 15). OPLS-DA was used to correlate LC-MS peaks (X) to “bad batches” group or “good 

batches” group. Significant correlations were observed between metabolomic peaks and classes 

(R2Y=0.98). It was also possible to predict by cross-validation the class (good or bad) using this model 

(Q2=0.75).  
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Figure 49. Principal component analysis (PCA) score plot of the MS analysis on soy hydrolysates data 
set 
Each plot mark corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Green marks correspond to batches of soy hydrolysates 
associated to a good performance (mAb titer above 104% compared to the reference, 6 batches). 
 

 
Figure 50. Orthogonal partial least squares (OPLS) score plot of the MS analysis on soy hydrolysates 
data set OPLS-DA Good vs Bad 
Each plot mark corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Green marks correspond to batches of soy hydrolysates 
associated to a good performance (mAb titer above 104% compared to the reference, 6 batches).  
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 On the left-hand side and on the right-hand side of the “S”, markers which have a strong 

contribution to the “good vs bad” model have been colored. Only reliable discriminating variables have 

been selected based on the 95% confidence interval and have been listed in Table 15. Use of a S-plot 

allows to extract statistically potential markers in soy hydrolysates for high or low mAb titers. 21 

potential markers for good batches of soy hydrolysates and 31 significative markers for bad batches of 

soy hydrolysates were identified using the S-plot in Figure 51. There are listed in Table 15.  

 

Figure 51. S-plot of the orthogonal partial least squares discriminant analysis (OPLS-DA) model 

between good and bad batches  

Each plot mark in green or red corresponds to a metabolite peak. Red plots strongly contribute to the 

model. 

 

 The two-components PCA score plot explained 14% of the total variation (R2X=0.41), (Figure 

52, Table 15). OPLS-DA was used to correlate LC-MS peaks (X) to “intermediate batches” group or 

“good batches” group. Significant correlations were observed between metabolomic peaks and classes 

(R2Y=0.85). However, it was not possible to predict the class (good or intermediate) significantly by 

cross-validation using this model (Q2=0.19). Metabolomic peaks extracted from this discriminant 

analysis might explain differences between samples in the data set but could not be considered 

significative for the prediction of a new batch of soy hydrolysates (Table 15). 
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Figure 52. Principal component analysis (PCA) score plot of the LC-MS analysis on soy hydrolysates 
data set PCA Good vs Intermediate 
Each plot mark corresponds to an observation (MS soy hydrolysate analysis of a given batch). Blue 
marks correspond to batches of soy hydrolysates associated to an intermediate performance (mAb 
titer between 96% and 104%, 12 batches). Green marks correspond to batches of soy hydrolysates 
associated to a good performance (mAb titer above 104% compared to the reference, 6 batches).  

 
Figure 53. Orthogonal partial least squares (OPLS) score plot of the LC-MS analysis on soy 
hydrolysates data set Good vs Intermediate 
Each plot marks corresponds to an observation (MS soy hydrolysate analysis of a given batch). Blue 
marks correspond to batches of soy hydrolysates associated to an intermediate performance (mAb 
titer between 96% and 104%, 12 batches). Green marks correspond to batches of soy hydrolysates 
associated to a good performance (mAb titer above 104% compared to the reference, 6 batches).  
 On the left-hand side and on the right-hand side of the “S”, markers which have a strong 

contribution to the “good vs intermediate” model have been colored. Only reliable discriminating 

variables have been selected based on the 95% confidence interval and have been listed in Table 16. 
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25 potential markers for good batches of soy hydrolysates and 27 significative markers for 

intermediate batches of soy hydrolysates were identified using the S-plot in Figure 54. 10 potential 

markers for good batches in favour of a high productivity are in common with the previous analysis (in 

green in Table 16). 18 potential markers for a bad or intermediate productivity are similar (in orange 

in Table 16). 

 

Figure 54. S-plot of the orthogonal partial least squares discriminant analysis (OPLS-DA) model 

between good and intermediate batches 

Each plot mark in green or red corresponds to a metabolite peak. Red plots strongly contribute to the 

model.  

 

 The two-components PCA score plot explained 44% of the total variation (R2X=0.42), (Figure 

55, Table 15). OPLS-DA (Figure 56) was used to correlate LC-MS peaks (X) to “intermediate batches” 

group or “bad batches” group. Significant correlations were observed between metabolomic peaks 

and classes (R2Y=0.88). However, it was not possible to predict the class (good or intermediate) by 

cross-validation using this model (Q2<0). Therefore, metabolomic peaks were not extract from this 

discriminant analysis, and therefore a not listed in Table 15. 
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Figure 55. Principal component analysis (PCA) score plot of the MS analysis on soy hydrolysates data 
set PCA Bad vs intermediate 
Each plot marks corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Blue marks correspond to batches of soy hydrolysates 
associated to an intermediate performance (mAb titer between 96% and 104%, 12 batches).  

 

Figure 56. Orthogonal partial least squares (OPLS) score plot of the MS analysis on soy hydrolysates 
data set bad vs intermediate 
Each plot marks corresponds to an observation (MS soy hydrolysate analysis of a given batch). Red 
marks correspond to batches of soy hydrolysates associated to a poor performance (mAb titer below 
96% compared to the reference, 8 batches). Blue marks correspond to batches of soy hydrolysates 
associated to an intermediate performance (mAb titer between 96% and 104%, 12 batches).  
Table 15. Parameters of the PCA and OPLS models used in LC-MS analysis on soy hydrolysates for 
mAb titer prediction 
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Models Description A N R2X R2Y Q2 

Figure 46 PCA All dataset 2 31 0.70 n.a. n.a. 

Figure 47 PCA Without 5 outliers 2 26 0.38 n.a. n.a. 

Figure 48 OPLS Without 5 outliers 2 26 0.23 0.85 0.29 

Figure 49 PCA Good vs Bad 2 14 0.44 n.a. n.a. 

Figure 50 OPLS-DA Good vs Bad 2 14 0.25 0.983 0.75 

Figure 52 PCA Good vs Intermediate 2 18 0.41 n.a. n.a. 

Figure 53 OPLS-DA Good vs Intermediate 2 18 0.29 0.85 0.19 

Figure 55 PCA Intermediate vs Bad 2 20 0.42 n.a. n.a. 

Figure 56 OPLS-DA Intermediate vs Bad 2 20 0.18 0.88 -0.54 

A: number of components used in the model, N: number of samples; X: LC-MS intensities Y: mAb titer 
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Table 16. List of potential markers of soy hydrolysates for a good, intermediate, and bad 

performance on mAb titer production 

Metabolite peaks are identified as: “Main peak intensity_Molecular weight”. 10 potential markers for 
good batches in favour of a high productivity were obtained in two models (in green). 18 potential 
markers for a bad or intermediate productivity are similar (in orange). 

Class  Good   Intermediate  Bad  

Models Figure 51 Figure 54 Figure 54 Figure 51 

LC
-M

S 
m

ar
ke

rs
 

10.4505_610.2157 
7.7119_408.1549 
7.8488_233.1262 
0.5848_236.8731 
9.4014_465.1698 

15.6816_465.1507 
0.7185_251.012 

1.7841_261.1023 
10.3592_484.2453 
8.4183_502.1904 
14.612_505.1625 
3.833_527.2436 

11.1432_527.1864 
0.9462_315.1207 

16.7444_774.3464 
3.9368_530.1744 
8.1645_534.2178 
14.492_544.2009 

11.7109_567.2343 
16.7363_588.2618 
14.8377_390.1463 

10.4505_610.2157 
6.2913_633.2236 

10.5056_680.2286 
15.6816_465.1507 
9.6534_690.2941 
1.7841_261.1023 

10.8029_724.2834 
8.4183_502.1904 

11.1806_285.0405 
16.1964_295.1038 
14.221_524.1457 

12.0397_311.0959 
3.833_527.2436 

11.1432_527.1864 
0.9462_315.1207 
8.8905_777.3277 
8.1645_534.2178 

12.8574_803.3799 
14.492_544.2009 

12.2794_552.2086 
13.9222_837.3563 
7.7976_371.1467 
4.1278_383.1522 
2.367_386.1182 

14.8377_390.1463 

5.2826_399.1398 
6.1432_618.1914 
4.2047_417.1332 
5.9073_197.0969 

15.7386_644.2063 
15.7303_201.09 

8.7732_200.1025 
10.1065_211.0905 

5.958_442.177 
7.0273_685.2672 
5.0808_245.063 

9.6205_477.1799 
8.9792_507.1639 
3.5975_295.0804 
5.7013_513.1867 

10.7574_774.2405 
11.5838_329.1308 
5.9528_329.1268 

11.5727_553.2232 
16.8692_344.0972 
15.7738_344.0858 
8.6046_558.1855 
5.1683_346.1172 
2.082_355.1301 

4.8695_371.1018 
11.8798_594.2087 
3.7263_385.1392 

5.2826_399.1398 
6.1432_618.1914 

16.1469_626.1998 
4.2047_417.1332 
5.9073_197.0969 
1.9939_195.0593 
15.7303_201.09 

13.0866_201.0865 
10.1065_211.0905 

5.958_442.177 
5.2374_459.1827 
7.0273_685.2672 
5.0808_245.063 

9.6205_477.1799 
9.4174_491.1431 
3.5975_295.0804 
7.1558_747.2242 
5.7013_513.1867 
1.9242_516.1649 
0.9539_527.0234 
8.6171_314.1483 

10.7574_774.2405 
6.799_330.1246 

11.5838_329.1308 
5.9528_329.1268 
4.0268_341.1256 

15.7738_344.0858 
8.6046_558.1855 
5.1683_346.1172 
4.8695_371.1018 

11.8798_594.2087 

 In conclusion, fingerprinting of soy protein hydrolysates using RAMAN and NIR did not capture 

differences between batches. LC-MS generated a complex dataset with some potential markers 

identified for bad/intermediate vs good batches of soy hydrolysates. However, identification of some 

of the markers will be too heavy and complex in our case. Consequently, ICP-MS for the screening of 

trace elements in raw materials is more relevant. 
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5.3. Compatibility of high temperature short time treatment on cell culture media to 

mitigate viral contamination risk in fed-batch monoclonal antibody production 

 The aim of this study is precisely to assess through small-scale studies the compatibility of HTST 

treatment with cell culture media and feed solutions of two fed-batch monoclonal antibody processes, 

and subsequently on cell growth and mAb titer and quality. It addresses the evaluation of setting up 

an additional preventive technology to reduce the risk of adventitious virus contamination of cell 

culture media. The potential impacts of the high temperature short time treatment on different cell 

culture media and feed solutions were evaluated. Different process parameters (temperature and 

holding time) were tested to select those that do not affect the quality of media and the performance 

of the process. The goals were:  

• To assess compatibility of high temperature short time treatment with complex and chemically 

defined media, 

• To define optimal temperature and holding time for the heat treatment of cell culture media,  

• To assess the impacts of heated solutions on cell growth, mAb production and product quality, 

• To define mitigation strategies in case of medium incompatibility. 

5.3.1. Impacts on media 

 For process A, heat treatment of both expansion and production media and feed solutions did 

not impact pH, osmolality, and turbidity of collected solutions in comparison to the respective 

unheated solutions (results not illustrated). Likewise, no differences were detected for measured 

parameters such as concentrations of glucose, glutamine, lactate, glutamate, ammonium, and all other 

amino acids. Regarding trace elements and amino acids composition, the heating treatment had no 

significant impact on media and on feed solutions (results not illustrated). Additional output was 

obtained for process B. After heat treatment, some impacts of HTST treatment were observed on the 

cell culture medium. A first consequence of the heat treatment was cloudiness of the heated media. 

Following this observation, turbidity was quantified and is shown in Figure 57 for expansion medium. 

Similar conclusions were obtained with production media (results not shown). In accordance with the 

visual aspect of the medium, all heated conditions showed higher turbidity than the unheated medium. 

Turbidity for expansion medium increased from 0.7 NTU for the non-heated medium up to 5.3 NTU for 

the medium heated at 102°C for 10 sec. In addition, turbidity increases with heat exposure time.  
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Figure 57. Turbidity of the expansion medium of process B after heat treatment.  

Turbidity of the cell expansion medium heated at 95°C, 98°C, 102°C respectively for 5 sec and 10 sec is 

compared to the turbidity of the untreated medium. All conditions were measured in triplicate using 

Turb 555 IR (WTW). No error bars are visible as triplicate always gave same results. NTU: 

Nephelometric Turbidity Unit.  

5.3.2. Impacts on process performance and product quality 

 For process A: From the first passage after thawing to the end of the cell culture, the use of 

heated media neither impacted the viable cell densities during expansion phase (Figure 58), nor during 

the production phase (Figure 59) compared to the unheated condition. Same conclusions were 

obtained for viability and cell diameter all along the cell culture (results not illustrated). Same 

assessments were made for metabolite profiles as shown in glucose profile chosen as the 

representative example in Figure 59. Figure 60 illustrates the normalized titer and mAb quality 

attributes of conditions with heated media and feed solutions in comparison to the unheated 

condition. The use of heated media and feed solutions at 95°C and 102°C for 5 seconds were neither 

associated with negative impact on mAb titer, nor on antibody quality attributes in comparison with 

the unheated condition. One-way Anova analyses have not shown enough evidence to conclude that 

there are differences among the means at the 0.05 level of significance although a slight increase of 

mAb titers or of A-fucosylated high mannose and complex were observed for conditions with heated 

cell culture medium. 

 For process B: For all solutions and conditions tested, no significant impacts were observed on 

viable cell densities during the cell expansion (Figure 58) and production phase, neither on the viability, 

the viable cell density, and the cell diameter, compared to unheated media and feed solutions (results 

not illustrated). Same assessments were made for the consumption of glucose and glutamine, and the 

production of glutamate, lactate and ammonium (result not illustrated). After heat treatment, no 
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negative impacts were observed on the normalized mAb titers and on acidic charge variants in 

comparison with unheated solutions (result not illustrated).  

 

 

Figure 58. Cell expansion using heated medium with high temperature short time technology 

Two recombinant cell lines were adapted to their culture medium with sequential dilutions performed 

every two to three days with un-heated medium (Reference), or medium heated at given temperature 

and holding time. Each condition was tested in triplicate. Error bars indicate one standard deviation. 

  

Process A 

Process B 
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Figure 59. Viable cell densities and glucose profiles during production phase using heated medium 

with high temperature short time (Process A) 

The recombinant cell line adapted to its culture medium for 14 days with un-heated medium 

(Reference), medium heated at 95°C for 5 seconds (95°C/5 sec) or medium heated at 102°C for 5 sec 

(102°C/5 sec) was used for inoculation step at 3.0 x 105 viable cells/mL to produce a monoclonal 

antibody with their respective medium. Each condition was tested in triplicate from thawing for 14 

days, followed by a production phase lasting 14 days. Error bars indicate one standard deviation. 
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Figure 60. Impacts of heated cell culture medium and feed solutions used during the cell culture on 

the final titer and the monoclonal quality attributes (process A) 

Cell culture media and feed solutions were heated at 95°C for 5 seconds (95°C/5s) or at 102°C for 5 

seconds (102°C/5s) and used for the production of a monoclonal antibody in triplicate in shake tubes 

in comparison to unheated media and feeds. Results were normalized in comparison to the unheated 

condition (reference). Bars are one standard error from the mean. G0 Non-galactosylated; G1 

Monogalactosylated; G2 Di-galactosylated 
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5.3.3. Precipitation collection and analyses 

 It was not possible to collect medium precipitates after HTST treatment and a simple 

centrifugation step. Using the fluidized sand bath, components causing the cloudiness of the medium 

for process B were collected and analysed by centrifugation after heating the medium at 102°C (Figure 

61). An energy dispersive X-ray spectroscopy analysis revealed that the increase in turbidity is mainly 

due to calcium, oxygen, and phosphorus precipitation. Furthermore, an infrared spectrum was 

determined and showed high similarities with tricalcium phosphate. Two minor differences, visible at 

3500 cm- 1 and 1500 cm-1 could be due to a difference in the hydration form of the molecule, or to a 

low-level of magnesium phosphate complex (Figure 61). These analyses highlight that calcium 

phosphate was the main cause for the high turbidity of the heated medium. The second impact 

observed upon high temperature short time treatment of medium was a red deposit in the HTST 

system.  

 The heat exchanger was then disassembled in order to check the status of the plates (Figure 

62). Precipitates were found covering the plates surface in the heating section. In the preheating 

section, deposits were also observed on the bottom of the last plates, while almost no deposit were 

observed on plates of the cooling section. As for the precipitate collected from the heated medium, a 

sample of this deposit was analysed. A stereomicroscope image revealed that this precipitate was 

composed of red and white parts (Figure 62). Infrared spectroscopy data (data not shown) were 

comparable to those causing medium turbidity and indicated again high similarities with calcium 

phosphate. However, the EDS data showed that along with the expected oxygen, calcium and 

phosphorus, carbon and lower amounts of iron, magnesium and sodium were present (Figure 63). 

Presence of carbon atoms is likely to be associated with traces of cell culture medium components. 

From these data, the collected precipitate was assessed to be a mixture of calcium phosphate and iron 

oxides. X-ray diffraction analyses corroborates the crystalline structure was a hydroxyapatite 

(Ca9HPO4(PO4)5OH). However, iron was not detected in the crystalline structure as it might be present 

as iron oxides. 
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Figure 61. Analysis of the white precipitates contributing to the increase in turbidity of the 

expansion medium (process B) 

A: Semi-quantitative analysis of the EDS spectrum of white residues. B: Blue spectrum corresponds to 

IR spectrum of isolated precipitate on the filter. Red spectrum corresponds to a tricalcium phosphate 

spectrum (reference). 

A 

B 
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Figure 62. Collection of a red precipitate after heat treatment of the culture media in the heat 

exchanger plates (Process B) 

A: Comparison between a heat exchanger plate of UHT/HTST Armfield FT74-30-MkIII system before 

and after heat treatment of the media. B: Stereomicroscope image of red precipitate after pressing 

with Attenuated Total Reflectance (ATR) crystal, recorded 8x magnification.  

 

 

Figure 63. Analysis of the red precipitate collected after heat treatment of the cell culture media on 

heat exchanger plates (process B)  

A: Semi-quantitative analysis of the EDS spectrum of red precipitates. B: Distribution of the elements 

of red precipitates after Energy Dispersive X-ray Spectroscopy.  

  

A B 

A B 
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5.3.4. Troubleshooting of precipitations upon heating cell culture medium 

 In the literature, medium component degradation and precipitation events were reported.115 

Precipitation of calcium phosphate has been revealed as a recurring issue.130–132 Iron oxides formation 

upon heating a complex cell culture medium was observed in this study case in addition to calcium 

phosphate precipitation. Identification of the root cause of iron oxide formation was addressed in this 

section. Mitigation strategies regarding turbidity increase were assessed by adjusting calcium and 

phosphate concentrations.  

5.3.4.1. Root cause analyses of iron oxides formation on the heat exchanger plates  

 A red precipitation was observed on the plates of the heat exchanger while using the HTST 

systems with process B cell culture medium. (Figure 62) Given that other cell culture media did not 

damage the plates, it was suggested that raw materials used in cell culture media of the process B 

interact with stainless steel. Therefore, three solutions were heated or kept at room temperature in 

presence or absence of plate shavings: water, process B cell culture medium, iron chelating solution. 

Obtained results are presented in Figure 64. 

 No visual differences were observed when putting metal shavings in contact with water at 

room temperature or at 102°C for 10 seconds using the sand bath equipment. (Figure 64-A) Once 

again, a clear increase of the turbidity of the solution was observed by heating process B cell culture 

medium without and with metal shavings. No clear difference was observed in presence of metal 

shavings. (Figure 64-B) However, the iron chelating agent solution became red after 40 minutes 

incubation at room temperature in contact with metal shavings. When heated at 102°C for 10 seconds 

using the sand bath equipment, the iron chelating solution became red only after few seconds in 

presence of metal shavings. (Figure 64-C) 

 The device used for HTST is made of stainless steel, which is corrosion resistant. Stainless steel 

is an iron-based alloy with a chromium content greater than 10.5%. 178,179Adding chromium makes it 

stainless steel. The chromium content allows the formation of a passive layer under oxidizing 

conditions (oxygen in the air or oxygen dissolved in water). This comes from the chrome atoms reacting 

with oxygen in the air to form a thin and stable layer that protects stainless steel. If the surface were 

to deteriorate, this layer would reform each time to protect the steel, keeping it stainless and corrosion 

resistant. This process is called self-passivation. (Figure 65)179 
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Figure 64. Root cause analyses of iron oxides formation on the heat exchanger plates upon heating process B cell culture medium 

Four conditions were tested for each solution (A: water, B: Process B cell culture medium, C: iron chelating agent) from left to right, the solution not heated 

as a reference, the solution heated at 102°C for 10 seconds using the sand-bath equipment; the solution incubated with metal shavings at room temperature 

for 4 hours; the solution heated at 102°C for 10 seconds with metal shavings using the sand bath equipment. Note: in the last vial the metal shavings were 

removed just before the picture, the test was performed in presence of plate exchanger metal. 
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Figure 65. Self-passivation process : formation of a protective oxide layer on the steel surface 179 

 Passivation did not offer enough protection to the heat exchanger plates of the equipment. 

Indeed, the formation of a red precipitate was observed upon heating cell culture medium containing 

iron chelating agent. A similar finding was reported in the literature by Li et al. in the food industry 

where iron chelating agent could interact with iron present in the alloy of stainless-steel upon heating 

and then kinetically-labile iron complexes finally forming iron oxides.156 It is therefore possible that the 

iron chelating agent interacts with the protective oxide layer, and then iron of the heated sections of 

the HTST equipment and favored the corrosion reaction and consequently the formation of iron oxides. 

(Equation 2)  

2 Fe + 2 H2O + O2 → 2 Fe2+ + 4OH- → 2 Fe (OH)2 

Equation 2. Simple correction reaction180  

 In addition to iron chelating agent, other elements may also negatively impact the self-

passivation of the surface of stainless steel and iron oxides formation. For example, it was shown that 

surface corrosion in the form of brown spots has been observed with this alloy when used with solution 

containing more than 0.5 g/L chloride and above 60°C which is likely to happen with cell culture media 

generally having a concentration of sodium chloride ten times higher than the indicated value. 181 

Applying such a high temperature to a medium with a high sodium chloride concentration makes it 

more sensitive to corrosion. Hydroxyapatite precipitation on the surface of the heat exchanger plates 

may also alter the self-passivation of the stainless steel.  
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5.3.4.2. Mitigation strategies for the increase of turbidity upon heating process B cell 

culture medium   

Calcium phosphate precipitation can be observed for medium containing a high concentration and 

ratio of calcium and phosphate due to the lowering of their solubility product constant with an increase 

of the temperature. Key factors associated with the risk of precipitation of calcium phosphate with 

HTST treatment are temperature, holding time, pH, and concentrations of calcium and phosphate. 

Reducing temperature or holding time are not the best choices to prevent precipitations as the viral 

inactivation may then not be sufficiently effective. Lowering the pH before HTST treatment was shown 

to be a promising strategy as it resulted in a reduced turbidity of the medium as illustrated by Shiratori 

et al. 2017.147 In this chapter, readjustment of pH and calcium/phosphate concentrations were 

assessed as a potential mitigation strategy regarding precipitation.  

5.3.4.2.1. Adjusting cell culture medium pH to mitigate increase of turbidity upon heating  

 Cell culture medium initially at pH 7.7, was spiked with HCl to lower the pH to 7.2, 6.70 and 

6.2. Those solutions were heated using the sand bath equipment at 102°C for 10 seconds. Visual aspect 

of the solution and turbidity measurement are reported in Figure 66. The turbidity of the unheated 

solution was 0.2 NTU. Heating this solution at pH 7.7 at 102°C for 10 seconds induces a significant 

increase of the turbidity to 138 NTU. By lowering the pH up to 6.7, the turbidity of the medium upon 

heating decreased to 42 NTU. However, at pH 6.2, the turbidity of the medium increased even more 

compared to the control, as the turbidity reached 679 NTU. Given that the isoelectric point of a large 

part of amino acids are closed to pH 6.2, the significant increase of the turbidity could be explained by 

their precipitation. Consequently, it was highlighted that pH of the medium before heating must be 

controlled but did not solve precipitation mitigation in its entirety.  
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Figure 66. Influence of the pH of process B cell culture medium on turbidity upon heating 

The cell culture medium, initially at pH 7.7, was used to prepare different solutions at pH 7.2, 6.7 and 

6.2 by HCl addition. Those solutions were heated at 102°C for seconds using the sand-bath equipment. 

The turbidity of the solutions was measured using Turb 555 IR (WTW). The visual aspect corresponding 

to each condition is represented below the bar chart. 

5.3.4.2.2. Reducing calcium and phosphate concentrations in cell culture medium to 

mitigate increase of turbidity upon heating 

 Different concentrations of calcium and phosphate in the cell culture medium were prepared 

and heated at 102°C for 10 seconds using the sand bath equipment. The objectives were firstly to 

assess if lowering calcium or phosphate concentration could reduce the rise of turbidity upon heating 

and secondly to assess if lowering calcium concentration in cell culture medium could impact cell 

culture process performance. Indeed, compounds with phosphate and/or calcium causing the 

increase of the turbidity upon heating can be removed from culture medium before heat 

treatment and added just after heating depending on cell requirement.  

 Figure 67 illustrated the influence of calcium and phosphate concentrations in process B cell 

culture medium on turbidity upon heating. The turbidity decreased by reducing calcium concentration 

in the cell culture medium. In absence of calcium ([Ca] = 0, [PO4] = 1), a residual turbidity was obtained 

(2.38 NTU). Without calcium and phosphate, an equivalent residual turbidity was measured (2.8 NTU). 

Therefore, this residual turbidity could not be related to the phosphate. In absence of phosphate, the 

turbidity increased up to 12.3 NTU. This result brought to light that calcium can precipitate with other 

cell culture medium components. The residual turbidity and the turbidity obtain in absence of 

phosphate, highlight that other components present in the culture medium might bring impurities that 

could precipitate upon heating even when the main source of calcium in the culture medium was 

removed.  
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Figure 67. Influence of calcium and phosphate concentrations in process B cell culture medium on 

turbidity upon heating using the sand-bath equipment 

Calcium and phosphate concentration are normalized. In this experiment, relative calcium 

concentrations tested were 0; 0.05; 0.1; 0.2; 0.4; 0.8; 1, where 1 correspond to the standard 

concentration of calcium presented in the cell culture medium. Two additional tests were performed 

without phosphate and calcium, and without phosphate in presence of calcium.  

 Cell culture medium containing variable concentrations of calcium were tested in shake flasks 

to assess the potential impacts on cell culture process performance. Calcium concentrations tested 

were 0, 0.05, 0.1, 0.2, 0.4, 0.8, 1 (where 1 correspond to the standard concentration of calcium present 

in the cell culture medium), and phosphate concentration were fixed at 1.  Results for the production 

phase are presented in Figure 68. For the cell viability (Figure 68-A), lower viabilities were obtained 

after day 7 for conditions containing the lowest amount of calcium ([Ca] = 0 and [Ca] = 0.05) in 

comparison with the control ([Ca] = 1).  Low concentration of calcium, below 0.2, also negatively 

impacted the viable cell density as shown in Figure 68-B.  
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Figure 68. Impacts of reducing calcium concentration in cell culture medium on cell culture growth.  

Represented in Graph A: the cell viability, B: viable cell density during the production phase with 

different concentration of calcium in the cell culture medium of process B. Calcium concentrations are 

normalized. In this experiment where tested calcium concentrations at 0, 0.05, 0.1, 0.2, 0.4, 0.8, 1, 

where 1 correspond to the standard concentration of calcium presented in the cell culture medium. 

Seeding density was targeted at 2.8 x 105 viable cells/mL. Studies were performed in shake flasks in 

triplicate. Bars are one standard error from the mean. 

 

A 

B 
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 The impact of reducing calcium concentration in cell culture medium on normalized volumetric 

mAb titers is represented in Figure 69. As shown for the viable cell densities, the normalized volumetric 

productivity also decreased by up to 12% with calcium concentration below 0.2.  

 

Figure 69. Impacts of reducing calcium concentration in cell culture medium on normalized 

volumetric mAb titers. 

Studies were performed in shake flasks in triplicate. Bars are one standard error from the mean.  

 

 Thus, reducing the concentration of calcium in cell culture medium allowed to reduce 

significatively the increase of turbidity of the medium. However, even by removing the main source of 

calcium in the cell culture medium, a residual turbidity was obtained. This residual turbidity could be 

explained by the presence of impurities of calcium in the cell culture medium (e.g. soy hydrolysates 

contain a low amount of calcium), the presence of other components that could precipitates under the 

experimental conditions and/or by the fact that the sand-bath equipment is considered a worse case 

model. Reducing drastically the concentration of calcium in the cell culture medium negatively 

impacted the cell culture process performance. Given that, we recommended to remove calcium in 

the cell culture medium before heating the medium and add calcium at its standard concentration 

after the HTST step. 
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6. Summary and outlook 

 For safety and economic reasons, the removal of serum and animal-derived components from 

cell culture media has been a widely adopted strategy for the production of biotherapeutics. The 

removal of animal-derived components in cell culture media tend to increase process robustness and 

safety and reduce cost of manufacturing. To replace these elements, other additives were used to fulfil 

cell requirements such as soy protein hydrolysates in animal component-free added in general to 

chemically defined cell culture media. However, those changes in cell culture medium composition are 

still associated to significant challenges in the biopharmaceutical industry. The replacement of serum 

by soy protein hydrolysates or by chemically defined cell culture medium are still associated to batch-

to-batch variability on yield performance and mAb quality.31,41 This variability is in part due to 

contaminations of raw materials by trace elements.31 This aspect was illustrated in the first chapter of 

this manuscript with the study of batch-to-batch variability of soy protein hydrolysates. Chemically 

defined cell culture components are also still at risk for contamination by adventitious viruses (e.g. 

MVM contamination due to rodents in contact to glucose during shipping). This concern was addressed 

in the second chapter of this manuscript.  

 On the one hand, soy protein hydrolysate is a plant-derived raw material, commonly used as a 

cell culture medium supplement to promote cell growth and mAb production. The characterization of 

several batches of soy hydrolysates manufactured by the same vendor in a 6-year period showed that 

they are the main source of amino acids and peptides, carbohydrates and chemical elements. In 

addition, Maillard reaction products were detected such as carboxymethillysine, carboxyethyllysine 

and cross-linked amino acid lysinoalanine. Vitamins were not detected by our assays. Although the 

global composition of soy hydrolysates was consistent, it was demonstrated that a batch-to-batch 

variability of soy hydrolysates leads to significant impacts on cell growth, cell metabolism, productivity 

and acidic charge variants of the mAb. Indeed, the batch-to-batch variability of soy protein 

hydrolysates led to an impact on the final yield of monoclonal antibody up to 36%. The use of a small-

scale cell culture model to evaluate the performance of the soy hydrolysate batches before their use 

at manufacturing scale allowed us to select batches associated with better performance and reduce 

the impact of this variability on the manufacturing process. Among all components measured in soy 

hydrolysates, iron correlated negatively with final productivity. Ferric ammonium citrate and ferrous 

sulfate spiking assays were performed to verify this correlation. Increasing the level of iron up to a 

concentration corresponding to a soy hydrolysate containing 175 ppm in the cell culture medium and 

in soy hydrolysates feed solution led to about 7% and 18% lower productivity for ferric ammonium 

citrate and ferrous sulfate respectively and to a significant increase of acidic charge variants. Highest 

levels of iron that would represent 250 ppm and 500 ppm in soy the soy hydrolysates were associated 
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in both cases to a drastic drop of the cell viability. Excess of iron in cell culture media is shown to 

conduct to the accumulation of toxic lipid reactive oxygen species through ferroptosis.152 Our data 

corroborate the notion that iron concentrations in cell culture media need to be precisely controlled 

and limited as they may have an impact on cell growth, productivity and product quality. Among the 

two different iron states (Fe II and Fe III) that could be used in chemically defined media, ferric iron 

sources correspond to the more stable oxidative state of iron, while iron in the ferrous oxidative state 

is known to be the major source of oxidative stress in media through the formation of radical oxygen 

species (ROS). Fingerprinting analysis of soy hydrolysates combined with chemometric did not allow 

to build a model that predicts the performance of a given batch of soy hydrolysates using our dataset. 

Only LC-MS analysis brought to light some potential markers of a good performance. To 

counterbalance negative effect of excess of iron, an iron chelating agent and a specific inhibitor of 

ferroptosis were used in our assays. By adding an increased volume of the iron chelating agent in the 

cell culture media, a significant increase of the volumetric productivity (up to 7 %) was observed only 

for batches of soy hydrolysates associated with high levels of iron. However, only a slight decrease in 

the acidic charge variants was observed for 3 of 4 batch tested. Ferrostatin-1 supplementation, a 

known inhibitor of ferroptosis, did not offer cell protection from the excess of iron during cell culture 

in our assay. Two main potential causes of increased iron levels were investigated in close collaboration 

with the vendor of soy hydrolysates: the soy starting material and the manufacturing process steps. 

Trace elements in soy starting material and all along the manufacturing process were measured to 

identify the source of the higher level of iron in the soy hydrolysates. Analysis of soy starting material 

showed that its iron content was consistent. However, iron content significantly increased after a given 

process step where a raw material rich in iron is used. Consequently, we highlighted how the 

manufacturing process may impact the final trace element composition of soy hydrolysates and 

therefore the final process performance. In this context, final iron content in soy hydrolysates 

measured by ICP-MS could be added as a specification with an acceptance criterion in certificate of 

analysis to reach a better control of soy hydrolysates batch-to-batch variability for the monoclonal 

antibody production. It becomes important to wander if conclusions presented in this manuscript also 

hold for chemically defined media; for the production of other monoclonal antibodies; and for other 

cell lines (e.g. CHO). Graham et al, (2021) demonstrated that CHO cells are able to adapt to oxidative 

stress in presence of excess of iron.182 Nevertheless, it was also shown that contamination by trace 

elements during the manufacturing process could happen not only for soy hydrolysates or iron, but 

also for other critical trace elements such as copper, selenium and manganese in chemically defined 

raw material.31,183–185 These trace element impurities impacted CHO cell culture performance.31,185 

Therefore, it becomes crucial to perform systematic trace element analyses of starting material in cell 

culture during quality assessment. It is also recommended to demand more control by vendors when 
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qualifying a raw material by considering for example the potential impact of trace elements on mAb 

manufacturing batch-to-batch variation. 

 On the other hand, we assess how mitigation strategy of viral contamination events of 

biopharmaceutical industries could be reinforced by adding a preventive inactivation step for cell 

culture medium and feed solutions. The HTST treatment acts as an effective preventive step regarding 

the risk of a viral contamination. Two fed-batch processes were tested for their compatibility with HTST 

treatment of their respective cell culture medium and feed solutions. Those two processes mainly 

differ by the composition of cell culture media and feed solutions. The process A only contain 

chemically defined cell culture medium and feed solutions (e.g. glucose, amino acid), while the process 

B uses complex cell culture medium and feed solutions (e.g. presence of soy hydrolysates, animal-

derived raw materials). For the process A, using heated medium and feed solutions did not impact 

measured physico-chemical properties of the medium and feed solutions, cell growth, cell metabolism, 

mAb titer as well as the mAb quality attributes. For the process B, no impact was reported on the cell 

culture performance, neither on product quality. However, heated cell culture medium was 

systematically associated to an increase of the turbidity due to precipitation of hydroxyapatite. This 

calcium phosphate precipitate was also observed as a deposit on heated section of the heat exchanger 

plates in presence of iron oxides deposits. The increase of turbidity upon heating process B cell culture 

medium was due to the presence of high concentration of calcium and phosphate and a ratio between 

them close to 1. Medium composition generally includes calcium and phosphate components, which 

precipitate above a certain concentration due to a decreasing solubility with temperature. In addition 

of creating mechanical problems with the heat exchanger or with downstream filtration of media, this 

could induce a coprecipitation of other metal salts containing for instance iron, magnesium, 

manganese or copper. As a result, the major impact on the process is a loss of trace elements, originally 

present in the media formulation, that could eventually alter critical quality attributes of the product 

(e.g. glycosylation, charge variants, drug substance color) and thereby its efficacy.147 Considering 

potential impacts on the media, temperature can be lowered to a minimum of 95°C, but given that the 

efficiency of the heat treatment highly depends on the temperature, it is not the best strategy to 

explore. Reducing calcium concentration in cell culture medium reduced the turbidity upon heating. 

However, a medium containing a level of calcium close to 0 negatively impacted the cell viability during 

cell culture. It was also reported that the level of turbidity upon heating the medium was highly 

dependent on the initial pH of the solution. Therefore, it is critical to control the pH of the medium 

before heating as outside of a given range the turbidity could increase sharply. Iron oxides deposits 

were linked to the presence of iron chelating agent in the heated culture medium interacting with the 

stainless steel of the equipment. Therefore, HTST treatment is compatible with media except for those 
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containing high ratio of calcium and phosphate and with the iron chelating agent used in Process B. 

The chosen solution for process B is to remove calcium and iron chelating agent solution in the cell 

culture medium of Process B before heat treatment with HTST equipment and add them at the 

concentrations initially expected after heating. These materials are not animal or plant derived. They 

are therefore at reduced risk of contamination by adventitious viruses. The iron chelating agent 

solution could be nanofiltered before being added to the cell culture medium. Those conditions will be 

tested in upcoming experiments. For efficient pre-screening, easily available techniques for HTST 

treatment such as oil bath or fluidized sand bath allow the rapid screening of numerous media 

compositions at small scale, in order to determine the best composition for preventing precipitation 

during HTST treatment.131–133 In times where new viral threats arise, the implementation of additional 

viral clearance barriers for cell culture media becomes more important than ever.48   
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8. Appendix 

8.1. Supplementary tables 

Appendix 1. Average product measured by the production shake flask model.  

Batch Productivity (%) Classification  

1 107.7% Good 

2 100.6% Intermediate 

3 106.9% Good 

4 110.6% Good 

5 107.2% Good 

6 109.8% Good 

7 109.9% Good 

8 105.4% Good 

9 100.1% Intermediate 

10 110.3% Good 

11 100.1% Intermediate 

12 86.9% Bad 

13 104.0% Good 

14 102.4% Intermediate 

15 92.2% Bad 

16 93.1% Bad 

Reference  100.0% Intermediate 

17 89.1% Bad 

18 97.2% Intermediate 

19 98.5% Intermediate 

20 85.6% Bad 

21 90.7% Bad 

22 74.5% Bad 

23 96.5% Intermediate 

24 91.4% Bad 

25 99.6% Intermediate 

26 94.8% Bad 

27 96.6% Bad 

28 94.4% Bad 

29 97.4% Intermediate 

30 99.8% Intermediate 

31 99.8% Intermediate 

32 96.3% Intermediate 

33 99.6% Intermediate 

34 101.2% Intermediate 

35 102.1% Intermediate 

36 102.1% Intermediate 
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8.2. List of abbreviations  

2-AB 2-aminobenzamide 

ADCC Antibody-dependent cell-mediated cytotoxicity  

Al Aluminium 

AMPA Aminomethylphosphonic acid 

ANOVA Analysis of variance 

ATP Adenosine triphosphate 

ATR Attenuated Total Reflectance 

B Boron 

Ba Barium 

BEV Bovine enterovirus 

BPV Bovine papillomavirus 

BVDV Bovine viral diarrhea virus 

Ca Calcium 

CDC Complement-dependent cytotoxicity  

CEL Carboxyethyllysine 

CEX-HPLC Cation exchange high performance liquid chromatography 

CH Constant domain - heavyt chain 

CHO Chinese Hamster Ovar 

CL Constant domain - light chain 

CML Carboxymethyllysine 

CO2 Carbon dioxide 

COVID-19 Corona virus disease 2019 

Cu Copper 

CVV Cache Valley Virus 

Cys Cysteine 

Cys2 Cystine 

DA Discriminant analysis 

DMEM Dulbecco’s Modified Essential Medium 

DMSO Dimethyl sulfoxide  

DMT1 Divalent metal transporter 1 

ECD Electron capture detector 

EDS Energy Dispersive Spectroscopy  

EDTA Ethylenediaminetetraacetate 

EGFR Epidermal growth factor receptor 

EHDV Epizootic hemorrhagic disease virus 

EMA European medicines agency 

ETC Electron transfer chain 

EU European union 

Fab fragment antigen binding 

FBS Fetal bovine serum 

Fc Fragment crystallizable 

FDA Food and drug administration 

Fe Iron 

Fe(II) Ferrous iron 

Fe(III) Ferric iron 

Fer-1 Ferrostatin-1 

FPD Flame photometric detector 
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Fpn1 Ferroportin 

Fuc Fucose 

Fur Furosine 

G0 Non-galactosylated 

G1 Monogalactosylated 

G2 Di-galactosylated 

Gal Galactose 

GalNAc N-acetylgalactosamine  

GCL Glutamate–cysteine ligase 

GC-MS Gas chromatography-mass spectrometry 

GGC γ-glutamylcysteine 

GlcNac N-acetylglucosamine residues 

GlcNac N-acetylglucosamine 

Gln Glutamine 

GLS Glutaminase 

Glu Glutamate 

Gly Glycine 

GPx4 Glutathione peroxidase 4 

GR Glutathione reductase 

GSH Glutathione 

GSS Glutathione synthetase 

GSSG Glutathione disulfide 

H2O2 Hydrogen peroxide 

HEK Human Embryonic Kidney 

HILIC Hydrophilic interaction chromatography column 

HIV-1 Human immunodeficiency virus 

HMW High Molecular Weight 

HO· Hydroxyl radicals 

HTST High temperature short time 

iCE Imaged capillary electrophoresis 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

ISC Iron-sulfur clusters 

IVCD Integral viable cell density 

K  Potassium 

KGaA Kommanditgesellschaft aktiengesellschaft 

LAL Cross-link lysinoalanine, 

LC-MS Liquid Chromatography Mass Spectrometry 

LMW Low molecular weight 

LOXs Lipoxygenases 

LRV Log reduction value 

mAb Monoclonal antibody 

Man Mannose 

MEM Minimum essential medium  

Mg Magnesium 

MMV Mouse Minute Virus 

Mn Manganese 

Mo Molybdenum 

MPA FT-NIR Fourier Transform Multi-Purpose Analyzer Near-infrared spectroscopy 

MVDA Multivariate data analysis 
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Na Sodium 

NANA N-acethylneuraminic acid 

NGNA N-glycolylneuraminic acid  

Ni Nickel 

NIR Near-infrared spectroscopy 

NTU Nephelometric Turbidity Unit 

O2-• Superoxide 

OPLS Orthogonal partial least squares 

PA-HPLC Protein A high performance liquid chromatography 

PCA Principal component analysis 

PCR Polymerase chain reaction 

PCV Porcine Circovirus 

PL• Phospholipid radical 

PL-O• Alkoxyl phospholipid radicals 

PL-OO• Phospholipid peroxyl radical 

PL-OOH Lipid hydroperoxides 

ppm Part per million 

PPV Porcine parvovirus 

Q-TOF-MS Quadrupole Time-Of-Flight Mass Spectrometry 

Rb Rubidium 

RC Row center 

ROS Reactive oxygen species 

RP Reversed-phase  

rpm rotation per minute 

Se Selenium 

SE Size-exclusion  

SEC Size exclusion chromatography 

SEN Scanning electron microscopy 

SINV Sindbis virus 

SMBC Simulated moving bed chromatography  

SNV Standard normal variate 

Sr Strontium 

STEAP3 Ferrireductases 

TCID50 Median Tissue Culture Infectious Dose 

Tf Transferrin 

TfR Transferrin receptor 

TRX Thioredoxin 

UHT Ultra High Temperature 

UPLC Ultra Performance Liquid Chromatography 

US United States 

UV Ultraviolet 

V Vanadium 

VH Variable domain - heavy chain 

VL Variable domain - light chain 

WCX Weak cation exchange  

Zn Zinc 
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