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Therapeutic proteins represent a highly successful area of 
modern drug development. Monoclonal antibodies (mAbs) 
in particular are one of the fastest-growing classes of 
biopharmaceuticals. Therapeutic antibody development 
is a multi-step process that involves the screening of cell 
clones, cell line development, and antibody purification 
and testing.

This ebook serves as a technical resource for cell line 
development and protein purification and the techniques 
involved in harvesting and purifying functional mAbs. 
Included in this ebook is a research report that investigates 
the multiple stages of mAb production and key attributes 
for successful bioprocessing applications.

The rapidly expanding field of antibody 
therapeutics

To date over 100 mAbs have been approved for use with 
over 400 more in various states of clinical evaluation. 
These mAb biologics have shown great promise for 
the treatment of numerous conditions ranging from 
autoimmune diseases to cancer.

Monoclonal antibodies used for immunotherapies 
stimulate the immune system and mount a response 
toward target antigens. The efficacy of this targeted 
response depends on the specificity and optimal function 
of the antibody. The majority of existing mAbs target cell-
surface or single-pass membrane proteins, which possess 
epitopes that are generally much more immunogenic 
than multi-pass membrane proteins such as G-protein 
receptors. There is a growing need for high-throughput 
cell screening and protein production methods to develop 

high-quality antibodies directed toward challenging, poorly 
immunogenic targets.

The development of high-expression cell lines is an 
important prerequisite for successful therapeutic antibody 
production. Cell line development is a multi-step process 
that involves gene cloning, screening and selection, 
culture and media optimization, and cell line evaluation 
and characterization. Successful antibody production 
depends, not only on the characteristics of the cell clone 
but the processes involved in cell cultivation and protein 
purification. Downstream processing of cells for antibody 
production requires methods for clarification and filtration, 
protein isolation, concentration, and purification.

Optimizing these processes is necessary for creating 
efficient and robust antibody development workflows and 
the highest-quality antibodies for testing and validation.

Critical workflows in cell line development and 
antibody purification

Stable, scalable, and high-titer cell lines are required to 
support high yields of recombinant antibodies for therapeutic 
applications. The development and validation of these cell 
lines is a multi-step process. 

•	 Gene cloning and clone candidate selection is an initial 
step in cell line development where rapid screening of 
minipools of cells is performed to assess titer, cell health, 
and cell growth.

•	 Clone selection and confirmatory analysis are performed 
for early identification of high-productivity clones with 
optimal critical quality attributes and target specificities.

•	 Cultivation and media optimization are used to screen 
culture conditions and media formulations for optimal 
growth and protein production.

•	 Cell line evaluation and characterization help to 
characterize top clones for stability, productivity, and 
quality attributes of the protein antibody.

As a final step, successful cell lines are subjected to Cell 
banking – Research Cell Bank (RCB), Master Cell Bank 
(MCB), and Working Cell Bank (WCB) preparation to ensure 
vitality and longevity.

Successful cell line screening and development is followed 
by optimization of conditions for antibody purification. The 
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mAb purification process involves multiple workflows which 
include cell clarification and filtration, antibody capture by 
affinity chromatography, purification, concentration, and 
sterile filtration. 

Although mAbs have identical polypeptide sequences that 
should produce identical functional antibody structures, 
many factors can influence the possible heterogeneity and 
quality control of antibody purification. Artifacts such as host 
cell proteins and DNA can be present in varying abundance 
depending on cell types, culture conditions, and other 
contributing factors. Cell viability and cell density can play 
prominent roles in the accumulation of the host cell debris 
during antibody production. While the goal of recombinant 
expression is to maximize the production of antibodies, this 
can come with unwanted increases in these background 
contaminants.

It is imperative to carefully control purification conditions 
and effectively remove contaminating species during 
the purification process. Employing the highest-quality 
purification solutions will ensure antibody yield and quality 
control measures are met and will set the process up for 
success when the time comes to scale up production.

Innovative Solutions: Cell Line Screening and 
Culture Optimization

Sartorius has developed innovative solutions to streamline 
and optimize cell line development and characterization 
processes.

•	 The CellCelector single cell colony and picking 
platform is a fully automated cell imaging and retrieval 
system developed for screening, selection, and isolation 
of single cells, clusters, spheroids, and organoids as well 
as single-cell clones and adherent colonies. Cell lines are 

produced in one round while providing in-process, image-
verified monoclonality.

•	 The Incucyte® Live-Cell Analysis System enables real-
time, live-cell imaging and analysis directly inside your 
incubator. Kinetic effects of antibody treatment on target 
cells can be measured without ever having to remove 
cells from the incubator.

•	 The iQue® Advanced Flow Cytometry Platform is a 
high-throughput, suspension cell and bead analysis 
platform for rapidly profiling cell phenotype and 
function in therapeutic antibody discovery workflows. 
The platform is ideal for those screens where cells are 
precious or limited in number and is the fastest way to 
generate high-content data from small samples.

•	 The Octet® Label-Free Biomolecular Interaction 
Analysis system is used for affinity ranking and 
epitope binning of small to large antibody matrices. 
The Octet® also performs Fc-receptor binding analysis, 
cross-reactivity testing, glycosylation screening, 
antibody-antigen binding kinetics and affinity 
characterization, bispecific testing, and titer analysis 
for protein expression, all in one easy-to-use, high-
throughput system.

Additional solutions for cell culture, mAb preparation, and cell 
line banking include:

•	 The Ambr® 15 Cell Culture Generation 2 automated 
bioreactor system

•	 The StreamLink® CC 15 mAb sample preparation system

•	 Fill-It automated cryovial processing solutions for cell 
banking applications

https://www.sartorius.com/en/applications/biopharmaceutical-manufacturing/cell-line-development/cld-instruments/cellcelector-single-cell-cloning-for-cell-line-development
https://www.sartorius.com/en/products/live-cell-imaging-analysis
https://www.sartorius.com/en/applications/biopharmaceutical-manufacturing/cell-line-development/cld-instruments/ique-advanced-flow-cytometry-for-cell-line-development
https://www.sartorius.com/en/applications/biopharmaceutical-manufacturing/cell-line-development/cld-instruments/octet-label-free-biomolecular-analysis-for-cell-line-development
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Innovative Solutions: Antibody Purification 
and Filtration

Sartorius offers an entire suite of products and solutions 
to streamline the mAb purification and quality control 
processes.

Cell Clarification and Filtration

Cell clarification and filtration are important initial steps 
to separate antibody-containing supernatant from cells, 
cellular debris, and other artifacts.

Increased cell densities for optimized antibody expression 
can come with higher levels of contaminants. Filtration 
solutions must support the requirements of throughput 
and performance while handling the rigors associated with 
high-density cell clarification. 

Sartoclear Dynamics® Lab is a new, one-step method 
for harvesting mammalian cell cultures with high cell 
densities. Consistent results, ease of use, and exceptional 
speed are the key characteristics of this technology.

Sartoclear Dynamics® Lab kits are designed for rapid 
harvesting 15 mL to 1,000 mL volumes of cell cultures in 
the lab, enabling clarification and sterile filtration to be 
performed in one step. These kits simplify the process by 
fully eliminating the centrifugation step otherwise needed 
for clarification.

Sartoclear Dynamics® Lab V kits provide clarification 
and sterile filtration of up to 1 L mammalian cell culture 
combining a filter aid for clarification and a vacuum 
filtration unit for sterile filtration. The kits can cover cell 
densities up to 20 x 106 cells/mL.

Sartolab® Multistation for hands-free filtration of small 
volumes can be used for simultaneous filtration of up 
to 6 samples without the need for installation of extra 
connectors and time-consuming stabilization of filter units. 
One single vacuum source enables simultaneous filtration 

of up to 6 samples, with no installation time needed for 
each filter unit before use.

Sartoclear Dynamics® Lab P15 kits are convenient, ready-
to-use kits that combine a 20 mL syringe pre-filled with a 
filter aid for clarification with a 0.2 µm polyethersulfone 
filter for sterile filtration. The filtration kits are designed for 
all cell densities.

For more information

Concentration

Ultrafiltration enables rapid removal of solvent from a sample, 
while the target macromolecule is retained and progressively 
concentrated. In antibody purification, ultrafiltration is also 
an important step in removing interfering contaminants that 
are sufficiently smaller than the membrane molecular weight 
cutoff (MWCO).

Tangential Flow Filtration (TFF), or crossflow filtration, allows 
for concentration and purification of larger sample volumes 
than centrifugal or pressure-driven ultrafilters. Due to the flow 
of sample parallel to the membrane surface, this method is 
much less prone to fouling and concentration polarization. TFF 
is widely used in the biopharmaceutical and food industries 
owing to its continuous and reproducible performance.

https://www.sartorius.com/en/products/lab-filtration-purification/harvesting-devices
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Vivaflow® Crossflow Ultrafiltration (TFF) 
Cassettes

Lab-dedicated, plug and play Vivaflow® cassettes enable 
an effortless, cost-effective transition from centrifugal or 
pressurized to crossflow ultrafiltration. The unique flip-flow 
path and modular design provide high-speed concentration 
of larger sample volumes, while a broad choice of membrane 
materials and MWCOs ensure the highest target recoveries.

Vivaflow® 50 are modular cassettes designed for high-
speed, plug-and-play TFF. No cleaning is required, allowing 
you to optimize your lab time with these single-use units.  The 
cassettes handle 0.5 L samples and are scalable up to 3 L with 
near-total target recoveries.

Vivaflow® 50R are budget-friendly, compact, and reusable 
cassettes, featuring 50 cm2 Hydrosart® membranes. The 
cassettes handle 0.5 L samples and are scalable up to 1 L. They 
demonstrate minimum protein binding and utilize a simple 
cleaning process between each use.

Vivaflow® 200 are modular, reusable 200 cm2 PES or 
Hydrosart® cassettes that can handle 2.5 L samples, with 
scalability to 5 L. The units support maximum target recoveries 
and require only a simple cleaning process between uses.

For more information

Purification

Capture and chromatographic separation is an essential 
enrichment step, boosting antibody concentrations 
while removing unwanted host cell proteins and other 
contaminants. Resin-based ion exchange or affinity 

chromatography methods typically require sophisticated 
equipment and long set-up times, exhibit low flow rates, 
and suffer from limited yields. The small pore sizes and 
large bed volumes of conventional columns contribute to 
size exclusion and dilution effects, which limit the ability 
to purify larger macromolecules, demand further process 
steps to concentrate dilute eluates and increase reagent 
consumption. Furthermore, these purification processes 
are difficult to transfer to manufacturing.

Protein A Affinity Membrane Chromatography

Sartobind® Lab membrane adsorbers are designed to 
overcome these challenges.

Sartobind® Protein A affinity membrane adsorbers 
are ideal for rapid purification of antibodies, including 
IgGs and mAbs. The macroporous structure allows 
10-fold faster flow rates than conventional resin-based 
columns, and cycle times of only 10 minutes. In the FPLC-
compatible syringe filter format, affinity purification can 
be performed as simply as filtration.

Purification and Contaminant Removal using 
Ion Exchange Membrane Chromatography

Vivapure® and Sartobind® Lab ion exchange units utilize 
the popular, process-ready Sartobind® membrane 
adsorbers with Q or S ligands for rapid, easy target 
purification and contaminant removal by anion or cation 
exchange. The choice of spin column or syringe filter 
formats offers flexibility and convenience, from parallel 
purification by centrifuge to larger-scale separations with a 
syringe, pump or FPLC system.

https://www.sartorius.com/en/products/lab-filtration-purification/ultrafiltration-devices/tangential-crossflow
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Sartobind® Lab IEX are flexible, ready-to-use units 
functionalized with the most popular ligands, including 
high DBC Q, D, or S. Units can be connected in series to 
increase the total binding capacity and are reusable for 
over 1,000 cycles.

Vivapure® IEX are rapid, economical single-use units 
for parallel screening and small-scale macromolecule 
purification. They are available loaded with high-capacity 
Q, D, or S ligands, in two spin filter formats for handling up 
to 0.4 mL or 19 mL samples.

For more information

Concentration and Diafiltration using 
Vivaspin® Centrifugal Concentrators

Concentration and diafiltration are often essential steps 
during protein purification. These techniques can be 
used for protein concentration and/or buffer exchange 
upstream of chromatography steps, or before analytical 
testing of final product in cell-free or cell-based assays. 
A wide variety of membrane materials and MWCOs are 
available to prevent protein loss while ensuring maximum 
processing speeds.

The comprehensive range of Vivaspin® units caters to 
virtually any ultrafiltration/diafiltration application for 
initial sample volumes from 0.1 to 100 mL. The risk of 
sample loss through concentration to dryness is eliminated 
by design, while maximum process speeds and target 
recoveries are achieved through high-area membranes 
available in multiple materials and MWCOs. Furthermore, 
retentate retrieval is simplified from the unique angular 
dead stop pockets of Vivaspin® Turbo. 

Vivaspin® Turbo 15 centrifugal concentrators ensure that 
users have access to both regenerated cellulose (RC) and 
polyethersulfone (PES) membrane options. This unique 
choice allows selection of the membrane which has the 
best compatibility for the molecule of interest. Combining 
the new RC membrane with the superior Vivaspin® 
Turbo design ensures highest recoveries in the fastest 
possible time.

For more information

Particle Removal and Sterile Filtration using 
Minisart® Syringe Filters and Sartolab® Filter 
Devices

Sartorius offers a large portfolio of filtration devices all 
designed to maximize filtration efficiency, yet also be a 
cost-effective and easy filtration solution for the researcher 
and laboratory as well.

For more information

https://www.sartorius.com/en/products/lab-filtration-purification/membrane-chromatography
https://www.sartorius.com/en/products/lab-filtration-purification/ultrafiltration-devices/centrifugal
https://www.sartorius.com/en/products/lab-filtration-purification/syringe-filters
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Employing QbD strategies to assess the impact of cell viability and 
density on the primary recovery of monoclonal antibodies

Ole Jacob Wohlenberg, Carlotta Kortmann, Katharina V. Meyer, Thomas Scheper, and Dörte Solle 

Leibniz Universitat Hannover, Institut fur Technische Chemie, Hannover, Germany

ABSTRACT

Quality by Design (QbD) is one of the most important tools 
for the implementation of Process Analytical Technology 
(PAT) in biopharmaceutical production. For optimal 
characterization of a monoclonal antibody (mAb) upstream 
process, a stepwise approach was implemented. The 
upstream was divided into three process stages: inoculum 
expansion, production, and primary recovery, which were 
investigated individually. This approach enables analysis 
of process parameters and associated intermediate 
quality attributes as well as systematic knowledge 
transfer to subsequent process steps. Following previous 
research, this study focuses on the primary recovery of 
the mAb and thereby marks the final step toward a holistic 
characterization of the upstream process.

Based on knowledge gained during the production 
process evaluation, the cell viability and density were 
determined as critical parameters for the primary recovery.  
Directed cell viability adjustment was achieved using 
cytotoxic camptothecin in a novel protocol. Additionally, 
the cell separation method was added to the Design of 
Experiments (DoE) as a qualitative factor and varied 
between filtration and centrifugation. To assess the quality 
attributes after cell separation, the bioactivity of the mAb 
was analyzed using a cell-based assay, and the purity 
of the supernatant was evaluated by measurement of 
process-related impurities (host cell protein proportion 
and residual DNA).

Multivariate data analysis of the compiled data confirmed 
the hypothesis that the upstream process has no 
significant influence on the bioactivity of the mAb. 
Therefore, process control must be tuned towards high 
mAb titers and purity after the primary recovery, enabling 
optimal downstream processing of the product. To 
minimize amounts of host cell proteins and residual DNA, 
the cell viability should be maintained above 85% and the 
cell density should be controlled at approximately 15×106 
cells/ml during the cell removal. This study shows the 
importance of QbD for the characterization of the primary 
recovery of mAbs and highlights the useful implementation 
of the stepwise approach over subsequent process stages.

KEYWORDS: CHO,DoE,mAb,PAT,QbD

Abbreviations: CHO, Chinese Hamster Ovary; CQA, Critical 
Quality Attribute; CPP, Critical Process Parameter; CPT, 
Camptothecin; DoE, Design of Experiments; HCP, Host Cell 
Protein; L929 cell, Adherent mouse fibroblast L929 cell; mAb, 
monoclonal Antibody; MLR, Multiple Linear Regression; 
MVDA, Multivariate Data Analysis; PAT, Process Analytical 
Technology; PM, Production Medium; QbD, Quality by Design; 
SARS-CoV-2, Severe Acute Respiratory Syndrome Corona 
Virus 2; TCD, Total Cell Density; TNF-alpha, Tumor Necrosis 
Factor-alpha.

This is an open-access article under the terms of the 
Creative Commons Attribution License, which permits use, 
distribution, and reproduction in any medium, provided 
the original work is properly cited.© 2022 The Authors. 
Engineering in Life Sciences published by Wiley-VCH GmbH

Eng Life Sci.2022;e202200056.  https://doi.org/10.1002/
elsc.202200056

1. INTRODUCTION
The monoclonal antibody market is growing rapidly, with 
expected total market revenues reaching a valuation of 
300 billion US$ by 2025 [1,2]. Due to major advancements 
in the biopharmaceutical industry, the number of medical 
applications is quickly increasing, including treatment for 
cancer as well as novel diseases such as Severe Acute 
Respiratory Syndrome Corona Virus-2 (SARS-CoV-2) [3–6]. 

The traditional approach for mAb product and process 
development consists of a rigid manufacturing process with 
predefined set points and batch-to-batch quality controls. 
This results in a lack of methodical connection between 
the process, product, and application. In order to enable 
fast approval and release to market of novel therapeutic 
antibodies fulfilling high-quality standards, the development 
and production process has to be performed in a structured 
and controlled environment [7].

The FDA introduced a guideline to biopharmaceutical 
development and manufacturing with the current Good 
Manufacturing Practice for the 21st-century initiative in 
2004. This protocol includes the framework for Process 
Analytical Technology (PAT) and guidelines from the 
International Conference of Harmonization, which introduced 

https://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/doi/10.1002/elsc.202200056
https://onlinelibrary.wiley.com/doi/10.1002/elsc.202200056
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the concept of Quality by Design (QbD) as a risk-based 
approach to the development of new therapeutics [8–12]. This 
approach defined the main objective of research as a way 
to construct and methodically build quality into the process 
and product during the development phase, instead of during 
production. Biopharmaceutical manufacturers are thereby 
able to tune their processes toward product quality in a 
compliant environment, resulting in improved flexibility, cost 
reduction, and faster adjustments in production as well as 
development [13,14].

Quality by Design (QbD) is structured as a multi-step process, 
starting with the identification of process parameters and a 
risk assessment, followed by a Design of Experiments (DoE) 
approach to examine critical process parameters (CPPs) 
regarding critical quality attributes (CQAs) [15,16]. CPPs are 
process inputs like the initial viable cell density or the culture 
pH, while CQAs include process and product outputs like 
the growth rate of the cells or the bioactivity of the produced 
antibody. The systematic setup of the DoE enables the 
investigation of factor effects and interactions, which can 
be statistically solidified using multivariate data analysis 
(MVDA). Based on the data and the mathematical model, a 
designated design space can be calculated, representing 
a multi-dimensional region of process parameters in which 
the process can be conducted within predefined quality 
attributes [9,17]. This work is within the set design space and 
is not considered to be a change or risk to the process or 
product quality. 

To assess the complete upstream process of mAb production 
using Chinese Hamster Ovary (CHO) cells, the process was 
split up into steps and investigated individually. The studies 
were based on previous findings regarding the inoculum 
expansion and production process and mark the final step of 
the complete case study process characterization [18,19]. Even 
though the presented QbD strategies are widely used in the 
biopharmaceutical industry, the split-up approach to process 
characterization has been rarely implemented [20,21].

This approach enhances the analysis by connecting 
intermediate quality attributes to downstream process steps, 
allowing for a holistic assessment of the process risks and 
robustness. Knowledge gained with regard to factor effects on 
intermediate CQAs can then be used to define the setup of the 
following experiments. Earlier studies showed no significant 
impact of the production process on the investigated product 
quality, considering mAb quantity and purity as the main 
quality criteria for the production step [19]. Furthermore, 

they showed a strong influence of the culture, pO2, and the 
initial viable cell density on the viability in correlation with the 
proportion of produced mAb to process-related impurities [19]. 

Based on these results, the current work will focus on viability 
as an input factor for the first step of cell removal. The directed 
adjustment of the cell viability for analysis in a DoE approach 
was established by the use of camptothecin (CPT), which has a 
planar pentacyclic ring structure and acts as a topoisomerase 
inhibitor resulting in a cytotoxic effect on the CHO cells [22]. 
This enables the viability adjustment for the first time without 
altering the culture duration or variation of other process 
parameters. Critical quality attributes like the bioactivity of the 
produced antibody as well as the amount of residual DNA and 
host cell proteins (HCPs) in the supernatant were analyzed 
to establish a robust design space for the last step of the 
upstream process.

PRACTICAL APPLICATION

Consistent adjustment of critical process parameters is 
the key for meaningful DoE analysis. Therefore, cytotoxic 
camptothecin was used in a novel approach to adjust the 
cell viability at peak cell densities. The viability can be used 
as an input factor for the process characterization, enabling 
further analysis of the effects and interactions of cell viabilities 
without elongation of the process duration or variation of 
other process parameters. This highlights the importance 
of novel strategies to implement QbD principles in various 
process steps.

2. MATERIAL AND METHODS
Presented QbD strategies will be implemented in the primary 
recovery of an IgG1 monoclonal antibody (mAb) production 
process using a DG44 CHO cell line (Sartorius Stedim Cellca 
GmbH, Germany).

2.1 Cell line and material
The first steps of the process involved the vial thaw and 
inoculum expansion as described by Boehl et al. [18]. The 
production process step was performed in the modular 
AmbrR_250 system (Sartorius, Germany), using proprietary 
and chemically defined production medium (PM) and two 
additional feed media (feed medium A; feed medium B) for 
macronutrients (e.g., glucose) and micronutrients (e.g., amino 
acids) respectively (Sartorius Stedim Cellca GmbH, Germany) 
[23]. One AmbrR 250 vessel was used to cultivate the cells 
for the DoE, while the second vessel was used as an internal 
reference standard.



9LabX WWW.LABX.COM

EBOOK

Research Article 
Employing QbD strategies to assess the impact of cell viability and 
density on the primary recovery of monoclonal antibodies

The cultivation was conducted over 9 days with daily feeds 
(1% feed medium A, 0.1% feed medium B) from day 3 and 
additional glucose feeds (400 g/L stock solution) to a culture 
glucose concentration of 5 g/L from day 5. At peak cell 
density from day 7 to 9, the cells were cultivated in 250 ml 
shake flasks (Corning, USA) in a Heracell 240 CO2 incubator 
at 36.8°C and 7.5% CO2 (Thermo Scientific, USA) using a 
MaxQ CO2 Plus shaker platform (Thermo Scientific, USA).

2.2 Directed cell viability adjustment
The viability adjustment was conducted in shake flasks to 
treat cells from a single process. Thereby, improving the 
comparability of the DoE runs compared to using the two 
available AmbrR_250 vessels for multiple cultivations. 
After transfer to the shake flasks, camptothecin was added 
to concentrations of 10 and 30 μM to adjust the targeted 
cell viabilities of ~60% and ~80%, respectively. The used 
concentrations were evaluated by a standard series of 
camptothecin at peak viable cell density (20 × 106 cells/
ml). Viabilities for the multivariate data analysis were 
calculated by the combination of the relative decline in 
cell density to the reference cultivation and the measured 
viability for each cultivation run.

2.3 Analytics
During the production process, 1 ml samples were taken 
daily. Viable cell densities and viabilities were measured 
using a Cedex HiRes (Roche Innovatis, Switzerland). The 
pH (7.2) and pO2 (60%) were measured and controlled 
by the AmbrR_250 system. Offline pH measurements 
for offset calibration (for ΔpH > 0.05) were performed 
using a FiveEasy Plus pH meter FP20-Micro (Mettler 
Toledo, USA) every 2 days. Substrates (glucose, lactate, 
glutamine, glutamate), the produced mAb, and total protein 
concentrations were analyzed during the production 
process and after the cell separation using the Cedex 
Bio (Roche, Switzerland). The DNA concentration in the 
supernatant was analyzed using the Nanodrop 2000 
(Thermo Scientific, USA). Antibody bioactivity was 
determined in triplicates by an adherent mouse fibroblast 
(L929) cell-based assay (CLS Cell Lines Service, Germany; 
catalog number 400260) using the tumor necrosis 
factor-alpha (TNF-α) under the presence of actinomycin 
D. Viability of L929 cells was analyzed using the cell 
titer-blue assay (Promega, USA) after 24 h of treatment 
with the antigen and antibody. The produced antibody 
was diluted and used in low and high concentrations of 
8 and 80 ng/ml, respectively. The antigen TNF-α was 
used in a fixed concentration and determined to result 

in around 20% L929 cell viability without the addition of 
functional antibody.

2.4 Cell separation
The cell separation at the end of the process was 
performed by centrifugation and filtration of 6 ml cell 
culture broth for each experimental run. Centrifugation 
was performed for 5 min at 300 × g using a Centrifuge 
5702 (Eppendorf, Germany), while filtration was performed 
using Sartoclear Dynamics Lab P15 syringes with 0.2 μm 
filters (Sartorius, Germany).

2.5 Design of experiments (DoE)
The DoE analysis was performed using the DoE software 
MODDE 12 (Umetrics, Sartorius Stedim Data Analytics, 
Sweden). Three critical parameters determined during risk 
assessment were used as factors (F1 = viability, F2 = cell 
density, F3 = separation method) for full factorial designs 
with three center point runs. With the viability varied on 
three levels and the third factor as a qualitative factor, 
the design resulted in two full factorial approaches with 
two factors (F1 and F2) for each separation method with a 
total of 18 experiments. Hereinafter, the factor settings are 
described as 0 for center point level and –1/1 for the low 
and high levels of the full factorial squares, respectively.

The qualitative factors for the separation method are 
abbreviated as C for centrifugation and F for filtration. The 
cell viability was varied equally between 60% and 99% by the 
addition of camptothecin. For the cell density, the cell broth 
was diluted with fresh PM before cell separation. Total cell 
densities were varied equally between 10 and 20 × 106 cells/
ml. An overview of the experimental setup and the explained 
numerical coding of the parameter levels are depicted in the 
supplements. Three responses were analyzed after the cell 
separation: mAb proportion to impurities, residual DNA in the 
supernatant, and product bioactivity.

2.6 Multivariate data analysis (MVDA)
The mathematical models were fitted using multiple linear 
regression (MLR) with squares and interactions in MODDE 
12 (Umetrics, Sartorius Stedim Data Analytics, Sweden) as 
described by Boehl et al. [18]. Model statistics, namely the 
R-squared, adjusted R-squared, Q-squared, model validity, 
and reproducibility were calculated to assess the conducted 
model. Factors with a coefficient of zero in its confidential 
interval are regarded to have no significant influence on the 
response and were therefore removed from the model. The 
design space was calculated using Monte Carlo simulations 
with parameter limits summarized in the supplements.
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3. RESULTS AND DISCUSSION
A key objective of this study was the investigation of 
parameter effects on the robustness and quality of 
the primary recovery for the mAb production process. 
Several process parameters were evaluated regarding 
their importance for the process and theoretical risks for 
further downstream processing. Identified critical process 
parameters were evaluated based on a DoE approach with 
a focus on mAb quality and process-related impurities after 
the cell separation. As a result, a quality-focused process 
evaluation was enabled, resulting in defined knowledge 
about the different parameter effects and interactions. This 
can be used to change and adjust the following downstream 
process for optimal product recovery.

3.1 Risk assessment
The quality of the production process step was earlier 
evaluated by analysis of multiple intermediate CQAs [19]. 
During the production step, product of consistent quality was 
produced within the investigated knowledge space [19]. The 
product quantity and purity were subsequently established 
as the most important quality criteria for the subsequent 
downstream process. Cell viabilities, growth rates, and 
integral viable cell concentrations were monitored as 
responses for cell growth and maintenance. These attributes 
provide critical information about a possible delay in the 
culture duration or low cell maintenance. Improvements in 
cell densities on the other hand can lead to reduced process 
time and production costs as well as higher mAb titers.

In order to further investigate the critical role of these 
intermediate attributes, the viability and the cell density were 
determined as critical process parameters for the following 
process step, namely the cell separation. In earlier studies, 
low viability representing suboptimal cellular conditions 
could be correlated to higher amounts process-related 
impurities, which have to be removed at high cost during 
further downstream process steps [19]. Higher cell densities 
were shown to impact the effectiveness and efficiency of 
cell removal [24]. However, the peak cell density during 
the production process was determined to have an overall 
higher impact on the antibody titer than productivity-
enhancing conditions [19]. Furthermore, high values for these 
parameters represent the previously established quality of 
the production process [18,19]. The viability and cell density 
can be used as linking parameters between mAb production 
and downstream processing.

With the aim of a broad evaluation of the primary recovery, 
the separation method was also determined as a critical 

process parameter. The interaction between the separation 
method and other parameters could be especially interesting 
to dynamically adjust cell removal for given process 
parameters. Filtration and centrifugation were compared as 
general standards in the biopharmaceutical industry. Internal 
parameters within the separation methods, such as time 
and speed of the centrifugation or filter size for the filtration 
were not investigated further since these parameters are well 
optimized for the used separation protocols.

3.2 DoE structure and implementation
In order to investigate the effects and interactions of the 
determined critical process parameters based on the ICH 
Guidelines, a DoE was set up. The factors F1 (viability) and F2 
(total cell density) were combined in a full factorial design, 
each varied on a three-level scale (–1, 0, 1). Since the factor F3 
(separation method) is a qualitative factor with two options 
(centrifugation or filtration) there is no center level definable. 
Therefore, a three-dimensional subspace was created in 
which the factors pattern a regular two-level factorial design. 
Replicated center points were located at the centers of the 
front and back surfaces of the cube. Using this approach, 
the quantitative factors are varied in three levels, which is 
desirable for the following data analysis. To further increase 
the available data, additional 0-level experiments were added 
for viability. These were used to increase the overall data sets 
and comparability for the viability factor since the method of 
varying CHO cell viabilities using camptothecin was newly 
established for this process. The resulting design added up to 
18 experiments and is depicted in Figure 1.

For further in-depth investigation of the varied process 
parameter effects and interactions, various critical responses 
for the process step were determined. In order to evaluate 
the purity of the supernatant, the residual DNA content as 
well as the proportion of produced antibody to process and 
product-related impurities (e.g., host cell proteins) were 
analyzed. These attributes can have a severe effect on the 
time, yield, and expenses of further downstream processing. 
Hence, limiting the quantities of said impurities is one of the 
main quality aims for the upstream process and especially 
the primary recovery. Finally, the bioactivity of the mAb was 
analyzed as its main CQA, which represents the maintenance 
of the mAb activity during the cell separation.

3.3 Directed viability adjustment
The cell viability at the end of the culture duration was 
defined as one of the critical process parameters. For reliable 
and reproducible DoE analysis, the parameters must be 
varied consistently on the described levels. Previously, 
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directed adjustment of cell viabilities without elongation 
of the culture duration was a great challenge. Longer 
cultivation times lead to large variances in the cell density 
and product titer, therefore distorting the comparability of 
the experimental setup. That is why camptothecin (CPT) was 
used in different concentrations to adjust the cell viability at 
the end of the exponential growth phase. 

The cytotoxic effect of CPT on the mAb-producing CHO 
cells was analyzed for various concentrations, with 10 
and 30μM being used to lower the cell viability to~80% 

and~60% respectively over 48 h. The viable cell densities 
over the cultivation with the addition of CPT at the beginning 
of the stationary phase are depicted in Figure 2. While 
the cell density in the standard cultivation approached 
the stationary phase with around 20×106 cells/ml, the 
cultures treated with CPT showed a decline in viable cell 
densities. This resulted in relative and viabilities of 82.5% 
and 64.3% for 10 and 30 μM CPT treatments, respectively. 
This confirmed the effectiveness of the newly established 
protocol and enabled further investigation of the viability as 
a factor within the DoE approach. 

3.4 Bioactivity assay
Product bioactivity is one of the most important critical 
quality attributes for the upstream process of monoclonal 
antibody production. All samples generated during the 
experimental phase of the DoE were investigated using a 
cell-based bioactivity assay, which is based on the mAb 
property to bind and inactivate the cytotoxic antigen 
TNF-α. The viability of the L929 assay cells represents the 
bioactivity of the mAb sample. High bioactivity indicates 
functional antibody production with proper structure and 
post translational modifications. Assay results are depicted 
in Figure 3, with the dashed TNF-α line representing cell 
viabilities without the addition of monoclonal antibody.

The results represent the mean bioactivities of all 
experimental runs (see above in Figure 1) for the filtration 
(blue) and the centrifugation (red) for the given mAb 
concentrations. Deviation between the investigated runs of 
each separation method, as well as the overall difference 
between filtration and centrifugation, was insignificant. The 
standard deviation of the center point runs was in the same 
range as the overall deviation for all experiments, resulting in 
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Figure 1. Schematic representation of the conducted design of experiments 
for the viability, cell density and separation method. The color of the stars 
represents the qualitative options for the separation method, centrifugation 
(red) and filtration (blue).

Figure 2. Course of cultivation with camptothecin addition on day 7. 
The percentage values represent the relative viability of the respective 
cultivation conditions.

Figure 3. Mean results of bioactivity assay for all nine experimental 
runs of the filtration and centrifugation level with the dashed TNF-α line 
representing cell viabilities without addition of monoclonal antibody.
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insufficient modeling for the bioactivity as a DoE response. 
This confirms the consistent bioactivity over the various 
experimental runs and is why the bioactivity was excluded 
from further multivariate data analysis. The results support 
the hypothesis that, within the investigated knowledge 
space, the upstream process has no significant effect on the 
antibody bioactivity for the described process. Therefore, 
a high mAb titer and low amounts of process-related 
impurities can be defined as the main goal for the upstream 
process. These results were further investigated using 
statistical modeling.

3.5 Multivariate Data Analysis
The experimental data was evaluated by calculation of a 
statistical model using multiple linear regression (MLR), 
leading to specific conclusions for factor effects and 
interactions for the studied parameters.

Figure 4 presents the main effects plot for the mAb 
proportion and the residual DNA content. The key factors of 
total cell density and viability showed a high impact on the 
selected responses, both as linear effects (TCD; Via) and 
non-linear effects (TCD*TCD; Via*Via). Higher cell densities 
during the cell separation increase the proportion of antibody 
as well as the residual DNA content in the supernatant. Its 
strong quadratic effect shows a significant non-linearity 
in the correlation. The viability shows effects with positive 
coefficients on the proportional mAb content and effects with 
negative coefficients on the residual DNA.

For both responses, the quadratic effect highlights the 
non-linear effect of the viability. In contrast, the separation 
methods showed only marginal to non-significant effects 
and were therefore mainly excluded from the mathematical 
model. This means the different separation methods did not 
result in considerable changes in the investigated quality 
attributes and can be evaluated as equally effective for the 

first step of the primary recovery. Accuracy of the regression 
models was verified by analyzing the corresponding model 
statistics as described by Wohlenberg et al. The R-squared 
(R2) term is the fraction of the variation of the response 
explained by the model, while the adjusted R-squared (R2 
adj) term is adjusted for the degrees of freedom of the 
analysis model. Values over 0.5 for these terms ensure high 
model significance.

Model accuracy of future predictions is statistically estimated 
by the Q-squared (Q2) term. Values for Q2 should exceed 0.1 
for significant models and 0.5 for good models. The model 
validity checks for diverse model problems and values less 
than 0.25 predict statistically significant model problems, 
such as the presence of outliers, transformation problems in 
the calculation, or incorrect model terms. The reproducibility 
compares the variation of the center point replicates to the 
overall variability, with a value over 0.5 insuring high model 
reproducibility.

The calculated model statistics for the proportional mAb 
as well as the DNA content are summarized in Table 1. The 
calculated model statistics showed exceptional significance 
and prediction accuracy for the investigated responses 
with values mainly over 0.99. Model validity showed the 
lowest values with 0.708 and 0.813 for the mAb proportion 
and DNA content, respectively, which are still sufficient to 
rule out potential model problems. The models were also 
characterized as well reproducible with values close to 1, 
which can be explained by the small variance in the center 
point runs for each cell separation method.

 

Table 1. Summarized model statistics for the studied 
responses. R2 representing the model significance, Q2 
representing the predictive power of the model, model 
validity representing possible model problems, and the 
reproducibility representing the center point variation 
compared to the overall variability.

The approved regression models were further used for the 
construction and analysis of response culture plots, which 
provide a lucid two-dimensional evaluation of the factors and 
corresponding response values. Response plots for each 

Figure 4. Factor effects (TCD = total cell density; Via = cell viability; Sep 
= separation method) for the studied responses. Factor squares and 
interactions are combined with a star. Only significant factors and interactions 
are considered and displayed in descending order for each response.

R2 R2adj. Q2 Model 
validity

Reproducibility

mAb  
proportion 0.997 0.996 0.990 0.708 0.997

DNA
content

0.997 0.995 0.991 0.813 0.995
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response divided by the separation method are illustrated 
in Figure 5. By analysis of the response contour plots, the 
described factor effects and interactions were outlined in 
more detail. A comparison of the left and right plots confirms 
the marginal effect differences between the cell separation 
methods. For the mAb proportion, the optimal area was only 
slightly enlarged using the filtration method. Overall, these 
differences can be rated as insignificant for the investigated 
responses, meaning the investigated cell separation 
methods have no critical effect on the primary recovery of the 
studied process.

The factor effects of the viability and the cell density 
were also confirmed with the response contour plots. As 
expected, lower viabilities resulted in higher residual DNA 
concentrations as well as higher amounts of host cell 
proteins in the supernatant and lower proportional mAb 
content. Apoptotic cells release large amounts of cell-
specific impurities to the cell culture medium, which are 
difficult to remove during the first steps of primary recovery. 
Removal of said impurities during the downstream process 
can be time-consuming and costly, underlining the critical 
effect of the cell viability for the entire process performance. 
Higher cell densities during the cell separation improved 
the mAb proportion, while increasing the undesirable DNA 
content. Thereby the cell density shows a discrepancy 
between optimal mAb proportion and residual DNA. Both 
factors also showed interaction and non-linearity effects.

In order to further analyze the optimal factor set points 
and visualize the experimental design region in which all 
response specifications are fulfilled, a designated design 
space was calculated. Response specifications were 
accounted for during the process development and adjusted 
during the risk assessment and data analysis. Figure 
6 depicts the resulting design space, with green areas 
marking a robust design space with low probabilities for 
possible process failures. The designated design space was 
established around 0 level for the cell density and between 
0 and 1 level for viability. Insignificant differences resulting 
from the separation methods were excluded during the 
design space determination.

In summary, the viability should be maintained above 85% 
to avoid undesired amounts of HCPs and DNA impurities. 
In order to strike the balance between optimal proportions 
of the produced antibody to residual DNA, the cell density 
during the cell removal should be controlled to approximately 
15×106 cells/ml for the primary recovery of the studied fed-
batch process.

4. CONCLUDING REMARKS
Established Quality by Design (QbD) principles were 
implemented in the first step of the primary recovery of a mAb 
production process. This study builds upon previous work on 
the inoculum’s expansion as well as the production step and 
marks the final step toward a complete upstream process 
characterization following the FDA guidelines. Critical process 
parameters were determined during the risk assessment 
and combined in a Design of Experiment (DoE) approach. In 
order to adjust the cell viability during the process without 
elongation of the culture duration, a directed cell death 
protocol using cytotoxic camptothecin was established. Using 

Figure 5. Response contour plots representing the interaction effects of 
factors viability and cell density on the studied process responses for the 
filtration (left) and the centrifugation (right).

Figure 6. Determined design spaces for the mAb production process with color 
coded probability of failure for the assessed response specifications.
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this assay, it was possible to control and vary cell viability 
between 60%–99%.

The process was conducted using the ambr250 bioreactor 
platform, ensuring optimal process control for the desired 
scale. A mathematical model was calculated to fit the 
compiled response data using multivariate data analysis. 
Using this approach, parameter significance was assessed, 
and specific parameter effects and interactions were 
identified.

Bioactivity of the produced antibody was confirmed to 
stay intact over the varied experimental runs, ruling out 
parameter effects on the mAb quality. The purity of the 
supernatant was assessed by measurement of HCPs and 
residual DNA amounts and used as critical quality attribute 
because of its crucial effect on the following downstream 
process. The comparison between centrifugation and 
filtration as separation methods did not result in significant 
changes in the quantity of impurities in the supernatant. 
Cell viability and cell density during the separation 
were determined as non-linear key process parameters 
with interaction effects. These responses were used to 
establish a design space for optimal mAb proportion and 
low amounts of residual DNA after the primary recovery.

As expected, maintenance of high cell viability was 
determined to be crucial to reduce undesired impurities. 
The cell density showed a contrary effect on the amounts 
of HCPs and DNA, with higher cell densities increasing the 
DNA content while lowering the concentration of HCPs. 
Therefore, the design space was calculated to combine 
optimal mAb proportion while maintaining DNA amounts 
under the defined limit.

In conclusion, the viability should be maintained above 85% 
and the cell density should be controlled at approximately 
15×106 cells/ml during the cell removal. The described 
case study highlights the importance of cell maintenance 
during the entire upstream process. It confirms the previous 
findings that changes during the production part of the 
established mAb production process have no significant 
influence on the bioactivity of the antibody [19]. Therefore, 
process control and primary recovery should be tuned 
toward the highest purity in the supernatant, enabling time 
and cost-efficient downstream processes.
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Cell Culture Filtration Techniques for Cell Line Development Workflows

Outlook for the biotherapeutics industry

The field of biopharmaceuticals will continue to grow with the 
identification of new mAbs, bispecific antibodies, nanobodies, 
antibody-drug conjugates, and other therapeutic modalities. 
The range and types of therapeutic targets for these drugs 
are forecasted to expand as well. To mount a successful 
antibody discovery and development program, state-of-the-
art technologies are needed that allow rapid identification, 
characterization, and purification of candidate molecules.

As demonstrated in this ebook, Sartorius offers a wide range 
of innovative solutions for the discovery and production of 
therapeutic antibodies designed to streamline workflows and 
increase productivity. These solutions include instruments, 
services, and custom solutions intended to maximize success 
in driving your campaign from discovery to commercialization.

For more information about the products in this eBook visit

www.sartorius.com/en/products/lab-filtration-purification

https://www.sartorius.com/en/products/lab-filtration-purification

