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the application throughout the entire upstream process was rarely demon-

step toward a complete process characterization and is focused on the effect of
critical process parameters on the antibody production efficiency and quality of
the process. In order to conduct the complex Design of Experiments approach
with optimal control and comparability, the ambr®)15 micro bioreactor platform
was used. Investigated parameters included the pH and dissolved oxygen set
points, the initial viable cell density (iVCD) as well as the N-1 duration. Various
quality attributes (e.g., growth rate, viability, mAb titer, and peak proportion)
were monitored and analyzed using multivariate data analysis to evaluate the
parameter effects. The pH set point and the initial VCD were identified as key
process parameters with strong influence on the cell growth as well as the mAb
production and its proportion to the total protein concentration. For optimiza-
tion and improvement in robustness of these quality attributes the pH must be
increased to 7.2, while the iVCD must be lowered to 0.2 x 10° cells/mL. Based
on the defined design space, additional experiments verified the results and con-
firmed the intact bioactivity of the antibody. Thereby, process control strategies
could be tuned toward high cell maintenance and mAb production, which enable

optimal downstream processing.
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1 | INTRODUCTION

The importance of monoclonal antibodies in the biophar-
maceutical industry is continuously growing, with past
market data indicating an increasing trend for 2022 and
overall mAb sales reaching 130-200 billion USS$. [1] Cur-
rent use cases and studies also underline the treatment
possibilities of mAbs for novel diseases such as the Ebola
Virus Disease (EVD) or the Severe Acute Respiratory Syn-
drome CoronaVirus-2 (SARS-CoV-2). [2-4] Rapid product
and process development with a controlled production
chain ensuring highest quality standards are necessary to
enable fast approval and distribution of new therapeutic
antibodies.

Therefore, the FDA launched a guidance protocol intro-
ducing the Quality by Design (QbD) approach, a risk-based
workflow to biopharmaceutical product development and
manufacturing. [5] Said protocol was based on the Current
Good Manufacturing Practice for the 21" century initiative
and consist of a framework for Process Analytical Technol-
ogy (PAT) and multiple guidelines from the International
Conference of Harmonisation (ICH). [6-10]

Until then, the development and manufacturing were
limited by inflexible batch to batch quality controls as well
as an unstructured relation between the process and the
product application. The QbD approach aims to systemati-
cally improve a process toward product quality, regulatory
compliance, cost reduction and fast track development.
[11] In a split up approach individual process steps are
investigated separately with specific intermediate quality
outputs, before the gained results and process knowledge
can be combined in a holistic way for the entire mAb pro-
duction process. Therefore, the key objective of QbD with
said method is to identify the intermediate critical quality
attributes for the process, which can influence the products
critical quality attributes (CQAs) as well as critical process
parameters (CPPs) in order to establish a designated design
space for the studied process. [12, 13]

The targeted roadmap for QbD implementation in the
process development begins with a risk assessment, mostly
using screening experiments and the Failure Mode and
Effect Analysis (FMEA) approach. [14] Parameters consid-
ered as critical for the process stability or product quality
are further investigated in a Design of Experiments (DoE).
This enables a structured connection between process in-
and outputs to identify optimal process conditions for the
predetermined targets, conclusively resulting in the design
space. [15, 16]

A design space represents the multidimensional con-
nection and interaction of process factors that assure a
robust process operation and observance of CQAs. [7]
Thereby, working within the factorial boundaries of the
design space is not considered to be a change or risk for
the conducted process, enabling a more flexible, cost sav-
ing, and steady workflow. The relationship of the design
space with the characterized knowledge space and the con-
trol space with their associated factor ranges is depicted in
Figure 1.

In this work, the main focus will be set on important
intermediate process quality attributes like cell growth and
viability as well as the mAb production efficiency and qual-
ity. In order to ensure sufficient product quality, the mAb
proportion to total protein concentration and the bioactiv-
ity will be examined as indicators for the target product
profile. Thereby, an optimization of the established process
regarding the product yield with sufficient bioactivity can
be achieved within the described QbD guidelines. Com-
bination of these intermediate quality attributes will lead
to the establishment of a designated design space for the
production process.

Based on previous inoculum expansion studies, this
marks the second step toward a complete process char-
acterization. [18] While some case studies for QbD in
mADb productions were conducted, the full process imple-
mentation is important for every novel biopharmaceutical
product as well as a basis to gain general process knowl-
edge and confidence in the presented QbD tools. [19] One
major challenge toward this goal is the long process dura-
tion for Chinese Hamster Ovary (CHO) cell cultivations
and the amount of experiments needed for a sufficient DoE
and the subsequent modeling. In order to overcome this,
while maintaining optimal process control and compara-
bility, the experiments were conducted using the ambr®?15
micro bioreactor system. [20, 21] These small-scale biore-
actors are commonly used a scale-down model for fed
batch processes and enable the parallel control of up to
24 cultivations. Thereby, a more rapid application of QbD
strategies for the production process is possible.

2 | MATERIAL AND METHODS

The presented QbD principles will be implemented in the
production step of an IgGl monoclonal antibody (mAb)
production process using a DG44 CHO cell line (Sartorius
Stedim Cellca GmbH).
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2.1 | Cellline and material

The inoculum expansion was performed as described by
Boehl et al. [18] For the production process the cells
were cultivated in the Ambr®15 system (Sartorius, Ger-
many). The cultivation was conducted in proprietary and
chemically defined cell culture media, all part of the Sarto-
rius Stedim Cellca medium platform. Production medium
(PM) and two additional feed media (feed medium A; feed
medium B) for macro nutrients (e.g., glucose) and micro
nutrients (e.g., amino acids) respectively, were used for the
production process. [18, 21]

The cultivation was conducted over 11 days with daily
feeds (1 % feed medium A, 0.1 % feed medium B) from
day 3 and additional glucose feeds to a culture glucose
concentration of 5 g/L from day 5. Feeding volume for
needed concentrations was calculated by the ambr®15
software.

2.2 | Analytics

Samples were taken daily by the Ambr®15 liquid han-
dler during the production process. Viable cell densi-
ties and viabilities were measured using a Cedex HiRes
(Roche Innovatis, Switzerland) with a 1:2 dilution in 10%
phosphate-buffered saline (PBS). Growth rates were cal-
culated by linear regression of the natural logarithm of
viable cell densities against culture duration. The pH and
pO, were measured by the Ambr®15 system. Offset cal-
ibrations for the PH were performed using a FiveEasy
Plus pH meter FP20-Micro (Mettler Toledo, USA) every
two days.

The mADb titer and important substrates (e.g., glucose;
amino acids) were analyzed during the production process
using the Cedex Bio (Roche, Swiitzerland). Therefore, cell
separation was performed by centrifugation for 5 min at
190 X g using a Microstarl7 centrifuge (VWR International,
USA). Specific productivities were calculated by dividing
the final antibody titer by the integral viable cell concentra-
tion over the entire production process duration. The total
protein concentration of the supernatant was analyzed
by high-performance liquid chromatography (HPLC) as
described by Meyer et al. and used for calculation of the
mAb peak proportions. [22]

Antibody bioactivity was determined by an adherent
mouse fibroblast (L929) cell based assay using the tumor
necrosis factor alpha (TNF-a) under the presence of acti-
nomycin D. [23] Therefore, 1929 cell viability was analyzed
using the cell titer-blue assay (Promega, USA) after 24 h of
antigen/antibody treatment. The produced antibody was
diluted and used in low and high concentrations of 2.5 and
50 ng/mL respectively. The antigen TNF-a was used in a

PRACTICAL APPLICATION

The ambr(®)15 micro bioreactor platform was used
to study the production process of a monoclonal
antibody within a complex Design of Experiments
approach. Our controlled investigation of critical
process parameters resulted in the establishment
of a designated design space and process con-
trol strategies for robust process optimization. The
gained process understanding and novel feed-
back strategies are crucial for the optimization of
the studied process as well as for new process
development. Thereby, this study highlights the
importance of Quality by Design and the practical
implementation using micro bioreactors.

fixed concentration, determined to result in around 30%
cell viability.

2.3 | Failure mode and effect analysis
(FMEA)

The risk assessment was conducted using the FMEA
approach as described by Boehl et al., with five levels for
the classification of the probability, severity and detectabil-
ity of each process parameter. [18] Multiplication of these
rated factors resulted in the respective risk priority num-
ber. The Probability (P) evaluates the likelihood of general
parameter failure. Failure impact on the system and the
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FIGURE 1 Schematic representation of the design space and
associated ranges. Adjusted from Rathore et al. [17]
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product are assessed by the Severity (S). In addition, the
Detection (D) assesses the possibility of detection and fast
correction a given failure mode.

2.4 | Design of Experiments (DoE)

The design and analysis was performed using the DoE
software MODDE 12 (Umetrics, Sartorius Stedim Data
Analytics, Germany). The four parameters with the high-
est RPN during the risk assessment were used as factors
(F; = pH, F, = initial viable cell density, F; = N-1 duration,
F, = p0O,) for a custom central composite face centered
design with three center point runs. The resulting design
is illustrated in Figure 3 (see chapter ‘DoE structure and
implementation’). Hereinafter, the different factor settings
are described as O for center point level and -1/1 for the
low and high levels of the full factorial cube respectively.
The additional levels for the 5 level factor (initial VCD) are
described as -2 and 2.

The pH was varied equally between 6.9 and 7.3 by control
of the CO, gas flow and additional bolus feeds of sodium
carbonate (Na,COj) as base. For the initial viable cell den-
sity 5 levels from 0.1 to 0.5 X 10 [6] cells/mL with an
equidistant step size of 0.1 X 10 [6 cells/mL were exam-
ined. The N-1 duration was varied equally between 2 and
4 days by shifting of the passage times of the N-2 and
N-3 passage to allow simultaneous inoculation of the pro-
duction process. The pO, was controlled over the oxygen
gas flow and varied equally between 40% and 80%. The
applied design resulted in a total of 33 runs. The experi-
ments were conducted in two Ambrl5 cultivations with 18
vessels each. Three center point runs were implemented in
both cultivations, resulting in a total of 36 conducted runs.
An overview of the experimental set up and the explained
numerical coding of the parameter levels are depicted in
the supplements.

Six different responses were analyzed: growth rate for
the growth phase during the production process, integral
viable cell concentration, end viability, total mAb titer,
mADb productivity, and the mAb peak proportion. The
responses were predicted by using a multilinear model
with squares and interactions for all factors.

Multiple linear regression (MLR) was used to fit the
mathematical models as described by Boehl et al. [18]
Model statistics such as the R-squared, adjusted R-squared,
Q-squared, model validity, and the reproducibility were
analyzed for the evaluation of the conducted model. Fac-
tors whose coefficient has the value zero in its confidential
interval are regarded to have no significant influence on
the response and are therefore removed from the model.

The design space was calculated using Monte Carlo
simulations to compile the needed probability statistics.

Parameter limits are summarized in the supplements
and were set on the basis of historical data and process
knowledge.

3 | RESULTS AND DISCUSSION

Main objective of this study was the investigation of param-
eter effects and the establishment of a designated design
space for the mAb production process of a CHO cell cul-
tivation. Therefore, process parameters were identified
and assessed by their theoretical risks. Identified critical
process parameters were evaluated based on a design of
experiment approach with a focus on cell growth, mAb
production and the mAb proportion to process related
impurities as intermediate critical quality attributes.

3.1 | Risk assessment

An Ishikawa diagram (Figure 2) was used to list possi-
ble process parameters, categorized in different parts of
the process, namely the medium, feeding, process and the
cell separation. These parameters can influence the pro-
cess and can therefore be potential root causes for specific
failure events. In order to rank the process parameters
according to said risks, a Failure Mode and Effect Analysis
approach was conducted.

Parameters that were highly optimized during the pro-
cess development, like the media composition of the
production medium and the feeding, were not taken into
account because these parameters are fixed for the produc-
tion process and not part of the process control. Previous
scale down experiments showed high process reproducibil-
ity in various reactor systems and scales, which is why the
reactor scale and working volume were also considered
noncritical parameters. Parameters, like the temperature
or feeding amounts/timing, are highly controlled in the
ambr®15 system. This results in a low failure proba-
bility and a quick detection of potential failure modes
like temperature drops. In order to determine CPPs the
RPN threshold was set to be over 20, which represents
moderate to significant risk (3-5) of at least two fac-
tors with the third factor having any considerable risk
(>1) during the FMEA. The results of the FMEA for the
identified CPPs are listed in Table 1 and shown bold in
Figure 2.

The pH value of the production medium was used as fac-
tor F; in the DoE due to its severe effect on the cell growth
as well as the antibody production and stability (Sever-
ity = 5). As a result of the high level of monitoring and
control, the probability of larger pH failures can be con-
sidered fairly small (Probability = 2). Yet, control systems
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FIGURE 2

Ishikawa diagram for the mAb production process. Bold parameters were determined as critical and therefore examined

during this study. Grey parameters were excluded from the risk assessment

TABLE 1 Failure mode and effect analysis (FMAE) results for
the examined parameters. Probability, severity and detection were
individually rated between 1 and 5. 1 represents no potential risk, 3
moderate/controllable risk and 5 significant risk

Process
parameter Probability Severity Detection RPN
pH 2 5 3 30
Initial VCD 2 3 4 24
Dissolved oxygen 3 4 2 24
N-1 duration 2 3 4 24
Process duration 2 5 2 20
Media storage 1 4 3 12
temperature
CO, mass flow 2 3 2 12
Temperature 1 5 2 10
Media storage time 1 4 2 8
Agitation speed 1 4 2 8
Stirrer type 1 3 1 3

like base additions work with a time delay and can add to
additional cell stress (Detection = 3).

Significance of the initial VCD (F,) can be explained
by moderate risk of all three FMEA factors. A moderate
impact on the growth rate was shown in previous precul-
ture experiments (Severity = 3). This effect was correlated
to higher nutrient consumption rates and thus a nutrient
deficiency during first days of the cultivation. The possi-

bility for failures in the iVCD was considered to be low
yet possible, due to potential inaccuracies during the inoc-
ulation and rare variations in the preculture cell density
(Probability = 2). Deviations of the initial VCD can be
detected quickly; however, readjustments can potentially
lead to a critical process delay. In biopharmaceutical pro-
duction scale the readjustment to the VCD set-point can
furthermore be virtually impossible, due to the preparation
and availability of bioreactors (Detection = 4).

In contrast, failures in the dissolved oxygen (F3) can
be detected and corrected quite quickly (Detection = 2).
However, oxygen plays an important role in the cell
metabolism and was therefore considered critical for cell
growth and production (Severity = 4), while historical
data showed a moderate probability of slight failure modes
(Probability = 3).

The passage duration was previously determined as a
critical process parameter during the inoculum expansion
study and showed negative effects on the cell growth and
viability with longer durations. [18] During said study, the
N-1 passage was set to be 3 days for all experiments to
enable simultaneous inoculation of the production process
with constant volumes. In order to study the link between
critical process parameters of the inoculum expansion
and the production process, the N-1 duration was used as
another factor F, for the DoE. Even though the probability
of longer N-1 durations can be consider fairly small (Prob-
ability = 2), a process delay can have a critical impact
on the cell conditions, growth and viability (Severity = 3).
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FIGURE 3

Schematic representation of the conducted design of experiments for the N-1 duration, pH, dissolved oxygen (pO,) and the

initial VCD. The corner point stars of the cube represent -1/1 levels of the studied parameters. The three stars in the middle of the cube
represent the replicated center point runs (0 level). The color of the stars represent the 5 levels of the initial VCD (-2/-1/0/1/2 level)

Moreover, the detection must be assessed as critical (Detec-
tion = 4), due to the time delay for the process and inability
to solve certain failure modes, without preparing another
bioreactor.

3.2 | DOoE structure and implementation
In order to investigate the influence and interaction of the
determined critical process parameters, based on the ICH
Guidelines, a Design of Experiments was set up. Since four
parameters, namely the pH (F,;); initial VCD (F,); Dis-
solved oxygen (F;) and N-1 duration (F,), exceeded the
critical RPN threshold, a custom extended central compos-
ite design was constructed. Therefore, the factors Fy, F; and
F, were combined in a face centered design and each var-
ied on a three level scale (-1, 0, 1). The initial VCD (F,) was
varied on a five level scale (-2, -1, 0, 1, 2) in order to expand
the experimental range and integrated in the design as a
fractional factorial factor. The resulting design, depicted in
Figure 3, shows a regular geometry and high coverage for
all four critical process parameters.

The design added up to 33 experimental runs. In order
to extract in-depth information about the varied process
parameters a selection of critical responses for the studied
process was determined. During the production process
the growth rates and integral viable cell concentration of
each run were monitored as responses for cell growth and

maintenance. The proliferation rate is a critical attribute
correlated to the cell condition and can provide early
information about possible delays in the culture duration.
Furthermore, general improvements in cell growth could
lead to reduced process time and production costs. The
same argumentation applies for a high integral viable cell
concentration, since it indicates optimal cell growth and
maintenance conditions.

Additionally, the end viabilities were determined to fur-
ther investigate the cellular conditions. High cell viabilities
throughout the process also insures minimal amounts of
cell debris, nucleic acids and host cell proteins, which have
to be removed expensively during the downstream process.
In order to investigate quality attributes for the mAb pro-
duction, the total mADb titers were determined at the end
of the cultivations, which has to be maximized for a prof-
itable process. The specific productivity was determined
to elucidate the cell specific productivity for all studied
conditions, since earlier experiments showed a contrary
trend between optimal growth and high specific productiv-
ity. Furthermore, the mAb peak proportion was analyzed
as a quality attribute for all runs. The proportion of pro-
duced antibody to host cell proteins and other impurities
directly impacts the following downstream and possible
yields.

The summary of all experimental runs with associated
responses is depicted in the supplements. By combination
of said responses, the optimal process conditions for max-
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FIGURE 4 Factor effect plots 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

imized growth and cell maintenance as well as optimal
mAD production could be determined.

3.3 | Multivariate data analysis

In order to evaluate the experimental data, a statistical
model was calculated using MLR. Interpretation of the
model led to specific conclusion for factor effects and inter-
actions for the studied parameters. In this process, factors
and factor combinations that include zero in their con-
fidential intervals were considered as not significant and
hence removed from the respective model. Figure 4 shows
the plotted main effects for the examined responses.

Overall, the factors with the highest impact on most of
the selected responses were the culture pH set point and
the initial VCD, both as linear effects (pH; iVCD), non-
linear effects (pH*pH; iVCD*iVCD) as well as interaction
(iVCD*pH).

The initial VCD showed considerable influence on the
growth rate, viability, and the specific productivity with
negative coefficients, meaning a lower iVCD resulted in
improved responses. Its quadratic effect with positive coef-
ficients for most responses besides the peak proportion
showed the nonlinearity of the correlation. Those effects
can be explained by faster nutrient consumption and
limitation with higher initial VCDs.

The pH showed reversed coefficients for most responses,
resulting in a nonlinear correlation. With higher pH values
increasing growth rates, integral viable cell concentrations,
mADb titers, and purities were observed. Furthermore,
small but significant interaction of iVCD and pH with neg-

ative coefficients could be found. This shows that a lower
VCD in combination with a higher pH set point results in
improved quality attributes.

In contrast to the other responses, the viability is
mainly influenced by dissolved oxygen and the initial VCD.
While the dissolved oxygen has significant effects only as
quadratic factor with negative coefficients, the initial VCD
showed a correlation comparable to the other responses.
Those influences on the end viability highlight the impor-
tance of the initial VCD, since it impacted the response
throughout the whole process.

Accuracy of the regression models was verified by ana-
lyzing the corresponding model statistics. The R-squared
(R?) term is the fraction of the variation of the response
explained by the model, while the adjusted R-squared
(Rzadj) term is adjusted for the degrees of freedom of the
model. Values over 0.5 for these terms show high model
significance. Statistical model accuracy of future predic-
tions is estimated by the Q-squared (Q?) term. Values for
Q? should exceed 0.1 for a significant model and 0.5 for
good model. The model validity checks for diverse model
problems. A value less than 0.25 indicates statistically sig-
nificant model problems, such as presence of outliers,
incorrect model terms or transformation problems. The
reproducibility compares the variation of the center point
replicates to the overall variability, with a value over 0.5
insuring high model reproducibility. Table 2 summarizes
the model statistics for the analyzed parameters.

Analysis of the shown model statistics confirmed the
significance, validity, and high reproducibility of all used
regression models. The viability model showed the low-
est values for R?, R? adjusted, Q? and the reproducibility,
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TABLE 2

Summarized model statistics for the studied responses. R? representing the model significance, Q? 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

R? R? adj.
Growth rate 0.88 0.86
Ivce 0.96 0.95
Viability 0.81 0.79
Total mADb Titer 0.96 0.95
Specific productivity 0.87 0.84
Peak proportion 0.94 0.93

__IVCC [x10°cells*d*ml ]

initial VCD

Total mAb Titer [g/I]

initial VCD

FIGURE 5

which are yet high enough for solid model interpretation.
The overall variability in the measured viabilities com-
pared to the center point runs was rather low, explaining
the reproducibility value of 0.65 and influencing the over-
all model significance. Yet, the high model validity value
for the viability of 0.97 insured that no model problems
or outliers were present. All other models showed overall
high values of over 0.8 for R? and R? adjusted, validat-
ing the models significance. Furthermore, the predictive
power for future experiments was confirmed by the high
Q? values of mostly over 0.8. Same applies for the model
validity and reproducibility with values over 0.6 and 0.75,
respectively.

After validation of the computed regression models, the
findings were extended by investigation of the resulting
response counter plots, depicted in Figure 5. A response
contour plot provides a two-dimensional interpretation of
the predictors and their respective response values. Using
the contour plots it was possible to further investigate fac-
tor effects and interactions as well as determine desirable
operating conditions.

Growth Rate [1/d]

Q? Model validity Reproducibility
0.83 0.92 0.82
0.93 0.63 0.97
0.73 0.97 0.65
0.93 0.88 0.95
0.79 0.95 0.76
0.90 0.67 0.96
Viability [%]

PO, 0

initial VCD

Peak Proportion mAb [%]

initial VCD initial VCD

Response contour plots representing the interaction effects of different factors on the studied process responses

The IVCC as well as the total mAb titer contour plot con-
firms the observed pH effect, with an optimum between
0 and 1 conditions. As expected, a higher initial viable
cell density led to an increased IVCC with an optimum
around 1 condition. However, this effect was counteracted
by the improved growth rate for low initial VCDs. The con-
tour plot for the growth rate and the specific productivity
responses shows an optimum for a minimal initial VCD
and an increased pH set point. Furthermore, it depicts the
nonlinear effect of the pH and the lower robustness against
variations in the initial VCD.

For the viability response the initial VCD and the dis-
solved oxygen were used for the response contour plot.
Again, lower initial VCD were shown to be beneficial
for high culture viabilities throughout the entire process,
while the dissolved oxygen showed an optimum around
0 condition, especially for higher initial VCDs. The peak
proportion contour plot shows similar effects for the pH
as described for the other responses. Yet, the initial VCD
effect shows similarities to the viability plot, implying cor-
relations between those responses. This can be explained

‘L TTOT “€98T8191

:sdpy wouy pap

ASULDIT suowo)) aAneal) a[qedjdde oy £q pautoao are sa[one Y fasn Jo sa[nI 10J AIeIqIT duluQ A3[IA\ UO (SUOIIPUOD-PUB-SULId)/ W0’ Ka[im  AIRIqI[aul[uo//:sdny) suonipuo)) pue swua | oy 23S [€70¢/1 1/+¢] uo Kreiqiy auruQ Ka[ip ‘Singsdny [qigsieensioatun £q 7L 1001202 9S12/2001°01/10p/wod" Kajim’K1eIqrjaur



WOHLENBERG ET AL.

initial VCD

FIGURE 6

initial VCD

pO, =1

Probability of failure [%]

initial VCD
05

Determined design spaces for the mAb production process with color coded probability of failure for the assessed response

specifications. Parameter conditions for the verification runs are marked as A (optimum), B (standard), and C (impaired)

by host cell proteins and other impurities that are released
to the cultivation broth during cell death.

In order to combine the analyzed responses and
visualize the experimental design region in which all
response specifications are fulfilled with given probabili-
ties, a design space was calculated. Specifications for each
response were accounted during the process development
and adjusted with the risk assessment as well as the pro-
cess knowledge acquired during this study. The resulting
design space for the factors initial VCD, pH, and dissolved
oxygen is shown in Figure 6. The green area marks a robust
design space with a low probability for possible process
failures.

The design space was determined around -1 level for
the initial VCD and between 0 and 1 level for the pH set
point. Increase as well as decrease in the dissolved oxygen
decreased the design space in its size, shifting it toward a
lower initial VCD. Therefore, a process with insufficient
pO, control should be inoculated with a lower viable cell
density, while the pH effect was shown to be more robust
above the center point. Using the design space new opti-
mal set points for the pH with 7.2 and the initial VCD with
0.2 X 106 cells/mL could be specified. Thereby, robust cell
growth and viability as well as optimal mAb production
with minimal impurities can be targeted for the studied
process.

The established optimum A (pO, = 60%; pH = 7.2;
iVCD = 0.2 X 10 [6]), the standard run B (pO, = 60%;
pH = 7.1;iVCD = 0.3 X 106) as well as a run with impaired
conditions C (pO, = 80%; pH = 6.9;iVCD = 0.4 x 10
[6]) were repeated in three-fold determination, which
confirmed the findings for all assessed responses. Corre-
sponding growth curves are depicted in Figure 7, while
the measured responses are summarized in the supple-

ments. While the standard run showed a slightly higher
mAD titer and IVCC, its productivity was lower compared
to the optimized run. The impaired conditions caused
lower cell growth and viabilities, ultimately resulting in
a poor mAb titer with larger proportions of host cell pro-
teins. These verifications of the conducted DoE underline
the importance of the established process control space.
The correlation of end viability and the peak proportion
of the product is especially important for the following
downstream process.

Likewise, the bioactivity of the produced antibody is an
important critical quality attribute. In order to investigate
this, the mAb samples produced in the verification runs
(A, B and C) were used for a cell based bioactivity assay.
This assay is based on the antibody property to bind and
inactivate the cytotoxic antigen TNF-a. By that, the viabil-
ity of the used 1929 cells represents the bioactivity of the
antibodies for given concentrations. Results of the assay
are shown in Figure 7, in which the dashed TNF-« line
represents cell viability without added antibody.

The applied concentrations were chosen from a pre-
viously conducted calibration curve with standard mAb.
As expected, the low concentration only showed a small
increase in cell viability compared to the pure TNF-a
experiment. The high concentration prevented the apop-
totic effect and thereby the decrease in cell viability by
binding the applied antigen. Only insignificant differ-
ences between the separate runs were observed, with the
optimized run showing the highest bioactivity.

These results indicate that the investigated cultivation
conditions during the production process have no signif-
icant impact on the bioactivity of the produced antibody.
By that, the focus must be set on the intermediate quality
attributes like high mAb production with special attention
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(A) Bioactivity assay for mAb samples of the standard (blue), optimized (green) and impaired (red) runs in two different

concentrations (2.5 ng/mL and 50 ng/mL). Cell viability without added antibody is marked by the dashed TNF-« line. (B) Growth curves of

the standard (blue), optimized (green), and impaired (red) runs

to the cell maintenance, in order to ensure low amounts
of impurities. This target can be reached by precise pro-
cess analytics and control based on the established design
space.

4 | CONCLUDING REMARKS

The fundamental concepts of QbD were tested and imple-
mented in the established mAb production process of
a CHO cell cultivation. Thereby, this work builds upon
previous findings in the inoculum expansion and marks
the second step toward a holistic process characteriza-
tion. Process parameters were compiled and sorted in an
Ishikawa-diagram. Using the FMAE tool, the general risk
potential for each parameter was assessed and ranked
based upon their probability, severity and detectability. In
order to investigate the effect and interaction of the inter-
mediate critical process parameters a complex design of
experiments approach was conducted. The experiments
were performed using the ambr®)15 micro bioreactor plat-
form, aiming for optimal process parameter control and
high comparability of the acquired cultivation data. Mul-
tivariate data analysis was used to fit a mathematical
model and calculate parameter effects and interactions
for each respective response. Culture pH and iVCD were
determined as nonlinear key process parameters with
interaction effects. The observed effects of the initial VCD
confirmed the findings for the initial passage VCD during
the inoculum expansion studies and its importance on the
nutrient consumption and thereby the process control.
All responses and parameter effects were used to estab-
lish a design space in which sufficient cell growth as well

as antibody production is ensured. In conclusion, the pH
should be controlled around 7.2, while the initial VCD
should be lowered to 0.2 X 10 [6] cells/mL. The dissolved
oxygen should be controlled around the 60% set point.
Changes in the N-1 duration showed only small effects on
the process, meaning that a delay in inoculation for less
than 2 days can be balanced out with optimal control of
the other process parameters. Furthermore, no significant
differences in the product quality, namely the bioactivity,
were observed for changing cultivation conditions, mean-
ing the priority in quality control for the studied process
should be set on high cell maintenance as well as optimal
mADb production.

This case study for the implementation of QbD strate-
gies in the mAb production illustrates the suitability of
the ambr®)15 micro bioreactor system for complex DoE
approaches with sufficient process control and high repro-
ducibility. Furthermore, this study highlights the impor-
tance of the established Design Space for robust process
optimization during the process development. In order to
apply the general QbD principles on the entire process,
further studies will be focused on the cell removal and
the downstream part. Therefore, the correlation of viabil-
ity and product proportion to total protein as well as other
quality attributes will be investigated using different cell
removal methods.
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