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Automation in the context of  
stem cell production – where are  
we heading with Industry 4.0?

Michael Kulik*, Jelena Ochs*, Niels König, Robert Schmitt

As the field of cell and gene therapy continues to progress, the need for 
cell products for therapeutic application is increasing. In order to meet 
the demands, novel challenges particularly within the manufacturing  of 
these products need to be overcome. By translating and applying auto-
mation solutions from the production industries into cell culture applica-
tions, standardized processing procedures can be introduced in order to 
reduce the variability, which is a critical issue within the manufacturing 
workflow. Additionally, the Industry 4.0 philosophy offers a variety of 
concepts for the design of adaptive processes that address the specific 
challenges in stem cell production. Novel tools such as data tracking, data 
analysis and machine learning are enabling technologies that will help 
support the safe manufacturing of effective products for future cell and 
gene therapies.

MANUFACTURING  
CHALLENGES FOR THERA-
PEUTIC CELL PRODUCTS
In recent years, there has been sig-
nificant clinical and commercial in-
terest in generating cell material for 
therapeutic applications. The major 
reason is the advances in stem cell 
research and the progressing clinical 

studies revealing the potential of 
stem cells for regenerative therapy 
[1]. In order to fulfill clinical de-
mand however, there is a need for 
reproducible and robust manufac-
turing processes. In the case of some 
stem cell therapies, it is estimated 
that approximately 7 x 107 cells are 
needed per dose for a patient with 

a body weight of 70 kg [2,3]. Ad-
ditionally, it is likely that for some 
applications, multiple doses will 
be required. In order to meet the 
growing need for high quality cell 
products however, a number of nov-
el challenges have to be addressed.

In contrast to conventional 
biopharmaceuticals produced by 
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industrial cell cultures, the product 
comprises the living cell itself which 
bears a certain inherent complex-
ity and variability [4,5]. An addi-
tional complication that arises and 
must be taken into account for pa-
tient-specific processes is the impact 
of donor-to-donor variability [6]. 
As opposed to traditional industrial 
processes, where well characterized 
cell lines are utilized, here it cannot 
be drawn from extensive process 
know-how. Instead, cell behavior 
and optimal cultivation conditions 
can differ significantly between two 
batches. This effect is intensified 
when manual labor is employed to 
expand the cells due to variations 
in the handling procedures that can 
only to some extent be reduced by 
the application of detailed operat-
ing procedures. 

 These combined factors result 
in a prevailing risk that two batch-
es of the final product may differ in 
their properties and efficacy. This 
situation is further intensified by 
the current lack of suitable tools for 
stem cell characterization [7]. This 
however contradicts the imperative 
of having well defined, reproducible 
medical products, which is neces-
sary in order to guarantee a safe and 
efficient medical application. More-
over, using standardized cell prod-
ucts is central to obtaining reliable 
and reproducible results. Surveys 
have shown that providing consis-
tent cell qualities to standardized 
conditions remains a major concern 
for manufacturing companies [8]. 

Confronted with this situation, 
manufacturers for cell products 
have to find solutions in order to 
pave the way for cell and gene ther-
apies. Whilst this, in part, dictates 
a research focus to improve process 
and product understanding, there is 
also a regulatory driver to consider 

the integration of technical solu-
tions such as automation, which are 
likely to play a fundamental role in 
the development of innovative and 
reliable manufacturing processes. 

TRANSLATION OF TOOLS 
FROM PRODUCTION 
TECHNOLOGY
Production of pharmaceutical and 
biopharmaceutical products has 
traditionally relied on technical 
systems such as bioreactors for cell 
manufacture. In recent years, the 
trend has moved towards an increas-
ing level of automation. In compar-
ison to other production sectors 
such as automotive and aviation 
industries however, biotechnology 
is still lagging behind. In high-wage 
countries in particular, automation 
has been one of the main key factors 
enabling a reduction in production 
costs. In addition to potentially re-
ducing cost of goods, automation 
also offers enhanced reproduc-
ibility, reliability and increased 
throughput. 

In contrast to industrial produc-
tion however, biological processes dif-
fer in complexity and variability. With 
production technologies moving to-
wards process agility, there are many 
elements of the current technologies 
that can be transferred to biomanu-
facturing applications. For example, 
the requirements for the cultivation 
of primary cells from varying sourc-
es are similar to the challenges found 
in the individualized production of 
single pieces with limited automated 
resources. With the attention shifting 
from lab-scale to large-scale produc-
tion, cell manufacturing for regener-
ative medicine can benefit from auto-
mation by combining robustness and 
process adaptivity.  
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It is also important to consid-
er the advances in digitalization of 
machines and processes, which no 
doubt offer new possibilities for da-
ta-driven and adaptive production. 
In this context, the term ‘Industry 
4.0’ is often used to summarize 
these developments. Although this 
term can be difficult to define, there 
are essentially nine aspects associat-
ed with Industry 4.0: interconnec-
tion, collaboration, standards, se-
curity, data analytics, information, 
decentralized decisions, physical 
and virtual assistance [9].  

In the following sections we de-
scribe how production engineering 
concepts can be translated in order 
to address the challenges arising 
within the manufacturing of ther-
apeutic cell products. Reproduc-
ibility and standardization can be 
achieved by collaboration of vari-
ous automated devices and sophis-
ticated data analytics. To enhance 
the reliability of technical systems, 
standardized control hardware in 
combination with high-grade in-
formation acquired from multiple 
sensors can be utilized. By using de-
centralized decisions and an inter-
connectivity of devices a high de-
gree of adaptivity can be achieved. 
The combination of traditional au-
tomation and Industry 4.0 has the 
potential to achieve safe and well 
defined production of cell products 
for therapies in the future.

Reproducibility & 
standardization

As mentioned, in general there are 
two different sources of quality 
fluctuations in cell culture prod-
ucts. The first results from a nat-
ural variability in donor cells/tis-
sue. The second source arises from 
variations in the production pro-
cess. Although standard operation 

procedures are designed to describe 
a process as distinctly as possible, 
some of the handling tasks will al-
ways be executed with variations by 
different human laboratory opera-
tors. For example, pipetting speed 
and accuracy can vary depending on 
the operator and pipetting device. 

To overcome these challeng-
es automation can be a powerful 
tool. Classic industrial production 
focusses on stable and robust pro-
cesses which are usually executed by 
automated machines and devices. 
By translation of these automation 
concepts into cell production, devi-
ations in the processing steps can be 
significantly reduced.

For laboratory automation, var-
ious state-of-the-art devices can be 
transferred directly into cell produc-
tion. For example, liquid-handling 
robots (Figure 1) can achieve a high 
degree of precision with pipetting 
steps by controlling parameters 
such as volume and pressure inside 
each pipetting tip. Using an auto-
mated system the accuracy of pipet-
ting steps is often at one microliter 
or less. Moreover, most laboratory 

 f FIGURE 1
Liquid-Handling robot.
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equipment such as incubators or 
centrifuges are often commercially 
available with an automated con-
figuration. In order to interconnect 
the different devices physically, han-
dling tasks can be performed by ro-
bot arms that can execute complex 
handling steps at a high accuracy 
and repeatability of movement. 

In addition to the automation of 
handling and treatment steps,  fur-
ther benefits can be achieved with-
in data processing. One example 
is the automated determination of 
the confluence, which is a typical 
parameter used for the assessment 
of 2D cultures. In manual culture, 
the estimation of confluence is sub-
jective and  depends on the opera-
tor’s experience and the microscope 
set-up, making it difficult to enable 
comparability between different op-
erators. Here, cell culture analysis 
can benefit from automated image 
acquisition and subsequent image 
processing for automated conflu-
ence detection [10]. This enables 
one to introduce 100% quality con-
trol and carry out objective culture 
assessment that is reproducible. 

Reliability of  
technical systems

In addition to accuracy, process ro-
bustness is always a major concern 
in production technology. For the 
characterization of production pro-
cesses, process capability indices are 
commonly used criteria. More and 
more production branches aim for a 
6 Sigma Level which translates to a 
maximal allowed error of 3.4 ppm. 
To reach these quality standards a 
high grade of process robustness is 
essential. 

However, this demand remains 
widely unmet by the suppliers of-
commercially available laboratory 
automation devices. These systems 

are usually controlled by a stan-
dard computer with common op-
eration systems such as Microsoft 
Windows. Issues such as software 
updates, risk of computer viruses, 
internal operation system errors 
and unexpected interruptions result 
in a low robustness of these control 
software. 

In order to achieve a high degree 
of robustness in fully automated 
platforms, the implementation of 
Programmable Logic Control (PLC) 
is a key factor. The PLC allows for 
a real time processing and a robust 
functionality. This results in a high 
stability of the system which allows 
the running of machines and devices 
over decades. This approach is favor-
able for applications where the em-
phasis is on implementation of ro-
bust and rigid production processes. 

Traceability

In the generation of cell products 
for medical applications, GMP re-
quirements have to be met. Amongst 
other aspects, this has implications 
with respect to the documentation 
requirements, which often generate 
significant amounts of paper work 
with every step, decision and out-
come being accurately documented 
and stored. Although changes in 
the process protocol have to be pro-
tocolled and justified, the degree to 
which things can be documented is 
limited. Minor changes such as de-
viations in the incubation time are 
often not traceable since they are not 
precisely monitored. Additionally, 
even if measures are in place such as 
controlling and double-checking, the 
risk of errors due to human failure 
can never be completely eliminated. 

In the context of documentation 
and failure reduction, automation 
is a natural ally. By integrating all 
devices via standardized interfaces, 
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complete traceability of all process 
steps, parameters and measure-
ment data is possible. In addition, 
automation offers a significantly 
higher level of data generation and 
tracking than would be possible 
in a manual processes. This allows 
for the generation of a single data-
set for each product batch which is 
continuously updated with all data 
associated with the product. The al-
located information is not limited 
to measurement data or timestamps 
for the individual steps but also pro-
cess parameters and comprehensive 
time courses of cultivation condi-
tions such as the temperature in the 
incubator and pipetting accuracy. 

The generation of such single 
datasets into which all data is inte-
grated is often understood as a vir-
tual model of the individual prod-
uct, the so-called ‘digital twin’. This 
is another key paradigm of Industry 
4.0, which in turns provides soft-
ware tools and data architecture for 
its implementation. By integrating 
this approach, it is possible to trace 
the product along the complete 
product life cycle and also adresses 
the legal and regulatory require-
ments that apply to all medical 
products in their entirety.

Adaptivity

Whilst automation offers many 
advantages in terms of standardiza-
tion and process robustness, in the 
past automated systems have often 
been characterized by their lack of 
flexibility. In contrast to the man-
ual process where trained labora-
tory personnel can adjust the pro-
cess steps – such as determination 
of the splitting time point – most 
automated systems offer only rig-
id protocols. Cell cultures on the 
other hand are often complex and 
especially when primary cells are 

cultured the processing of the cells 
needs to correspond to their growth 
behavior. However, this level of 
flexibility cannot be achieved using 
conventional automation concepts.

Fortunately, Industry 4.0 delivers 
tools that can respond to high prod-
uct variability. In this case, the pro-
duction platform can be organized 
as a service-oriented architecture. 
The concept of a service-oriented 
architecture allows a product to de-
cide autonomously about the pro-
duction process by using services of 
various devices, which are integrat-
ed into the production network. In 
the case of biological processes, the 
data obtained from the measure-
ments of the cell culture such as pH 
or confluence is used to adapt the 
process by execution of different 
services or changing service param-
eters (Figure 2). 

For this purpose, each laboratory 
device is represented as an autono-
mous virtual device in a production 
network. This device provides ser-
vices to the network which can be 
used to execute different processes 
such as media change or measure-
ment of pH or confluence. By estab-
lishing standardized communication 
interfaces and defined process rules, 
a high degree of system flexibility 
combined with a reliably PLC-driv-
en device level can be achieved. 

An example of where this concept 
has been successfully implemented 
is the StemCellFactory project, in 
which an automated platform for the 
cultivation and reprogramming of in-
duced pluripotent stem cells (iPSCs) 
has been developed [11,12]. iPSCs 
are often used for drug testing and 
can be generated by reprogramming 
patient-specific cell material such as 
skin cells. However, growth behav-
ior and, by extension, the time until 
a culture is confluent does not only 
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differ between the cells from differ-
ent donors but can also vary between 
the different clones after reprogram-
ming. Therefore, each culture needs 
to be treated individually. Within the 
StemCellFactory, every cell culture is 
assigned to a separate protocol. Each 
culture can use the services provided 
by the laboratory devices according to 
the assigned workflow independent-
ly. Using the data obtained during 
regular measurements of the cell cul-
ture, the protocol can be adjusted via 
the execution of different services or 
changing the service parameter for an 
optimal cell treatment (Figure 3).  

Metrics & data analytics

With advances in computerization, 
data tracking and networking that 

is characteristic of Industry 4.0, 
increasing amounts of information 
becomes available for automated 
data processing. The results that can 
be achieved however largely depend 
on the software, as data analysis is 
only as good as the implemented al-
gorithm. Cell cultures often exhibit 
an inherent biological complexity 
that reflects in phenotypic mor-
phology or in growth behavior. In 
contrast to processes performed by 
lab technicians, who can draw from 
years of training and experience, 
computerized systems often lack 
the capability of adapting to chang-
es and atypical situations. 

In recent years, machine learn-
ing has become a powerful technol-
ogy that can potentially be used to 

 f FIGURE 2
Service Oriented Architecture (SOA).
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tackle this challenge. For example, 
machine-based neuronal networks 
are used to detect traffic signs or 
written letters. The adaptation of 
this technology will potentially fa-
cilitate reproducible cell culture as-
sessment and the characterization of 
phenotypes. Moreover, the imple-
mentation of machine learning con-
cepts can not only be used to mimic 
the learning processes every techni-
cian undergoes when performing 
repeated tasks; with advances  in the 
development of improved and novel 
sensors, more information will be-
come available during the cultiva-
tion process. In combination with 
big data analysis, the generation of 
large amounts of data potential-
ly can reveal correlations between 
different factors that have been pre-
viously undiscovered. Additionally, 
this allows for the implementation 
of a sophisticated feedback control 
of the culture where fully automated 
processes are employed.

TRANSLATIONAL INSIGHT
In the past, biological manufac-
turing processes were mainly char-
acterized by manual labor. Whilst 
appropriate for the production of 
biopharmaceuticals, for the large-
scale generation of patient specific 
therapies, many challenges are lying 
ahead. 

In order to provide a safe treat-
ment option, cell products have 
to be well characterized and pro-
duced in a standardized manner. 
The implementation of automation 
technology promises to establish 
reproducible and robust processes. 
Moreover, implementation of In-
dustry 4.0 concepts offers solutions 
for process understanding and con-
trol that go beyond. The generation 

and analysis of large data volumes 
will play a key role in establishing 
adaptive process layouts. In combi-
nation with machine learning, this 
will further drive process under-
standing and control.  

While we have been mainly dis-
cussed the implementation of au-
tomated concepts for 2D cultures, 
these concepts promise to be even 
more powerful when transferred 
into bioreactor-based systems. 
Since bioreactors allow a higher 
degree of parameter control and 
already provide a high level of 
process analytical technology, a 
much greater level of process con-
trol can be achieved. Here, process 
automation and data analytics can 
support existing process design 
concepts based on statistic and 
methodic approaches such as De-
sign of Experiment and Quality 
by Design. Ultimately, the com-
bination of these tools and tech-
nologies promises to transform 
cell production standards in order 
to achieve safe and well defined 
products for cell and gene therapy 
in the future.

 f FIGURE 3
Automated platform.
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