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Abstract: Induced pluripotent stem cell (iPSC)-derived mesenchymal stem cells (iMSCs) are amenable
for use in a clinical setting for treatment of osteoarthritis (OA), which remains one of the major ill-
nesses worldwide. Aside from iPSC-derived iMSCs, chondrocytes (iCHO) and extracellular vesicles
(EV) are also promising candidates for treatment of OA. Manufacturing and quality control of iPSC-
derived therapies is mainly manual and thus highly time consuming and susceptible to human
error. A major challenge in translating iPSC-based treatments more widely is the lack of sufficiently
scaled production technologies from seeding to fill-and-finish. Formerly, the Autostem platform
was developed for the expansion of tissue-derived MSCs at scale in stirred tank bioreactors and
subsequent fill-and-finish. Additionally, the StemCellDiscovery platform was developed to handle
plate-based cultivation of adherent cells including their microscopic analysis. By combining the
existing automation technology of both platforms, all required procedures can be integrated in the
AutoCRAT system, designed to handle iPSC expansion, differentiation to iMSCs and iCHOs, pilot
scale expansion, and formulation of iMSCs as well as extracellular vesicles and their purification.
Furthermore, the platform is equipped with several in-line and at-line assays to determine product
quality, purity, and safety. This paper highlights the need for adaptable and modular automation
concepts. It also stresses the importance of ensuring safety of generated therapies by incorporating au-
tomated release testing and cleaning solutions in automated systems. The adapted platform concepts
presented here will help translate these technologies for clinical production at the necessary scale.

Keywords: stem cells; automation; osteoarthritis; iPSC; iMSC; iCHO; extracellular vesicles

1. Introduction

Osteoarthritis (OA) is a disease of the joint including but not limited to degeneration
of cartilage and ligaments, synovial inflammation, formation of osteophytes and changes in
subchondral bone [1]. OA remains one of the leading causes for disabilities, loss of function
and chronic pain among the elderly, with a high socioeconomic burden [2]. The highly
complex pathophysiology of OA impedes the development of effective therapies, with
most common treatment options addressing symptom relief but not structural repair of the
affected joint [3]. Mesenchymal stem cells (MSCs) have been generally recognized as a treat-
ment option for OA [4], due to their immunomodulatory and chondrogenic differentiation
potential [5,6]. The International Society for Cell Therapy defines MSCs as plastic adherent
cells with a specific expression profile (CD105+, CD73+, CD90+, CD45−, CD34−, CD14−,
CD11b−, CD79alpha−, CD19−, and HLA-DR−) [7] and the potential to differentiate into
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osteoblasts, adipocytes and chondroblasts in vitro [8]. Efforts to define criteria for iPSC
derived mesenchymal stem cells (iMSCs) have also been initiated [9]. Additionally, iMSC
derived extracellular vesicles (iEV) [10] exhibit regenerative properties [11]. Autologous
chondrocyte implantation has been used to treat defined articular cartilage defects in the
femorotibial area of human joints [12]. Cadaver derived juvenile chondrocytes did not elicit
an immunologic response in vitro but have not been tested in vivo.

Despite clinical success, the lack of sophisticated production technology for large-scale
isolation and expansion of iMSCs and their EVs inhibits the widespread application of
these therapies. The most beneficial production strategy for MSCs is partly dependent on
whether an autologous or allogeneic approach is used. This influences both the therapeutic
effect as well as the technology used for MSC production [13]. Allogeneic therapy utilizing
economies-of-scale seems to be more cost-effective, as several doses for several patients can
be produced in one campaign. Manufacturing in larger batches is especially cost-effective
for the expansion process [14,15], a main cost driver in MSC manufacturing making the
more cost-effective approach at the moment [16,17]. Also, induced pluripotent stem cell
(iPSC)-derived chondrocytes and their EV cargo have not been used as sources for cartilage
defect repair. Currently, MSCs are mainly extracted from bone marrow, adipose tissue, or
umbilical cords using different isolation methods [18,19] and expanded manually. The lack
of standardization in sourcing of MSCs and their limited expansion potential impedes treat-
ment approvals by authorities due to varying quality parameters. By manufacturing iMSCs
from differentiated iPSCs, a more standardized, well-characterized cell population can be
generated [20]. To increase standardization in cell differentiation and expansion, automa-
tion needs to be applied across the entire production process to guarantee a reproducible
quality of cells. Incorporating new analytical technologies for process understanding and
control is critical for sustained successful production campaigns. Additionally, several tests
for microbial contamination must be undertaken for product release. These tests should be
integrated with production to avoid unnecessary logistics and shorten release timelines.
Relevant analytics include endotoxin testing and mycoplasma detection by quantitative
polymerase chain reaction (qPCR). Additionally, to decrease the socioeconomic burden of
OA and OA therapies, production of iMSCs needs to become more cost-effective. The high
level of manual operation in iMSC, iEV, and iPSC-derived chondrocyte (iCHO) production
hinders widespread application and production. Automation is a key technology not only
for standardization of production but also to reduce costs.

2. Materials and Methods

The development of the AutoCRAT systems started with an analysis of the manual
standard operating procedures for each process listed in Figure 1. For each process, it was
evaluated whether hardware and software components were available on the automated
system or whether a functionality needed to be added. Overall, commercial devices were
integrated with custom automation solutions developed in-house to enable an end-to-end
automated manufacturing process. The hardware on all systems is listed in Table 1, that
formerly and newly integrated is listed in Table 1.
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Figure 1. Scheme of the AutoCRAT production processes and quality controls.

Table 1. List of devices and stations for the StemCellDiscovery, Autostem and EV module. * devices
are newly integrated for AutoCRAT.

Device Name Manufacturer

Six-axes robotic arm (VS-087) Denso, Kariya, Japan
Linear Axis (Toothed belt axis EGC-185) Festo, Esslingen am Neckar, Germany

Incubator (Cytomat 24 C-IG) Thermo Fisher, Waltham, MA, USA
Liquid handling unit (Microlab STAR) Hamilton Company, Reno, NV, USA

St
em

C
el

lD
is

co
ve

ry Centrifuge (4–16 KRL) Sigma Laborzentrifugen, Osterode am Harz, Germany
Decapper for 50 mL tubes Fraunhofer IPT, Aachen, Germany
Microscope (Eclipse Ti2) Nikon, Minato, Japan

Storage Hotels (50 mL tubes, MTPs, pipette tips) Fraunhofer IPT, Aachen, Germany
Cooler (4 ◦C, 50 mL tubes) Fraunhofer IPT, Aachen, Germany

Waste Fraunhofer IPT, Aachen, Germany
Endotoxin Test (Endosafe® nexgen-PTS™) * Charles River Laboratories, Wilmington, MA, USA

PCR (qTOWER3 auto) * Analytik Jena GmbH, Jena, Germany
Plate Sealer (ALPS 3000) * Fisher Scientific GmbH, Schwerte, Germany

Plate Reader (Spark® Cyto) * Tecan, Männedorf, Switzerland
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Table 1. Cont.

Device Name Manufacturer

Storge hotels for 2 mL, 5 mL tubes, endotoxin cartridges * Fraunhofer IPT, Aachen, Germany
Freezer (−20 ◦C, 50 mL, 5 mL tubes) Fraunhofer IPT, Aachen, Germany

Two six-axes robotic arm (VS-087) Denso, Kariya, Japan
Two applikon bioreactor controler (in-Control) Getinge, Göteborg, Sweden

Two bioreactors (Mobius 3L) Merck Millipore, Burlington, MA, USA
Cell counter (NC-3000) ChemoMetec, Gydevang, Denmark
Centrifuge (4–16 KRL) Sigma Laborzentrifugen, Osterode am Harz, Germany

−80 ◦C freezer (Arctiko ULTF 80) M.u.T. GmbH, Berlin, Germany

A
ut

os
te

m 4 ◦C Fridge (Gamko AV/MS131) Kaeltetechnik Rauschenbach GmbH, Bergneustadt,
Germany

Decentralised Pumping Station * (Pumps: 15KS, Valves:
ASCO S126.01-Z130A-24VDC)

Boxer GmbH, Ottobeuren, Germany
Emerson Automation Solutions, Wiener Neudorf, Austria

Sampling Station Fraunhofer IPT, Aachen, Germany
Hatch Fraunhofer IPT, Aachen, Germany

Decapper (500 mL centrifuge flask, 5 mL tubes) Fraunhofer IPT, Aachen, Germany
Serological pipette Fraunhofer IPT, Aachen, Germany

Storage hotels (serological pipettes, 500 mL centrifuge flask,
5 mL tubes, CoolContainer, cassettes for NC-3000) Fraunhofer IPT, Aachen, Germany

Bioreactor Eppendorf (BioFlo 320) * Eppendorf SE, Hamburg, Germany

EV
-

m
od

ul
e FPLC (ÄKTA pure 150 M) Cytiva, Marlborough, MA, USA

Isolation Housing Fraunhofer IPT, Aachen, Germany

3. Results—The AutoCRAT Platforms

For increased product quality as well as production efficiency, full automation of OA
cell therapy manufacturing and quality control (QC) is required. Except for the input
of resources/materials, the ejection of waste, and product and process supervision no
human interference shall be required. This enables the processes to be executed aseptically
in isolator-type platforms that are separated by sealed housing from the outer environ-
ment [21], resulting in a significantly reduced contamination risk. However, automation in
the field of cell therapy manufacturing faces several challenges [22]. Firstly, most biological
production and analysis processes contain steps, materials, or technologies that are difficult
to execute by robots. Thus, new devices and solutions for these handling steps need to be
developed and tested. Secondly, to design an automated manufacturing suite, the process
parameters and settings (e.g., temperatures, forces, times quantities) must be very well de-
fined. This includes a thorough and validated set of standard operating procedures (SOPs),
which requires a high degree of overall process standardization. Thirdly, robotic handlers
require defined geometries of disposables as it is challenging to design grippers suited to
a high range of different geometries. Therefore, a low variety of disposables is beneficial
for automation. Also, regulatory requirements and guidelines need to be considered, such
as good manufacturing practice (GMP). Additionally, the best technologies for fast and
reliable cell expansion have to be identified for the different process steps. The application
of different manufacturing technologies, such as plate-based or bioreactor-based expansion
of MSCs and their cost-effectiveness have been discussed extensively [17,23,24]. AutoCRAT
aims to address these issues by developing an automated platform for production of cell
therapies targeting OA. To address the heterogeneity [25–27] of OA cases, different therapy
options will be produced on the same platform, as shown in Figure 1. Firstly, iPSC-derived
iMSCs will be produced as a treatment option and as a source of iMSC-derived EVs, as
a second treatment option. iCHOs will be produced as a third option. Expansion of iP-
SCs and differentiation to iMSCs and chondrocytes is carried out in plates, while iMSC
expansion and EV production is carried out using microcarriers in stirred tank bioreactors.
Establishing these procedures, differing in scale, from plate-based to bioreactor-based
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expansion, and biochemical needs, different media, and procedures for each cell type,
requires a sophisticated automated platform with different interconnecting modules.

Ideally, a fully automated platform for manufacturing of allogeneic iPSCs, iMSCs,
iMSC-derived EVs, and iCHOs should be one system interconnected with robotics and
other automated handlers to avoid any hands-on time during the manufacturing campaign.
However, to allow for widespread use of automation technology in the field, the adaptabil-
ity to address evolving processes and product design has to be demonstrated. To show the
adaptability of automation technology as well as address the challenges described above,
two existing systems, the StemCellDiscovery [28] and the Autostem [29] platform were
combined and expanded upon to form the AutoCRAT system. To allow for automated man-
ufacturing of iPSCs, iCHOs and iMSC-derived EVs on existing systems, new processes have
to be implemented. These processes include: QC assays for Endotoxin and Mycoplasma
content, fingerprinting and Glucose (Glc)/Lactate (Lac) determination, cultivation and
maintenance of iPSCs, differentiation of iPSCs to iMSCs and iCHOs, cultivation and mainte-
nance of iCHOs, and expansion of iMSCs for EV manufacturing. These tasks will be divided
among the platforms: the StemCellDiscovery, developed for high-throughput plate-based
cultivation and screening of iMSCs, will be used for iPSC cultivation and maintenance,
differentiation to iMSCs and iCHOs as well as QC assays thus integrating missing steps
in the manufacturing process and increasing the analytical capability of the automated
systems. The Autostem platform, developed for large-scale expansion and fill-and-finish
of MSCs, will be used for iMSC and iEV production as well as EV manufacturing and
Glc/Lac measurement during expansion [21]. Accordingly, several changes were made
to both systems. The StemCellDiscovery was equipped with new analytical technology
to increase process understanding and facilitate product release, as well as the means to
process and store reagents and materials required for QC, cultivation, and maintenance
processes. Autostem was also adapted to fit a third bioreactor for increased capacity of
expansion and an option for EV manufacturing in a packed-bed bioreactor. Additionally,
an EV module was developed to allow for automated purification of EVs.

3.1. StemCellDiscovery

As mentioned above, the StemCellDiscovery is originally a platform for the automated
cultivation of iMSCs. It consists of an automated incubator, a liquid-handling unit (LHU)
to enable a range of pipetting steps from 0.5 to 5 mL, a centrifuge, a microscope, a decapper
to open and close 50 mL falcon tubes, an automated fridge to store these tubes at 4 ◦C,
reservoirs for materials, and a centrally positioned robot for transporting cells and mate-
rials [28]. In AutoCRAT, the StemcellDiscovery is to be used for analytics, to automate
differentiation of iPSCs to iMSCs and iCHOs, and to act as a seed train for the Autostem. To
adapt the hardware to the new demands for automation a wide range of reagents has to be
stored on the platform. To avoid unnecessary complexity when designing a platform, the
variety in shape of used disposables in an automated platform is critical for its mechanical
design. The StemCellDiscovery was originally designed to only handle 50 mL falcon tubes
and micro-titer plates. For the different cultivation and quality control processes of iPSCs,
iMSCs, and iCHOs, 5 mL and 2 mL vials are also required. The platform was enhanced by
establishing storing positions and designing decapping devices for these vials. As some of
these vials will need to be stored at a temperature of −20 ◦C, a new automatable freezer
was developed and integrated into the control system.

The quality control processes required further changes and additions to the platform.
Firstly, the cell products need to be analyzed for endotoxins. This is performed by using an
endotoxin test, which is integrated at a position where it can be reached by both the liquid
handling unit as well as the six-axis robotic arm. Additionally, the endotoxin tester uses
specific cartridges to determine endotoxin content in a sample. These cartridges required
additional storage positions and a modification of the robot grippers to transport them.
Secondly, the cells will be tested for mycoplasma using a quantitative polymerase chain
reaction (qPCR). Mycoplasma (gram-negative bacteria) can infect cells but must be absent
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in any therapeutic cell product. Some mycoplasma species are human pathogens and are
a serious regulatory concern in medicinal products [30]. The mycoplasma assay requires
PCR, for which the qTOWER device3 was chosen. This novel product was designed specifi-
cally for robotic access and remote control. Additionally, an automated plate sealer was
also integrated (ALPS 3000, Thermo Fisher Scientific, Waltham, MA, USA). Thirdly, a cell
analyzing process from the AutoCRAT partner ValitaCell was implemented: the Chem-
Stress fingerprinting assay [31], which is used to characterize iMSCs. This process required
replacing the existing plate reader (Infinite M200 Pro, Tecan, Männedorf, Switzerland) with
the plate reader Spark® Cyto, which provides additional functionality for microscopic
and spectroscopic cell analyses. This assay also requires high throughput pipetting at low
volumes, thus the LHU was equipped with an additional 96-channel 1 mL pipetting head.

3.2. Autostem

Originally designed for the high-scale cultivation of MSCs, the Autostem platform
is equipped with two stirred tank bioreactors. A pump station provides media changes,
sampling and addition of reagents, in a range from 5 mL to several liters at a time. Secondly,
the cells can be harvested and transferred for cryopreservation. Autostem consists of two
areas with different cleanroom grades, a cleanroom GMP-grade A area (ISO 5) for open
cell handling for filling of cells and a cleanroom grade D (ISO 8) area for expansion of cells
in a closed bioreactor system [29,32,33]. Modification of the Autostem platform facilitates
production of EVs, which are secreted by iMSCs and can be isolated from conditioned
media. To this end, the bioreactor system BioFlo® 320 was added onto the platform. This
system provides the option of cultivating cells in a packed-bed bioreactor for optimization
of EV secretion [34]. To place the reactor and the reactor controller on the platform, the
bioreactor area of the Autostem platform was redesigned and the new bioreactor integrated
to fluid supply circuits. Both requirements were addressed by changing the pumping
system of the platform. In its first design, the Autostem had a central pump station
controlling all pumps and valves to feed media to the reactors, remove fluid waste, and
harvest cells after cultivation. To decrease the footprint as well as dead volumes due to
the long tubes, a decentralized concept for pumping was implemented. Eight pumps and
fourteen valves were installed near the bioreactors or the stations they supply and thus
could be placed onto formerly unused spaces between the devices. Aside from enhancing
the platform for EV production, adding a third bioreactor to the system potentially allows
for a 30% increase in cell manufacturing.

Furthermore, some improvements are implemented on the Autostem platform. Firstly,
the hatch connecting the two areas with different cleanroom grades is enhanced by a
ventilation system to prohibit air from the grade D area entering the grade A compartment
and increasing the GMP compatibility of the platform. Secondly, the fill-and-finish process
is improved by implementing the cooling of tubes and vials during filling while the cells
are in contact with Dimethylsulfoxide (DMSO), which improves viability of the cells.

3.3. EV Module

EV isolation will be performed on a new platform specifically designed for this process.
The EV module automatically purifies the EVs that are contained in the iMSC supernatant.
This newly developed system initially required a frame to support all devices of the
platform. The main device of the EV module is the FPLC (ÄKTA pure 150 M, Cytiva,
Marlborough, MA, USA), that performs the automated purification process with super-
natant from adjacent cell expansion vessels and sorts the purified solutions via a fraction
collector into separated tubes. The FPLC on the EV module is a device for full automated
processing by itself. Once connected to the cell supernatant and all relevant reagents and
liquids, it performs all purification steps based on a pre-defined process program. The
AutoCRAT partner, University Clinic Essen, has researched the efficacy of EVs [35,36] as
well as evaluated scalable production processes [37], which subsequently were installed on
the EV module. However, to be integrated into the automated AutoCRAT processing, it was
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extended by an additional pump to insert the supernatant into the FLPC. Furthermore, to
remove products from the fraction collector without the risk of contamination, an isolation
housing system was built around the FPLC fraction collector, which enables exchanging
and filtering the air inside, before any product containing vials and flasks are opened.

The three systems are shown in Figure 2 with innovations highlighted in green. Inter-
action between these three separate systems was manual for the duration of the project.
However, this approach allowed for the utilisation of existing technology to its fullest extent
and combining it with new approaches to advance production technology for automated
cell therapy manufacturing. In a constantly changing field of the process and product
landscape, this is immensely important for development of automation technology to
be sustainable.
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Figure 2. Visual representation of the AutoCRAT platforms with dimensions: StemCellDiscovery
with (1) robot, (2) cooled tube storage at 4 ◦C, (3) freezer tube storage at −20 ◦C, (4) plate storage,
(5) pipette tip storage, (6) endotoxin tester cassette storage, (7) plate sealer, (8) incubator, (9) PCR,
(10) endotoxin tester, (11) liquid handling unit, (12) decapper for 50 mL tubes, (13) decapper for 5 mL
and 1 mL tubes, (14) high-speed microscope, (15) plate reader, (16) liquid waste, (17) solid waste,
(18) centrifuge; Autostem with (19) and (20) robots, (21) Eppendorf bioreactor, (22) and (23) Applikon
Bioreactors, (24) sampling station for cell counting, (25) freezer storage at −80 ◦C, (26) solid waste,
(27) Nucleocounter cassette, cool container and 1 mL tube storage, (28) Nucleocounter, (29) preheaters,
(30) cooled media and liquid waste storage at 4 ◦C, (31) decapper for centrifuge bottles, 5 mL and
1 mL tubes, (32) centrifuge, (33) pipette, (34) solid waste, (35) pipette tip storage, (36) centrifuge bottle
and 5 mL tube storage, (37) hatch, (38) fluid transfer device; EV-module with (39) fraction collector
and isolator, (40) fast protein liquid chromatography. Stations to be changed are highlighted in green.
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3.4. Software

To enable end-to-end automation, the AutoCRAT platform is equipped with an in-
tegral software that assures automatic monitoring, execution, and documentation of all
processes. The control software used, COPE, was developed at Fraunhofer IPT and has
been successfully applied in several research projects for automated biotechnological plat-
form development [38,39]. COPE enables flexible, service-oriented automation with every
device equipped with a so-called COPE.agent, which functions as a driver for standardized
communication to the centralized control unit. Due to the lack of standard interfaces for
automatable devices in biotechnology [40], standardized communication is a key challenge
for automation. In each COPE.agent, the capabilities of every device are modeled as in-
dependent services. With a drag-and-drop process creator these services can be easily
combined in the desired process sequence. When COPE.agents are changed or added,
COPE can reload them even during runtime. Disposable materials are logged in COPE
with their properties (i.e., cell type, reagent type, volume) with a barcode for unique iden-
tification and tracked throughout the process. Apart from process related services, each
station offers a service for error recovery. This allows pausing a process chain, resetting
and then continuing the process.

Additionally, COPE can schedule different process sequences, so that they can be
executed simultaneously with the software then computing the best timing and usage of
devices to execute all processes as efficiently as possible. Furthermore, COPE monitors all
materials and products on the three platforms including their status and position on the
platform, corresponding measurements, and analysis values [41,42]. For the AutoCRAT
project, two COPE instances are connected to allow for inter-platform operability between
the Autostem and StemcellDiscovery and a number of new drivers were developed for
the newly integrated devices. One aim of AutoCRAT is to enhance user-management,
data storage, data export and code structure of all COPE programs to reach full good
automated manufacturing practice (GAMP) compliancy. This also includes risk analysis to
avoid failure.

3.5. Process Implementation

Aside from the physical and digital integration of all devices needed, translating
processes from benchtop to automation comes with a unique list of challenges. Human
operators are highly trained to perform the cell culture and quality processes while still
being very flexible in their range of movements. When implementing automated processes,
details that are routinely assessed by human operators such as resuspension of cells,
mixing and gentle handling of cells, need to be defined and optimized for each step of the
process to ensure its overall robustness and reliability. This includes the teaching of all
robotic positions and paths. In AutoCRAT, this translation is achieved through cooperation
with project partners with differing yet overlapping fields of expertise. Cell biology,
biotechnology, medical and mechanical engineering as well as software development work
on understanding, abstracting, and finally translating manual operation into a minutely
defined automated process.

4. Discussion

The widespread commercial and clinical success of ATMPs such as iPSC derived cell
OA treatments is greatly impeded by the lack of process understanding, existing production
technology and end-to-end automation. When developing production technology, existing
technology should not be overlooked but improved upon and incorporated. To the best of
our knowledge, AutoCRAT is the first platform for fully automated cultivation of iPSCs,
their differentiation to iMSCs and iCHOs and purification of cell-derived EVs, as well as the
corresponding quality controls. To realize the automation, the already existing platforms
StemCellDiscovery and Autostem were modified and enhanced. A new platform, the EV
module, which performs production steps that cannot be added onto the other platforms,
was developed. The need for manual labor to produce iPSCs, iMSCs, iCHOs, and EVs
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when using the automated platforms presented in this paper is far lower compared to
fully manual production, which results in a high cost reduction. This is supported by
Nießing et al. [43], who performed a thorough economic analysis with the StemCellFactory
platform, which also produces iPSCs and has a similar design to the StemCellDiscovery [44].
It can be assumed that their results are transferrable to the AutoCRAT platforms. In total,
the AutoCRAT system would be able to handle 95 plates simultaneously as well as three
individual expansion processes at a time [28].

The transfer of cells and supernatant between the platforms is manual, due to space
constraints in our current lab. Automation of these transfers is feasible, e.g., by using
conveyor belts. However, in a subsequent version amenable for widespread use, all
processes will be executed on one single system. Therefore, solutions for automated sterile
transfer were not developed.

The AutoCRAT system shows how liquid handling tasks can be compartmentalized
to achieve automated liquid handling across several orders of magnitude from 0.5 µL to
5 mL in a commercially available liquid handling unit in the StemCellDiscovery, through
5–50 mL using a custom automated serological pipette and a fluidic automation approach
to achieve liquid handling, to 5 mL to 2 L at a time using a pump and valve system in
the Autostem. Using these different approaches, automated liquid handling can cover the
full extent of liquid handling tasks of a typical manual laboratory. This allows for highly
integrated and parallel bioprocess management in the AutoCRAT platforms. Complex
workflows for cell expansion, differentiation and quality control can be carried out in
different vessels for different cell types at the same time. This would allow the platform
operator a high degree of flexibility during manufacturing and release, while maintaining
a high degree of standardization and robustness.

The key to long-term success of the application of such automated solutions is their
ability to be adapted and expanded upon. Our approach in developing and implementing
modular automated platforms with individual stations for different tasks, which are dy-
namically interconnected using robotic actuators as well as fluidic connectors, has proven
to be a key approach for this challenge [28,29]. The AutoCRAT project also demonstrates
how previous equipment and software can be adapted to new non-linear bioprocesses
and product requirements with minimal effort. Additionally, the mechanical design of
the platforms as well as the program structure and process definition tool of the control
software COPE allow further updates of and changes to automated production.

One of the bottlenecks in iPSC-derived therapies for OA is the time-consuming and
complex release testing. In AutoCRAT we are approached this by integrating endotoxin
and mycoplasma testing into the manufacturing system to allow for testing in parallel with
the manufacturing process. This is one step towards accelerated release but will require
careful sample preparation and user management to keep manufacturing and quality
control separate and prohibit any interference with the manufacturing process.

Beyond manufacturing, decontamination and cleaning have a huge impact on product
quality and safety. The Autostem and StemcellDiscovery have a housing equipped with
HEPA filters ensuring a laminar, filtered air flow throughout. However, initial cleaning
processes are currently mostly performed manually. Due to its high impact on product
safety, this step should be automated to avoid the risk of cleaning personnel contaminating
the areas they aim to clean. Furthermore, in other processes in which viruses or other
dangerous biological substances are used, cleaning personnel could be compromised by
residues of these substances. In AutoCRAT automated wipe disinfection is explored as
an option for mechanical cleaning of the platform and the automation of measurement of
residual particles and contaminants is integrated to monitor this process.

Lastly, the applicability of the AutoCRAT products is not limited to OA therapies. MSC
derived EVs have also shown to treat steroid-refractory acute graft-versus-host disease
(acute GvHD) as well chronic kidney disease (CDK) [11]. Furthermore, studies indicate
that iMSCs could show similar immunomodulatory abilities to MSCs [45].
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5. Conclusions

The AutoCRAT system encompasses an end-to-end manufacturing process for iPSC-
derived iMSCs, iCHO and their respective EVs and will facilitate the automated manufac-
turing of iPSCs, iMSCs, iCHOs, and EVs at scale. It also integrates analytical techniques,
such as microscopy, cell count and viability measurement, qPCR, endotoxin assays, and the
Chemstress Fingerprinting assay for continued quality control of all cell types and EVs. It
demonstrates how existing automation technology can be adapted and advanced upon to
be utilized to produce new therapeutic products.

The combined capacity of all modules will result in a comprehensive approach for
advanced automated manufacturing of iPSC-derived therapies for widespread pain relief
among patients.
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