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1. Introduction

The focus of biomanufacturing is on the consistent production of complex therapeutics derived from biological
sources to diagnose, prevent, and treat diseases. Aging global populations are associated with a rising incidence
of chronic, difficult-to-treat, and often terminal conditions. Consequently, the field of biomanufacturing has gained
considerable attention in recent years, prompting greater investment in research and development to address the
growing need for innovative, accessible, and affordable treatment options [1], [2], [3].

Given this outset, it is no surprise that the biopharmaceutical market has remained highly lucrative, with its global
value projected to surpass USD 1 trillion by 2030 at a compound annual growth rate of about 14 % [4], fueled by both
established recombinant proteins and viral vector-based therapeutics (e.g., Neupogen, Avastin, Hemaagenix) and
emerging cell-based therapeutics (e.g., Yescarta, Ryoncil).

While recombinant protein therapeutics continue to dominate the market [5], cell-based therapies offer highly
innovative, potentially curative treatment options that can persist for years post-infusion [6]. However, these
benefits come at a cost: therapeutic efficacy and overall resilience are closely tied to preserving the cells’
mechanism of action and critical quality attributes (CQAs) throughout manufacturing [7], placing individual unit
operations at the center of product quality and clinical outcome. Furthermore, as these therapies are often used as
last-resort interventions, particular emphasis must be placed on timely and safe production if patient survival is to
be ensured.

Undoubtedly, single-use technologies (SUTs) are well positioned to meet these requirements, as they have proven
themselves in terms of safety [8], [9], biocompatibilty [10], and processing efficiency [9], [11]. Moreover, regulatory
authorities worldwide increasingly recommend SUTs for cell therapy manufacturing [12]. Current SUT platforms span
a wide range of applications, including storage, freezing, mixing, bioreactors, separation and filling systems, tubing
assemblies, and even single-use needles. Building on their well-established use in monoclonal antibody (mAb)
production and on process flow diagrams for selected cell therapies, this paper presents suitable single-use systems
and platforms for cell therapy manufacturing. The primary focus lies on autologous chimeric antigen receptor (CAR)-T
cell therapies, as well as both autologous and allogeneic stem cell therapies based on mesenchymal stem cells
(MSCs) and induced pluripotent stem cells (iPSCs).

Aimed at both newcomers and established stakeholders, this white paper also considers aspects of process
monitoring and quality controlin cell therapy production. The outlook section concludes with emerging trends in the
application of SUTs, driven by the continued development and approval of new cell therapies.
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2. Differences to dominating biopharmaceutical

production processes

Therapeutic proteins (particularly mammalian cell-
derived mAbs) have long dominated biopharmaceutical
manufacturing. As a result, most commercially
available SUTs have been developed and optimized for
the production of such biologics, typically using Chinese
hamster ovary (CHO) cell lines cultivated as single cells
in suspension. These CHO production cell lines have
undergone decades of in vitro evolution and now bear
little resemblance to their ancestral counterparts.
Their recombinant protein productivity has increased
substantially, they no longer depend on adhesion, and
they tolerate the often harsh hydrodynamic conditions
encountered in conventional stirred bioreactors.

USP of a typical mAb production process
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In contrast, many emerging cell-based therapies rely on
viable primary cells derived from consenting donors,
which serve both asthe starting materialand (sometimes
in modified form) as the final therapeutic product.
These cells are frequently adherent and exhibit limited
proliferative capacity. Prolonged in vitro cultivation
typically leads to senescence and may compromise
genetic integrity, thereby reducing both product yield
and quality. Consequently, the manufacturing of cell-
based therapeutics generally requires substantially
shorter process durations than mAb production, limiting
both achievable scale and the range of applicable SUTs
in favor of preserving cell quality and functional integrity.
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Figure 1: Typical mAb production process conducted at 2'000 L scale using a single-use production bioreactor
(modified after Anderlei et al. [16]). At this scale, the entire sequence of USP and downstream DSP operations, from
inoculum preparation in shake flasks to aseptic filling of the drug substance, can be carried out exclusively using

SUTs (see also Jossen et al. [15]). Not depicted in this illustration is the preparation and storage of the culture me-
dium and buffers, which are required for both USP, DSP, as well as fill and finish of the drug product.

To illustrate the differences in scale and manufacturing
principle between the therapeutic modalities of
mAbs and cellular therapeutics, we consider their
manufacturing work flows in some detail starting with
that of a mAb (Figure 1).

Conventional mAb production typically begins with
thawing cells from a fully characterized working cell
bank, which has been previously genetically engineered
to express the target recombinant protein. Initial cell
expansion may be carried out in shake flasks, followed
by sequential transfer to larger-scale single-use wave-
mixed or stirred-tank bioreactors within the seed
train [9]. These cultivation systems allow for real-time
monitoring and control of critical process parameters
(such as pH, temperature, and nutrient concentrations)
to maintain optimal growth conditions throughout the
expansion phase. Alongside such cultivation systems,
instrumented orbitally shaken cultivation vessels have
also proven effective for pilot-scale cell expansion [9],
[13], [14], and are available in working volumes of up to
2.5m3,

Regardless of the bioreactor type used, once the
desired scale and cell density have been reached, cells
are transferred from the seed train to the production
bioreactor, where they express the drug substance over
a period of 10—14 days [15]. Following the production
phase, primary recovery (commonly via centrifugation
and occasionally via depth filtration) then removes
most cellular debris, marking the end of upstream
processing (USP) and preparing the drug substance for
subsequent downstream processing (DSP).

While USP focuses on maximizing product titer and
separating intact cells from the bulk product, DSP aims
to eliminate residual impurities arising from cell lysis,
such as host cell protein and nucleic acid. Accordingly,
key DSP steps include isolation and concentration of
the active pharmaceutical ingredient (typically using
protein A affinity chromatography for mAb capture)
followed by viral inactivation (commonly achieved
through a pH shift), cation and anion exchange
chromatography for purification and polishing, and
finally, virus filtration [15]. After purification, the drug
substance is formulated and sterile filtered prior to
aseptic filling into bulk containers. It is then frozen at
—80 °Cin single-use bags or containers in preparation
fortransport or further formulation and final filling (also
known as fill and finish or fill-finish).

In contrast to mAb production, the manufacture
of Advanced Therapy Medicinal Products (ATMPs),
examples of which include CAR-T- and stem cell-based
therapeutics, involves significantly fewer process steps
and unit operations. This is partly due to the smaller USP
scale, as batches are often produced for a single patient,
and partly due to the absence of chromatographic
purification steps, substantially shortening DSP.
Furthermore, similar to cell production steps in mAb
seed-train workflows that aim to maintain CHO cell
viability and functionality prior to recombinant protein
expression, cell therapy USP favors operation modes
such as repeated-batch and perfusion cultivation, in
which the culture medium is periodically or continuously
exchanged [17], [18]. However, unlike CHO-based mAb
processes, USP for cell therapeutics must also often
accommodate adherent cell cultivation (one prominent
exception being hematopoietic cells which naturally
survive and proliferate in suspension [19]). Adherent
cell types include MSCs derived from adipose tissue,
bone marrow, or umbilical or placental tissue [20];
iPSCs reprogrammed from somatic tissues [21]; and
many of their differentiated progeny [22], [23], [24]. This
requirement adds a layer of complexity to the process, as
failure to support cell attachment can trigger anoikis, a
special form of apoptosis induced by a loss of cell-matrix
interaction. This reduces both cell quantity and quality,
which can render the product unsuitable for therapeutic
use [25], [26]. To prevent anoikis, adherent cells
intended for clinical administration should be cultivated
on disposable attachment surfaces or scaffolds. Such
surfaces include planar plastic substrates [27], polymer
membranes [28], or spherical particles (also known as
microcarriers) [29], all of which promote cell attachment,
migration, and proliferation. This approach, known as
scaffold- or carrier-supported cultivation, is especially
prevalent in cell manufacturing processes that exceed
benchtop-scale working volumes [30], [31], [32], [33],
(34].

At smaller scales and under carefully optimized
conditions, carrier-free suspension cultivation (which
promotes the formation of dense, three-dimensional
[3D] aggregates or spheroids) can serve as an alternative
to scaffold-based approaches [35], [36], [37]. Here,
suspended cells rely on intercellular adhesion and
the expression of extracellular matrix proteins to form
hydrodynamically resilient aggregates [38]. While this
eliminates the need for artificial scaffolds, spheroid
formation and size are strongly influenced by vessel
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geometry and hydrodynamic profiles [39], often
resulting in heterogeneous populations characterized
by non-uniform sizes and variable cell numbers. Under
suboptimal conditions, spheroids may become tightly
packed, with diameters exceeding 300 um [35], [39].
This exposes the cells contained within to a broad
range of mechanical stimuli and restricts the diffusion
of nutrients and oxygen. In addition, the accumulation
of metabolic waste can result in a sharp decrease in the

pH of the cellular microenvironment. Finally, suboptimal
conditions can also prevent the spheroids from forming
completely, which also significantly impairs cell quality
[40]. Consequently, although numerous spheroid-based
cultivation strategies have demonstrated success at
benchtop scale [35], [41], [42], scaling these approaches
to larger working volumes has proven challenging. For
this reason, the present position paper places greater
emphasis on carrier-based production processes.

3. Suspension cell-based autologous platforms:
CAR-T cells as a case-study

Similar to conventional biopharmaceutical
manufacturing processes relying on carrier-free cell
lines, hematopoietic cells also possess the capacity
to proliferate as single cells in suspension. As a
result, SUTs originally developed for the production
of recombinant proteins using suspension-adapted
cell lines can, in principle, be repurposed for the
manufacture of peripheral blood mononuclear cell
(PBMQ)-based therapeutics, such as CAR-T cells, with
only minor modifications [18], [45], [46]. However, in
contrast to CHO-based mAb processes, the primary goal
of such therapies is to genetically modify a patient’s
own cells to enable long-term immune-mediated control

of specific hematological malignancies and cancers [6].

To date, reported manufacturing processes rarely
exceed working volumes of 1 L, as each batch is typically
designed to treat a single donoror patient [47], [48], [49].
This personalized and autologous production approach
significantly increases manufacturing costs [50].
Consequently, there is a growing trend toward designing
flexible and functionally closed production platforms for
CAR-T cell-based therapies, which have been shown to
contribute to cost reductions [51].

3.1 THE MANUFACTURING PROCESS

Before choosing particular SUTs for the production
of CAR-T cell therapeutics in accordance with Good
Manufacturing Practice (GMP), a clear understanding of
the manufacturing workflow is required. From a technical
perspective, the production of autologous CAR-T cell
therapeutics typically begins with the enrichment of

leukocytes from a patient’s or donor’s whole blood
at a medical facility using a procedure known as
leukapheresis. The resulting cell mixture, composed
primarily of leukocytes, is then cooled or cryopreserved
for transport to the site where the therapeutic product
will be manufactured [52].

Upon arrival at the manufacturing facility, if applicable,
the cells are thawed and washed, after which a selection
step is introduced to isolate the target cell population,
which are typically CD3*/CD28* or CD4*/CD8* T cells
(Figure 2). Once isolated, these T cells undergo several
key processing steps. Namely, activation, to induce
proliferation and maturation, transduction, where the
gene encoding the CARis introduced via viral or non-viral
vectors, and expansion, duringwhich the modified T cells
are brought to proliferate to clinically relevant numbers.
The process concludes with harvest, formulation,
cryopreservation, and quality control, after which the
final product is transported back to the medical facility
for patient administration [50], [53].

3.2 APPLICABLE SUTS

While the clinical application of CAR-T cells is a
comparatively recent development [54], the application
of SUTs for the collection, processing, storage, and
infusion of blood is well established. The first instance
of single-use bags being used towards this purpose date
back to 1947 and the development of the Thanksgiving
Day blood bag by Carl Walter and later Fenwal
laboratories [55]. Since then, substantial advances have
been made in this area, with many modern devices

An autologous CAR-T cell therapy production process
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Figure 2: Simplified overview of an autologous CAR-T cell therapy manufacturing process, typically spanning 7 to 14
days. Owing to the patient-specific nature of these therapies, working volumes rarely exceed 1 L.

building on this original concept to support a wide
range of integrated functions. This trend is particularly
evident in autologous CAR-T cell therapy manufacturing,
where integrated single-use platforms, such as Miltenyi
Biotec’s CliniMACS Prodigy® support the entire process,
from cell selection to activation, genetic modification,
expansion, formulation, and final fill and finish [51], [56].
Some SUTs serve more discrete roles, with a clear trend
toward cross-platform compatibility and functionally
closed processing.

For example, leukapheresis may be performed using
Terumo BCT’s COBE® Spectra Optia®, Fresenius Kabi’s
Amicus™ Apheresis Collection System, or Haemonetics’
MCS®+ [57], [58], all of which utilize disposable
processing kits. On the other hand, Cytiva’s Sepax™
C-Pro cell processing instrument [59] is able to selectively
enrich PBMCs via density gradient centrifugation, while
more targeted isolation and enrichment of CD3* T cells
is typically achieved through magnetic bead-based
selection, using SUTs such as Thermo Fisher Scientific’s
DynaCellect™ [60], Miltenyi’s CliniMACS® Plus [61], and
Cytiva’s Sefia Select™ [62].

To date, T cell activation has primarily been achieved
eitherthrough soluble factors orvia specially engineered
single-use activation beads, the latter apparently
inducing more sustained activation and stronger T cell
responses [58]. Notably, some modified single-use
beads may also serve a dual function, facilitating both
T cell enrichment and activation, thereby integrating

process steps and shortening the overall manufacturing
workflow [60]. Devices which make use of single-
use inserts and support the integration of these unit
operations through the application of beads include
Cytiva’s Sefia Select™ system [62], Lonza’s Cocoon®
[46], and Thermo Fisher Scientific’s DynaCellect™ [60].

It might be worth mentioning that T cell activation and
transduction may also be performed directly within the
cultivation vessels used for subsequent expansion to
the target therapeutic dose [6], [63], typically estimated
at 104 to 107 cells per kg body weight [48], [50], [64],
thereby enabling integration of these unit operations
into a single process step. Nevertheless, the scale and
type of cultivation vessel needs to reflect the target cell
titer and potency. Generally, the lower the potency of
the product or the lower the final cell density, the larger
the required working volume of the cultivation vessel.
Therefore, depending on the characteristics of the
product, this expansion step should be performed under
either static or dynamic conditions.

SUTs which have been applied successfully towards the
expansion of CAR-T cells include static platforms such
as Wilson Wolf’s G-Rex [64], Cytiva’s Sefia™ expansion
system [62], and Miltenyi Biotec’s CliniMACS Prodigy®
[51], [56], mentioned earlier, while dynamic conditions
are provided by rocking or wave-mixed bioreactors, such
as Lonza’s Cocoon® [46], Sartorius’ Biostat® RM TX
[65], and Cytiva’s Xuri™ cell expansion system W25 [64].
All systems utilize disposable components and offer
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working volumes ranging from 5 mL to 5 L. Incidentally,
whilewave-mixed bioreactorsare considered established
in commercial CAR-T cell production, scalable single-
use stirred-tank and perfusion-compatible bioreactors
have also emerged as viable options in a research
setting, alongside static and rocking cultivation
vessels. Examples include Sartorius’ Ambr® 15 [63] and
Ambr® 250 [18] and Merck Millipore’s Mobius® Breez
Microbioreactor [66].

Once harvested, any residual solid components, e.g.
activation beads, are removed and the CAR-T cells are
concentratedandformulated[58]. Duringthese steps, the
cell density is adjusted to match the final dose, typically
ranging from 106 to 109 cells mL?, and the spent medium
is replaced with a suitable cryopreservation solution.
This is followed by aseptic filling of the cell suspension
into containers or bags, which are subsequently frozen
for storage and transport to the site of administration;
typically, quality control measures are also conducted
at this stage [52]. Given that most cryopreservation
formulations still contain dimethyl sulfoxide (DMSO),
a cryoprotectant with known cytotoxicity, and that
prolonged exposure degrades cell quality, these DSP
operations are time-sensitive and should, where
possible, be performed under cooled conditions (e.g.
on ice) [7], [58]. Alternatively, DMSO exposure can be
minimized through the application of comparatively
less established DMSO-reduced or -free cryoprotectants
or integrated downstream unit operations, which offer
additional benefits such as reduced cytotoxicity or
manual handling, shorter transition times between
steps, and an overall acceleration of the production
timeline. Alongside DMSO-free formulations, such as
Merck’s CRYO-DMSO-F or X-Therma’s XT-Thrive® [68],
several SUTs have been used to integrate the separation,
concentration, and formulation steps by incorporating
a continuous centrifugation component. Examples
of such technologies include Cytiva’s Sefia Select™
and Sepax™ C-Pro cell processing system [59], [62],
Thermo Fisher Scientific’s CTS™ Rotea™ Counterflow
Centrifugation System [69], and Sartorius’ kSep® [67].

The final step of CAR-T cell production involves fill and
finish, alongside freezing the modified and expanded
CAR-T cells away in cryopreservation containers, typically
attemperatures below —-80 °C[53]. Filland finish systems
used towards this purpose include Xiogenix’s Ares™
series, Terumo BCT’s Finia® Fill and Finish system [70],
Sexton Biotechnologies Signata™ CT-5 system [58], as

well as Cytiva’s Sefia Select™ and Sepax™ C-Pro, while
controlled-rate freezing and subsequent thawing may
carried out using systems such as Cytiva’s VIA Freeze™
and VIA Thaw™, Thermo Fisher Scientific’s CryoMed™
[52], BioLife Solutions’ ThawSTAR® series [69], and the
Barkey plasmatherm [71].

GMP compliant single-use containers compatible
with these systems include both rigid cassettes and
flexible bags. Flexible single-use cryopreservation
bags, designed to withstand ultra-low temperatures,
are typically composed of ethylene vinyl acetate or
fluorinated ethylene propylene and are available in
filling volumes ranging from 6 to 1000 mL [72]. Common
examplesinclude Miltenyi Biotec’s CryoMACS® Freezing
Bags [73], Corning’s Cryopreservation Bags, and Saint-
Gobain’s KryoSure® Cryopreservation Bags [74].
Alternatively, rigid cryopreservation vials and cartridges
may be used instead, with filling volumes ranging from a
few microliters to several liters in scale. Representative
examples include Fisherbrand™ Cryogenic Storage
Vials, Nalgene™ Cryogenic Tubes[53], and the CellSeal®
range from Sexton Biotechnologies [72].

The SUTs now available for CAR-T cell manufacturing
demonstrate that these products can be manufactured
entirely using functionally closed single-use solutions.
While this may be considered a substantial step
forward, further development in terms of automation,
connectivity, and data integration will be necessary in
order to fully exploit the economic potential of single-
use platforms for autologous CAR-T cell production, as
described in the paper by Weber [51].

4. Manufacturing platforms for the expansion
and differentiation of adherent stem cells

4.1 MSC-BASED PRODUCTS

Biomanufacturing of MSC-based ATMPs differs from that
of CAR-T cells (see Section 3), particularly with regard to
cultivation requirements, scalability potential, and cell
handling approaches. In contrast to CAR-T cells, MSCs
require attachment to a scaffold, matrix, carrier, or
substrate for effective in vitro expansion [17], [75]. This
growth surface can either be provided by static, two-
dimensional (2D) cultivation systems, such well plates,
T-flasks, and multi-layered stacked plate systems [76], or
microcarriers when targeting higher cell numbers under
dynamic conditions in stirred [30], [32] or wave-mixed
bioreactors [77], [78], [79]. Another distinction pertains
to the intrinsic therapeutic functionality of MSCs.These
multipotent cells possess natural immunomodulatory
properties, thereby eliminating the need for extensive
genetic modification [75]. MSCs secrete a wide array
of bioactive molecules involved in tissue repair,
immune regulation, and anti-inflammatory responses
[80], as well as extracellular matrix. Consequently,
the manufacturing focus for MSC-based therapies is
primarily on the controlled expansion of cells to achieve
clinically relevant doses, rather than on complex cell
engineering workflows.

Theimmunological characteristics of MSCs also facilitate
their application in an allogeneic setting, where cells
derived from a single healthy donor can be administered
to multiple recipients without eliciting significant
immune rejection [17], [48]. This allogeneic compatibility
has profound implications for production scalability and
logistics. Specifically, it facilitates the generation of
substantial, well-characterized cell banks from a single
donorsource, therebyreducing batch-to-batch variability
and streamlining regulatory compliance. Furthermore,
it facilitates the implementation of large-scale single-
use bioprocessing technologies. As indicated by Jossen
et al. [81], bioreactors with working volumes reaching
200 L have been utilized for the expansion of MSCs,
thereby emphasizing the necessity for industrial-scale
infrastructure to facilitate widespread therapeutic
implementation.

4.1.1 Process overview

Similar to CAR-T cell therapeutics, the manufacturing of
allogeneic MSC-based products under GMP conditions
involves a series of carefully controlled steps designed
to ensure product quality, safety, and efficacy [81].
The process typically begins with the procurement of
tissue (such as human bone marrow, adipose tissue,

An allogeneic MSC-derived ATMP production process
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Figure 3: A simplified workflow for the production of allogeneic cell therapies based in MSCs. Following cell isola-
tion, the manufacturing process is typically divided into (i) expansion and harvest, (ii) filtration, (iii) concentration
and formulation, and (iv) fill and finish. Adapted from Jossen et al. [81].
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or umbilical cord, among others [82]), followed by
cell isolation, in vitro expansion, harvesting, and
the establishment of a well-characterized cell stock,
which serves as the foundation for subsequent ATMP
production.

Initial isolation of MSCs typically involves enzymatic
digestion, mechanical dissociation, or a combination
of both to release cells from their tissue matrix [83].
Following isolation, MSCs are cultivated under xeno-free
conditions, commonly based on human platelet lysate
or, ideally, fully chemically defined medium formulations
to eliminate the use of animal-derived components
[17]. While single-use cryovials are frequently used for
generating early-stage cell banks, cryopreservation
bags, such as those applied in CAR-T cell workflows, may
also be employed, particularly where scale orintegration
into closed systems is a priority.

Once appropriate cell stocks have been established,
production of an MSC-based ATMP may begin in earnest.
In line with CAR-T cell manufacturing, MSC production
follows a structured workflow that typically starts with
cell thawing, followed by 2D expansion, often carried
out in T-flasks or multilayer stacked plate culture vessels
[84], as illustrated in Figure 3. This initial expansion
step supports rapid cell recovery and proliferation in a
controlledadherentenvironment. Subsequently, cultures
may be transferred into 3D single-use bioreactors for
large-scale expansion, enabling production volumes
exceeding 50 L [81]. These systems commonly employ
polymer-based microcarriers, which act as a surface to
which the cells attach during expansion but must be
removed prior to or during DSP. Detachment of MSCs
from microcarriers is typically achieved enzymatically or
mechanically, often directly within the bioreactor [85],
followed by filtration-based separation to remove intact
carriers and residual debris during harvest. Microcarriers
composed of biological polymers such as gelatin or
dextran may offer advantages in this context, as they
support robust MSC growth and can be enzymatically
digested, thereby simplifying subsequent DSP [83].

DSP then continues with washing, concentration,
and formulation steps, commonly performed using
filtration systems or closed centrifugation platforms.
These technologies enable buffer exchange and volume
adjustment while preserving cell viability and structural
integrity [86], [87], [88], [89]. As with other cell therapy
products, the penultimate step, fill and finish, involves

the asepticdispensing of the formulated cell productinto
final containers, which are subsequently cryopreserved
for transport and clinical administration.

Similarto CAR-T celltherapies, those administering MSCs
cannot be terminally sterilized. Therefore, the entire
manufacturing workflow, from source material handling
through to final container closure, must be conducted
aseptically. Furthermore, in contrast to CHO-based
production systems, the limited proliferative capacity
and inherent heterogeneity of MSCs preclude the routine
generation of classical master and working cell banks.
This limitation is acknowledged in the relevant European
regulatory guidance for ATMPs, which instead refers to
the use of cell stocks or cell preparations.

4.1.2 Proven single-use systems

Similar to CAR-T cell therapy manufacturing, MSC
production processes often begin with cell revival from
cryopreserved vials or bags, conducted under controlled
and aseptic conditions using temperature-regulated
thawing equipment, e.g. BioLife Solutions’ ThawSTAR®
system for cryovials or Cytiva’s VIA Thaw platform for
cryopreservation bags (see Section 3.2).

For the initial 2D expansion phase, multilayered cell
culture systems such as Corning’s CellSTACK® and
Thermo Scientific’s Nunc™ EasyFill™ Cell Factory™
are commonly utilized [90]. These disposable culture
vessels are particularly well-suited for early-stage
expansion due to their scalable surface area and
compatibility with closed manifold tubing sets for
both manual and automated media exchange and
harvest operations. Automated platforms that integrate
these disposable vessels as inserts include Sinfonia
Technology’s CellQualia™ and VivaBioCell’s NANT XL
System, both of which have been applied in clinical-
grade MSC manufacturing [84], [91].

For clinical MSC production beyond 10 L scale, a range of
single-usebioreactorsystemshavealreadydemonstrated
their technical suitability and have been successfully
implemented in various manufacturing workflows [32],
[92], [93], [94], [95] in addition to static multilayered cell
culture systems. These include stirred-tank bioreactors
such as Sartorius’ BIOSTAT® STR, Eppendorf’s
BioBLU®, Merck’s Mobius® CellReady, and Cytiva’s
Allegro™ STR; wave-mixed bioreactors such as the
Sartorius BIOSTAT® RM and Cytiva Xuri™ cell expansion

system W25; and vertical-wheel bioreactors from PBS
Biotech®. From a process engineering perspective,
microcarrier properties are particularly important for
ensuring that hydrodynamic shear stress remains
within acceptable limits while maintaining sufficient
mixing and mass transfer throughout the cultivation
process. In the Mobius® CellReady 50 L bioreactor,
MSCs were successfully expanded on microcarriers,
demonstrating robust proliferation while preserving key
CQAs, including high viability, phenotypic identity, and
trilineage differentiation capacity [32]. Similar outcomes
were reported for the BIOSTAT® STR 50 L bioreactor
(Sartorius), where microcarrier-based MSC expansion
under serum-reduced conditions resulted in a 4o-fold
increase in cell number, yielding approximately 1 x 1010
cells with a viability exceeding 98% [30]. Beyond the
cylindrical geometries of the Mobius® CellReady and
BIOSTAT® STR systems, successful MSC expansion has
also been demonstrated in the cubic-shaped Allegro™
STR bioreactor (former Pall), highlighting the suitability
of microcarrier-based processes across different
single-use vessel configurations [96]. In a comparative
study, the wave-mixed Xuri™ cell expansion system
W25 (Cytiva) supported efficient MSC expansion while
maintaining phenotypic marker expression (CD73",
CDgo*, CD105*) and trilineage differentiation potential
[781, [79]. Furthermore, the PBS Biotech® vertical-wheel
bioreactor has been shown to support high-yield MSC
expansion under low shear conditions, enabling the
production of clinically relevant cell doses (108-10°
cells) while maintaining excellent viability and functional
properties [97], [98].

As stated in Section 4.1.1, MSCs need to be separated
from  microcarriers  following  (enzymatic) cell
detachment. One example of a system designed for this
purpose is the Harvestainer™ BioProcess Container from
ThermoFisher Scientific, which features a bag-in-bag
design: microcarriers are retained in the inner bag via a
mesh-like filter, while the detached cells pass through
into the outer chamber [81]. Alternative approaches for
cell separation include the use of single-use normal flow
and membrane filtration systems, such as Millipore’s
OptiCap® or Sartorius’ Sartopore® filters, which are
available with customizable pore sizes. For instance,
Cunha et al. [94] employed OptiCap XL 1 capsules
with a 75 pym pore size and a flow rate of 0.3 L min? to
effectively separate cells from microcarriers. However,
at larger scales and with higher microcarrier and cell
densities, more advanced harvest solutions may be

required to avoid membrane fouling. In such cases,
alternating tangential flow or ATF filtration, as offered by
Repligen, presents a compelling solution. This SUT has
been shown to effectively reduce membrane fouling by
maintaining continuous crossflow over the membrane
surface - an approach recently demonstrated to be
effective for the harvest of MSCs following microcarrier-
based expansion [99]. Alternatively, continuous flow
centrifugation systems, such as Sartorius’ kSep®
[100] and Thermo Fisher Scientific’s CTS™ Rotea™
Counterflow Centrifugation System [101], may also be
used for both clinical and commercial manufacturing.
Notably, both alternating tangential flow filtration and
counterflow centrifugation systems can be seamlessly
integrated into DSP workflows for subsequent washing,
concentration, and buffer exchange steps [101]. In
addition, tangential flow filtration or TFF platforms such
as Repligen’s KrosFlo® offer precise control of shear
stress, enabling the preservation of high cell viability
during these critical processing stages [86].

The final stage of the manufacturing process involves
aseptic dispensing of the cell suspension into final
containers, typically performed using single-use filling
systems. Notable examples include the Single Use
Supports’s RoSS.FILL CGT, Comecer’s ValueCell FILL,
Watson-Marlow’s Cellefill™, Merck’s Mobius® Final
Fill Solutions, and Terumo BCT’s FINIA® Fill and Finish
System. These platforms support accurate volumetric
filling of single-use vials, intermediate containers,
or final product bags, while ensuring closed-system
processing, minimal human intervention, and sterility
assurance.

4.2 IPSC-BASED PRODUCTS

Similar to MSC-based therapies, ATMPs derived from
iPSCs are increasingly being applied in clinical settings.
However, iPSC-based manufacturing workflows differ
from those of MSC-based products in several important
respects, reflecting both the unique biological properties
of the starting material and the inherently multistage
nature of iPSC-based production.

Fundamentally, iPSCs do not themselves constitute
therapeutic products. Rather, they are generated from
somatic cells via the Yamanaka reprogramming protocol
or its derivatives [102], [103]. This reprogramming,
preferably achieved using non-integrating vectors [104],
[105], restores pluripotency and confers an apparently
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unlimited proliferative capacity, similar to embryonic
stem cells (ESCs). In contrast to ESCs, however, iPSCs
are derived from adult tissue and are therefore widely
regarded as ethically non-contentious. These properties
make iPSCs attractive enabling intermediates from
which a broad range of therapeutic cell types can be
derived.

While their proliferative capacity may facilitate the
creation of well-characterized master and working
cell banks and support manufacturing at scale, it also
introduces a critical safety challenge. Undifferentiated
iPSCs can form teratomas if administered, with as few

as 130-630 residual cells reported to induce tumor
formation [106], [107]. Consequently, iPSC-based
manufacturing processes must incorporate robust
safeguards to guide differentiation toward the intended
lineage and to ensure the effective elimination of
undifferentiated cells. Given these considerations,
iPSC-based manufacturing can be structured into two
distinct phases: (i) an expansion phase, analogous to a
seed train, during which sufficient iPSC starting material
is generated; and (ii) a directed differentiation or
production phase, in which the iPSCs are differentiated
to confer functionality and yield the therapeutic cell
product. This second phase may also incorporate DSP

An allogeneic iPSC-derived ATMP production process

Expansion phase

Vial 2D Expansion 3D Expansion
and harvest

SR

ey

i

>10 L

Filtration Concentration and Fill and

formulation finish

[

An allogeneic iPSC-derived ATMP production process

Differentiation or production phase

HCD 3D Differentiation Filtration Concentration and Fill and

ICB and harvest

' O
R

formulation finish

[\

Figure 4:A simplified workflow for the production of an iPSC-based cell therapy product. Following cell isolation/
selection and reprogramming, the manufacturing process is typically divided into (i) expansion and harvest, (ii)
filtration, (iii) concentration and formulation, and (iv) fill and finish. Given that iPSCs do not constitute a final

cell therapy product, the same process steps must again be applied to their differentiation, ideally following cell

inoculation from a high cell density intermediate cell bank (ICB) generated towards the end the expansion phase.

Adapted from various sources [48], [110].

elements or purification strategies aimed at removing
residual undifferentiated iPSCs to ensure patient safety.
Finally, given the importance of verifying iPSC quality
prior to initiating the production phase and the fact
that one-step or direct inoculation from cryopreserved
iPSCs has been successfully demonstrated [100], [108],
[109], this two-phase manufacturing workflow may be
strategically decoupled through the establishment of
an intermediate, high-density iPSC cell bank (see Figure
4), thereby reducing manufacturing complexity and the
overall SUT footprint.

4.2.1 Single-use bioreactors applied towards
iPSC expansion

As adherent cells, iPSCs share certain cultivation
requirements with MSCs, allowing many of the SUTs
established for MSC cultivation to be directly to the
expansion of iPSCs (see Table 1). One requirement
particular to iPSCs is that of a more stringent need for
cell-cell contact. To date, reported working volumes
for iPSC expansion range from 15 mL to 50 L [43], [111],
with PBS Biotech’s Vertical Wheel™ PBS-80 recently
demonstrating the ability to produce more than 2 x 1011
cells within 7 days.

At these scales, iPSCs are typically cultured under
carrier-free conditions, i.e. as cell clusters or spheroids,
with perfusion systems employed to accommodate
continuous medium exchange [41], [43], [100], [112].
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Reference
[111]
[113]

Own data
[37]
[112]
[100]
[114]
[115]
[41]
[43]
[116]
[117]
[21]
[117]

EF
(Day)
-(4)
5.7 (7)
123.5 (6)
93.8 (5)
255 (5)
62.6 (9)
10 (7)
47.2 (6)
6.7 (6)
80 (7'
35.3 (5)
14 (6.5)
19.5 (5)

XMax
[x10¢ cells]
Not specified
713
1600
187.5
3250
5640
5970
472
10 200
200 000°
4100
690
4 600

Carrier-free
Carrier-free
Carrier-dependent
Carrier-free
Carrier-dependent
Carrier-dependent
Carrier-free
Carrier-free
Carrier-free
Carrier-free
Carrier-free
Scaffold-dependent
Scaffold-dependent
Scaffold-dependent

Repeated batch
Repeated batch

Cultivation mode Cultivation approach
Repeated batch

Not specified
Not specified

Perfusion
Perfusion
Perfusion
Perfusion
Perfusion
Perfusion
Perfusion

Perfusion rates applied to iPSC expansion are comparable
to N-1 perfusion processes used in CHO-based mAb
production, reaching dilution rates of up to 7 vvd [35],
[118]. However, iPSC cultures have typically been kept at
cell densities < 3.5 x 107 cells mL? to preserve viability and
biological function. It is also worth noting that operation in
perfusion mode is not confined solely to stirred systems.
Scalable hydraulically driven bioreactor designs capable
of operation in perfusion mode have also demonstrated
promise when applied towards iPSC expansion, such as
Cytiva’s Xpansion® multiplate bioreactor (offering up to
12.2 m2 surface area) and Corning’s Ascent® fixed-bed
bioreactor (currently available with a 100 m?2 fixed-bed,
with a 1000 m2 model in development) [117], [119].

4.2.2 iPSC differentiation and applicable single-use
systems

In contrastto expansion processes, reported differentiation
workflows have remained largely confined to ml-scale
[120], [121], [122], with only a few reports describing L-scale
operation [23]. This limitation stems largely from the high
cost of differentiation media and the extended cultivation
times required to achieve complete lineage commitment
[123]. Single-use systems currently used for small-scale
differentiation include orbitally shaken systems (e.g.,
shake flasks, CERO 3D) and stirred systems such as the
Vertical Wheel™ PBS-0.1 and BioBLU® o0.3c¢ [124], [125].

Alongside mechanical stimuli, biological cues are also
leveraged to direct iPSC differentiation. This is typically
achievedbysupplementingthe culture mediumwith specific
inhibitors or activators, with the composition dynamically
adjusted as cells progress through defined developmental
stages [23]. Medium composition may also be used to
apply selective pressure and eliminate undifferentiated
iPSCsin the bioreactor prior to harvest [27]. However, while
complete medium exchange is relatively straightforward at
ml-scale, it becomes technically challenging at L-scale and
beyond, making perfusion-based operation an attractive
alternative. Single-use perfusion technologies originally
developed for CHO cell culture [131] and successfully
applied to CAR-T cell and MSC processes [49], [99], such as
Repligen’s XCell™ ATF and KrosFlo® TFDF® systems, may
likewise prove valuable for facilitating continuous medium
exchange during directed differentiation.

4.2.3 Other similarities to MSC manufacturing

Adequate DSP remains a critical component in ensuring
product purity and patient safety. This is particularly
important for iPSC-based cell therapies, where the removal
of residual undifferentiated cells is essential to mitigate
the risk of teratoma formation. Although purification may
already begin within inside differentiation bioreactor
through the application of selective pressures, such as
cell type-specific biological pathways, surface coatings,

cultivation duration. The expansion factor was calculated as the ratio between the maximum number of cells reached and the number used for inoculation. Adapted from
“ Values approximated from publication figures. Abbreviations: Expansion factor (EF), working volume (V;), maximum reported cell yield (X3;.,)

Table 1: Instrumented SU bioreactors used for the expansion of iPSCs. Listed are approximate maximum cell yields per cultivation, the expansion factor achieved and
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has been shown that for iPSCs, filling should ideally be
performed at 4 °C and in the presence of antioxidants
such as N-acetylcysteine to maintain cell quality [110]. A

more detailed description of appropriate single-use filling
systems is given in Section 4.1.2.

5. Process monitoring and quality control in

ATMP manufacturing

At the center of every biopharmaceutical manufacturing
process lies the quality target product profile or QTPP,
which serves as the foundation for ensuring product
quality through process design. For ATMPs, where
the cells themselves constitute the product, this
principle also applies. However, unlike conventional
biopharmaceuticals, where the CQAs are largely defined
by protein structure and purity, the therapeutic entity in
ATMPs is a living and extraordinarily complex cell. As a
result, complete product characterization is not possible,
and thus the quality target product profile often remains
only partially defined [47]. Moreover, these cellular
products are highly sensitive to variations in the culture
environment, demanding precise control of physical,
chemical, and biological parameters throughout the
manufacturing cycle.

To address this complexity, process analytical
technologies (PAT) and on-line monitoring tools are
increasingly being deployed to facilitate process
automation and provide real-time insight into critical
process parameters or CPPs. Their integration reduces
reliance on off-line sampling, lowers contamination
risk, and facilitates the development of closed and
automated bioprocesses that are required for safe,
consistent, and GMP-compliant manufacturing. For
ATMPs, these capabilities are particularly desirable,
as small production scales, short shelf lives, and
patient-specific batches leave little margin for error. A
single batch failure can have severe, potentially fatal
consequences, given the long manufacturing lead times
and the often fragile condition of the patients awaiting
treatment. A key enabler of PAT implementation in ATMP
manufacturing has therefore been the development of
single-use sensors. Today, devices for monitoring critical
parameterssuchaspH, dissolved oxygen (p0,), dissolved
carbon dioxide (pCO,), and biomass (via capacitance)
are available in single-use formats, typically supplied
pre-calibrated and gamma-sterilized together with the
bioreactor [133]. Commercial solutions include pH, pO,,

and pCO, sensors from Presens, Hamilton, Mettler,
Broadley James, Polestar, and Pyroscience, as well as
capacitance- or turbidity-based biomass monitoring
systems from ABER Instruments and Hamilton.

Table 2 summarizes the range of available sensors and
analyticaltechniquesusedtomonitorphysical,chemical,
and biological process parameters. Physical variables
such as temperature, stirring, and pressure are routinely
measured with robust sensors including thermistors,
torque meters, and pressure transducers, while foam and
liquid levels can be tracked using capacitance, optical,
or ultrasonic probes. Chemical monitoring commonly
relies on electrochemical or optical sensors for pH, pO,,
and pCO,, and is further supported by spectroscopy (NIR,
MIR, Raman, UV-VIS) and enzymatic biosensors to track
nutrients and metabolites. Together, these tools enable
direct and indirect monitoring of critical substrates such
as glucose, lactate, and ammonia, which significantly
impact cell growth and product quality [40].

By contrast, biological monitoring remains an area with
significant potential for development. While single-
use capacitance (dielectric spectroscopy) and optical
methods already provide real-time information on CQAs
such as viability and cell quantity, advanced analytical
platforms, including those based on flow cytometry,
imaging, immunoassays, and sequencing, are still
required to assess identity, potency, genomic integrity,
purity, sterility, and stability (see Table 3) [75], [117],
[134]. These methods are predominantly applied at- or
off-line, with single-use alternatives remaining largely
unavailable. This may be attributed to the fact that
integrating such analytical systems into closed single-
use processes remains technically challenging.

Variable type

Physical

Chemical

Biological

Bioprocess parameter

Temperature (*)

Power input / Stirring

Pressure (*)

Foam (*)

Level / Volume (*)

pH (*)

Dissolved Oxygen (p02) (*)

Dissolved CO2 (pCO2) (*)

Glucose (*)

Lactate (*)

Ammonia

Other metabolites
(Amino acids, glutamine, glutamate)

Cell count / morphology
(Cell density and viability, viable
cell volume) (*)

Proteins (e.g., LDH)

Contaminants (microbial)

Table 2: Overview of available sensors and techniques for process monitoring and control.
(*) Technologies are available as SUT.

Technique

» Thermistor / RTD probes
» Wireless capsule sensors

» Torque measurement
» Tachometer / Revolution-counter

» Strain gauge transducers

» Capacitive sensors

» Piezoresistive MEMS sensors
» Wireless capsule sensors

» Conductivity / capacitance probes
» Optical (IR / laser)

» Ultrasonic / acoustic

» Camera-based (R&D)

» Load cells
» Hydrostatic pressure
» Ultrasonic

» Electrochemical (glass / ISFET)
» Optical (fluorescent patches)
» Wireless capsule

» Amperometric (Clark-type)
» Optical (luminescent quenching)

» Severinghaus-type (electrochemical)
» Optical absorbance
» Optical fluorescence quenching

» Enzymatic biosensors
» UV-VIS, NIR, MIR, Raman spectroscopy

» Enzymatic biosensors
» UV-VIS, NIR, MIR, Raman spectroscopy

» lon-selective electrodes
» NIR, MIR, Raman spectroscopy
» Fluorescence spectroscopy

» Raman / NIR with chemometrics
» At-line HPLC/LC-MS

» Dielectric spectroscopy (capacitance)

» Light scattering (turbidity)

» Absorption (turbidity)

» Combined light scattering / absorption (turbidity)
» At-line fluorescence probes

» At-line flow cytometry / imaging

» MIR, Raman spectroscopy
» At-line immunoassays

» Raman fingerprinting
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Finally, for effective PAT implementation, these analytical
measures must be embedded within an automation
framework, if manual intervention is to be minimized
and continuous process control is to be ensured. Ideally,
each unit operation (such as those illustrated in Figure
4) should operate in a fully automated and continuously
monitored manner to safeguard the quality of the final
product. This level of automation is already achievable
forindividual process units; e.g., commercially available
single-use bioreactor systems suitable for cell therapy
manufacturing (see Table 1).

However, achieving a fully automated end-to-end
workflow from cell expansion to final fill and finish,
including processing steps such as routine medium
exchange, cell concentration, and formulation, requires
the interconnection of these individual units operations.
Such integration would not only enable seamless
communication across the entire manufacturing
chain, but also closed and sterile processing and the
uninterrupted flow of product, improving product quality
control and enhancing data integrity for batch release.

The primary challenge to interconnected process
automation lies in the fact that different units often
rely on different operating systems and communication
interfaces. Several approaches exist to address this

issue: (i) integrated suppliers, who offer pre-connected,
unified process streams; (ii) signal standardization,
where devices communicate using basic interfaces such
as 1/0 or 4—20 mA signals, though with limited data
transfer capacity; and (iii) protocol standardization, the
most advanced yet most demanding solution, in which
integration is achieved through unified communication
protocols, such as the Open Platform Communications
Unified Architecture (OPC UA), enabling flexible
manufacturing and true interoperability between the
various operating units.

By combining SUTs with multi-parameter on-line
monitoring and advanced data analytics which
implement such standardized protocols, manufacturers
can move toward real-time release testing and predictive
control strategies [141]. Early implementations of such
approaches are already emerging, including the use of
Raman fingerprinting for the rapid detection of microbial
contaminants and impurities (enabled in some cases
by in-situ measurements using optical interfaces, such
as the SCHOTT ViewCell™), stem cell differentiation
monitoring, and extracellular vesicle purification [142],
[143]. Consequently, such integration has been shown
to strengthen process robustness, scalability, and
cost-effectiveness, all prerequisites for ensuring the
commercial viability and broader accessibility of ATMPs.

6. Conclusion and outlook

Cell therapies have emerged as a major driver of innovation in biopharmaceutical manufacturing, even though
mAbs continue to represent the leading product class. SUTs are increasingly important in mAb and cell therapy
manufacturing, shaping both R&D and commercial production. However, with respect to production scale,
commercially available single-use systems are better matched to the manufacturing of autologous and allogeneic
cell therapies than mAbs.

It is therefore unsurprising that our analyses show that developers and manufacturers of cell therapies already
make extensive use of SUTs; however, manual operations, such as encountered when using stackable tray systems,
still frequently dominate current processes. Meanwhile, the pressure to increase efficiency and reduce costs is
accelerating the adoption of allogeneic approaches and intensified upstream processes in both CAR-T cell and stem
cell-based therapies. This has given rise to a clear trend toward modular, automated, and closed systems that enable
perfusion, as well as real-time monitoring and process control.

We wish to emphasize that the current state of the field already represents a remarkable technological achievement,
enabling the cost-effective manufacture of therapies that, until recently, would have been considered unattainable.
Despite these advances, important technological gaps remain. Single-use sensor technologies (e.g., those used
to monitor cell density and viability) require further development, and new solutions are needed for single-use
equipment in cell purification, which relies on fundamentally different technologies than those established for mAb
manufacturing. A further open question concerns whether existing single-use centrifugation technologies, perfusion
devices, and disposable fluid-management components are sufficient to meet the demands of large-scale allogeneic
cell therapy production. Nevertheless, we anticipate that continued innovation in the coming years will address
these challenges and enable the manufacture of increasingly complex and transformative therapeutic modalities.
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9. Appendix

Abbreviations

2D Two-dimensional

iPSC Induced pluripotent stem cell

3D Three-dimensional

mAb Monoclonal antibody

ATMP  Advanced Therapy Medicinal Products
MSC Mesenchymal stem cell

CAR Chimeric antigen receptor

PAT Process analytical technologies
CHO Chinese hamster ovary

PBMC  Peripheral blood mononuclear cell
CQA Critical quality attribute

pCO, Dissolved carbon dioxide

DMSO Dimethylsulfoxide

pO, Dissolved oxygen

DSP Downstream processing

SUT Single-use technologies

GMP Good Manufacturing Practice

uspP Upstream processing

ICB Intermediate cell bank
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