Pre prints.org

Article Not peer-reviewed version

Drying of Functional Hydrogels:
Development of a Workflow for
Bioreactor-Integrated Functional
Freeze-Drying of Protein-Coated
Alginate Microcarriers for iPS Cell-
Based Screenings

Johnn Majd Balsters , Alexander Bdumchen , Michael Roland , Stefan Diebels , Julia C. Neubauer,

Michael M. Gepp , Heiko Zimmermann i

Posted Date: 9 May 2025
doi: 10.20944/preprints202505.0683.v1

Keywords: suspension bioreactor; drug discovery; pluripotent stem cells; freeze-drying; (UHV)-alginate;
tissue engineering

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4109954
https://sciprofiles.com/profile/4109699
https://sciprofiles.com/profile/3173976
https://sciprofiles.com/profile/3168895
https://sciprofiles.com/profile/487756
https://sciprofiles.com/profile/3004672

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2025 d0i:10.20944/preprints202505.0683.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Drying of Functional Hydrogels: Development of a
Workflow for Bioreactor-Integrated Functional
Freeze-Drying of Protein-Coated Alginate
Microcarriers for iPS Cell-Based Screenings

Johnn Majd Balsters 123, Alexander Biumchen **, Michael Roland 4, Stefan Diebels ¢,
Julia C. Neubauer 2, Michael M. Gepp 2t and Heiko Zimmermann 235*%

! Fraunhofer Institute for Biomedical Engineering IBMT, 66280 Sulzbach/Saar, Germany

2 Fraunhofer Project Center for Stem Cell Process Engineering, 97070 Wuerzburg, Germany

3 Molecular and Cellular Biotechnology/Nanotechnology, Saarland University, 66123 Saarbruecken, Germany
4 Applied Mechanics, Saarland University, Campus, 66123 Saarbruecken, Germany

5 Faculty of Marine Science, Universidad Catolica del Norte, Larrondo 1281, Coquimbo 1780000, Chile
Correspondence: heiko.zimmermann@ibmt.fraunhofer.de

t Equal contribution

t Equal contribution.

Abstract: Protein-coated ultra-high viscosity (UHV)-alginate hydrogels are essential to mimic the
physiological in vivo environment for several in vitro applications. This work presents an optimized
bioreactor-integrated freeze-drying process of protein-coated UHV-alginate microcarrier in the
context of iPSC expansion. The impact of freeze-drying on the UHV-alginate microcarriers using
trehalose 100 mg/ml in 0.9% NaCl as a lyoprotective agent, as well as the stem cell response using
hiPSCs was analyzed by microscopy-based screenings. First observations of the process showed that
the integrity of the cake was preserved in the samples with maximum vapor exchanging rate. After
rehydration of the samples, there were no morphological changes of the UHV-alginate microcarriers
observed. By addition of Poloxamer 188, the stickiness and bubble formation were reduced. The
expansion of iPSC resulted in a 5-7-fold change with a total cell count of at least 1,3x107 cells with
viabilities over 80% after seven days cultivation in a suspension bioreactor. The pluripotency factors
OCT3/4 and SSEA4 in flow cytometry analysis resulted in positive signals over 98% and less than
10% positive cells for differentiation factor SSEA1. This study presents, for the first time and
supported by preceding in silico predictions of drying time, basic steps towards a “ready-to-use”
bioreactor-integrated freeze-drying process for UHV-alginate microcarriers in iPSC context.

Keywords: suspension bioreactor; drug discovery; pluripotent stem cells; freeze-drying;
(UHV)-alginate; tissue engineering

1. Introduction

Biocompatible biomaterials became indispensable for several applications in biomedical and
tissue engineering contexts. As one of the most important representatives of biomaterials, hydrogels
are increasing in importance in human stem cell-based applications. These Hydrogels, e.g., ultra-high
viscosity (UHV)-alginates are of great interest since they address the unmet need of physiological in
vivo environments for in vitro applications [1]. Traditionally, cells, e.g., human induced pluripotent
stem cells (hiPSC) are cultivated in planar polystyrene dishes. The cultivation on such plastic surfaces
not only limits cell-cell and cell-matrix interactions but limits also the surface’s stiffness and
scalability [2—4]. Especially the scalability of the growth area is a crucial challenge, since almost all
biomedical applications, e.g., cytotoxicity testing and drug screenings, require high cell quantities
(>108 cells per application) [5]. To provide high cell quantities, robust and scalable cell expansion
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processes are needed. A promising tool to facilitate cell expansion is the application of microcarriers
in suspension bioreactors (SBR). Microcarriers are spherically shaped and exhibit the highest surface-
to-volume ratio [6,7]. Thereby, expansion processes and growth area can easily be scaled up by
adding more microcarriers into the SBR without increasing the volume or the number of vessels.
Most commercially available microcarriers are either made of stiff polystyrene (e.g., Corning
Synthemax®, Cytodex™ 1, SoloHill®) or stiffness-undefined dextran-based (Cytodex™ 3) (Table 1).

Table 1. Overview of commercially available cultivation surfaces with different dimensions, materials and
stiffnesses. Although the table highlights representative examples, it should not be considered a comprehensive
listing of all “ready-to-use” cell culture surfaces presently available commercially.

Brand Manufacturer or Reference Dimensio Type Material Stiffnes
name n s
Wellplates 2.28-
™ . s , culture Polystyrene 3.28
Nunc Thermo Fisher Scientific, [8,9] Flat dishes, (Nunclon delta) ~GPa
flasks [10]
Elastically
Supported . Culture Polydimethylsilox 1.5, 15.
11,12 Flat
Surface Ibidi, [11,12] a dishes  ane (PDMS) with 28 kPa
(ESS) glass bottom
Softwell™, Wellplates Polyacrylamide-
Petrisoft, ) . , culture based gel bound 0.1-100
. Matrigen, https://store.matrigen.com flat .
Softslip, dishes, on polystyrene or kPa
Soft Flask flasks glass
A BIOMATRIX
CytoSoft® https//. divinczgi 11(1) trix m/’ tosoft  Flat Wellplates PDMS (with glass 0.2-64
ytoSo ps://advance 0/ atrix.com/cytoso a flasks bottom) «Pa
Culture ECM Proteins or
M hi 1-2
eca®C Ps Cell&Soft, [13] Flat dishes,  synthetic amino kPj
wellplates acid
Diethylaminoethyl
™ . . _
Cytodex Cytiva, [14,15] Sphere Microcarri  (DEAE)-groups nd.
1 er coupled on
Dextran
Denaturated
t ™ M 1
<y o;iex Cytiva, [15,16] Sphere 1creorcarr1 collagen coated on n.d.
dextran
. . DEAE-groups
t ™ M
Cytopore Cytiva, [15,17] Sphere rerocatt coupled on n.d.
1 er
cellulose
(Modified or cross-
linked)
. . polystyrene &
Solohill® Sartorius, [18,19] Sphere Microcarri available with n.d.
er .
(surface modified)
Type 1 porcine
collagen coating
Corning® . . Polystyrene coated
Microcarrie Corning, [20] Sphere Microcarri withe.g., n.d.

T er Synthemax I1®
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Dissolvable IamFluidics & Rousselot Biomedical, Dissolvabl - Sodium alg?nate

. . . .1 . e coated with
microcarrie https://iamfluidics.com/products/dissol Sphere . . n.d.

. . microcarri denaturated
s vable-microcarriers/
er collagen

CultiSpher . Microcarri .
©.G,GL S Percell Biolytica, [21-23] Sphere or Gelatine n.d.

Table 1 shows commercially available cultivation surfaces with different characteristics, clearly
demonstrating a lag in “ready-to-use” soft microcarriers. Furthermore, the available microcarriers
need further activation and process steps until usage inside a SBR for cell expansion. To overcome
this limitation the use of UHV-alginate microcarriers is promising and already established in several
hiPSC applications [24]. In particular, UHV-alginate microcarriers were already successfully used for
hiPSCs expansion processes [24]. The UHV-alginates used in this study were extracted from brown
algae and consist of two 1-4-linked monomers (3-D-mannuronic acid (M) and a-L-guluronic acid (G)
[25-27]. The production of fresh microcarrier for, e.g., hiPSC expansion involves several complex and
time-consuming steps. First, alginate sol is added dropwise into a cross-linking solution to create
alginate (hydrogel) beads. After the production of alginate beads and cross-linking using Ba?, the
bioinert alginate beads must be functionalized according to Gepp et al. [28]. The UHV-alginate
microcarriers are, e.g., protein-coated with Matrigel® (MTG) or collagen I, which enables the
cultivation of anchorage-dependent cells, such as stem cells. Afterwards, the modified microcarriers
must be stored in an isotonic 0.9% NaCl solution at 4°C. Since the protein-coated UHV-alginate
microcarriers are stored in an aqueous solution, several negative side effects occur that influence their
physicochemical characteristics, integrity and functionality. During storage of an ionotropic hydrogel
in aqueous solution, ions from the hydrogel and the aqueous environment exchange, which directly
influences the hydrogel’s physicochemical properties [29,30]. This ion exchange was observed by
Saitoh et al. who describes for calcium-alginate hydrogels a release of Ca? into the solution and a
movement of Na* from the solution into the hydrogel. This movement results in changes in
physicochemical characteristics which influence the cell behavior on the UHV-alginate microcarriers.
Another important effect described in literature is the degradation of alginate hydrogels in aqueous
solution (e.g., cell culture media). Depending on the molecular weight or chemical modification (e.g.,
oxidation), the mechanical properties are influenced, as described by Boontheekul et al. [31].
Furthermore, the storage ability of proteins in liquid solutions is limited, since denaturation of the
protein layer during storage in liquid solution occurs [32-34]. The denaturation of proteins related to
cell adhesion cause a loss in functionality and hence, hiPSC cannot attach and spread on the hydrogel
surface. In addition, UHV-alginate and MTG are natural products, which exhibit batch-to-batch
variation. Aisenbrey et al. describes differences in MTG stiffness, even significant local differences in
stiffness within a single batch [35,36]. MTG is a semi-defined protein mixture and its composition
varies from batch-to-batch [37]. These properties cannot be influenced or are difficult to influence and
lead, in consequence, to lack in reproducibility in cell expansion and cell-matrix interactions
understanding. Additionally, UHV-alginate can differ from batch-to-batch e.g., in G/M ratio, which,
after further modifications, leads to different mechanical characteristics and rheological behavior
[38,39]. To address these challenges and limitations, it is imperative to establish an alternative and
improved storage method. The overarching objective is to mitigate both chemical and biological
activity, as well as the negative impacts of batch-to-batch variability. Since the adverse effects
primarily occur during storage in liquid solutions, implementing a drying method for long-term
storage appears to be a sustainable solution. Among various drying techniques, freeze-drying is
scalable and noted as the gentlest method for hydrogels [40]. Freeze-drying is a process operated in
three steps [41]. In the current state-of-the-art approach, the sample is frozen until total solidification.
After solidification, a vacuum is added to the system to remove water by sublimation [42]. The last
step includes an increase in temperature to remove unfrozen water by desorption [43]. Using freeze-
drying, one UHV-alginate batch and one MTG batch can be processed, modified, freeze-dried for
long-term storage and utilized after several months or years. Hereby, batch-to-batch differences are
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eliminated, and the interpretation of biological data facilitated. In this work, the previously described
approach will be further enhanced for applications in stem cells technology and an initial approach
towards a “ready-to-use” freeze-dried microcarrier-based SBR process is presented. Protein-coated
UHV-alginate microcarrier were freeze-dried directly in the SBR using trehalose as a lyoprotective
agent. Freeze-drying directly in the SBR minimizes intermediate steps, thereby reducing the loss of
functional cultivation surface. Following the freeze-drying process, functional tests were conducted
by expanding hiPSCs on the reconstituted UHV-alginate microcarriers and analyzing cell count as
well as the maintenance of their pluripotency status.

2. Results and Discussion

2.1. Simulation of a Modified Freeze-Drying Process for “Ready-to-Use” Alginate Microcarrier Hydrogels

For the implementation of a bioreactor-integrated functional freeze-drying of MTG-coated
UHV-alginate microcarriers an initial in silico verification was set up to confirm the effectiveness of
the designed process. The average normalized remaining ice content for both the upright (90°
oriented) and the tilted (22° oriented) setup is shown in Figure 1.
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Figure 1. Simulation of two different setups with simplified SBR 90° upright to the shelf (a) and 22° tilted to the
shelf (b). The simulation shows a significant faster water removal for the 22° oriented SBR (c). The average
remaining ice for the 22° oriented SBR reaches zero after approximately 15.5 h.

The contents of the 22° oriented SBR dry significantly faster, reaching 0% ice content after
approximately 15.5 h, whereas the 90° oriented SBR retains about 33% after the full 31.5-hour
duration. This is attributed to the increased surface area of the frozen solution exposed to the vacuum,
leading to higher heat and mass transfer.

2.2. Implementation of a Freeze-Drying Process for “Ready-to-Use” Alginate Microcarrier

In this study, a bioreactor-integrated freeze-drying process was implemented. Typically,
samples are freeze-dried in lyo-vials which requires transferring the sample from the initial tube into
the lyo-vial and after freeze-drying into the vessel that is required for the process (Figure 2a).
Reducing the transfer steps lead to a decrease of cultivation surface loss and facilitates handling
during the process. Figure 2b schematically illustrates the concept of a bioreactor-integrated
functional freeze-drying process. The protein-coated UHV-alginate microcarriers along with the
lyoprotective agent were directly transferred into the SBR used for the cultivation process (see Figure
2b, steps 1 and 2).
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Figure 2. Freeze-drying strategies. (a) State-of-the-art freeze-drying cycle from loading to cell inoculation. The
UHV-alginate microcarriers must be transferred from the initial tube into the lyo-vial along with the
lyoprotective agent. The sample, together with the lyoprotective agent, is then transferred to the freeze-dryer
where the freeze-drying cycle (FDC) can be initiated. After the cycle, the sample must be rehydrated and
transferred to the vessel required for the experiment. (b) Freeze-drying cycle for read-to-use microcarriers in a
bioreactor. The UHV-alginate microcarriers are stored in a 0.9% isotonic NaCl solution (1) and are poured
together with the lyoprotective agent formulation directly into the SBR that is intended for the cultivation
process (2). The SBRs were positioned at an angle in the freeze-dryer to maximize the surface area and accelerate
the process (3). Subsequently, the freeze-drying process is initiated until the samples were dried (4). Afterwards,
the dried samples are rehydrated and the solution was aspirated (5). In the final step (6), the iPSCs are inoculated
onto the rehydrated UHV-alginate microcarriers. Figure created with BioRender.com.

This approach eliminated unnecessary transfer steps and reduced the loss of functional
cultivation surface. The conventional freeze-drying process for protein-coated UHV-alginate
microcarriers has several bottlenecks and the loss, in worst case, occurs in three situations. The first
situation is the loss of microcarriers which stick to the inner wall of the glass vial. Only by time-
consuming mechanical and manual “pull-down” support individual microcarrier can be transferred
into suspension for further utilization. The second bottle neck are the microcarriers that stick to the
bottom edge of the glass vial. By time-consuming resuspending steps, single microcarrier can be
collected with the pipette tip. The third bottle neck is the final transferring step from the lyo-vial into
the bioreactor. During the transfer from glass vial to SBR, microcarriers can be stuck inside the pipette
tip and their further utilization is almost impossible. During the freeze-drying cycle, the SBR was
positioned at an angle to accelerate the freezing and drying by increasing the available surface of the
solution. Tilting the SBR increases the efficiency of the process. After the cycle, the cakes were
rehydrated inside the SBR, the liquid aspirated and the hiPSCs inoculated onto the reconstituted
UHV-alginate microcarriers. Since the freeze-drying occurred inside the final vessel, initial steps
towards a “ready-to-use” SBR for hiPSCs expansion process have been taken.

2.3. Analysis of Lyophilized Cake Appearance

The appearance of the lyophilized (lyo)-cake is a primary quality indicator following a freeze-
drying cycle [44]. Depending on the integrity and shape of the cakes, samples are either accepted or
rejected [44]. Collapse or meltback may indicate a loss of product or, at the very least, a decline in
product quality and poor process understanding [44]. There are several factors that influence the lyo-
cake’s appearance. On one hand, temperature, pressure, and time in correlation with the
characteristics of lyoprotective agents influence the lyo-cake appearance; on the other hand, the
possibility of vapor escape also influences it. Figure 3 discusses the different vapor escape
possibilities.
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Closed
membrane

Figure 3. Schematic illustration of Sublimation systems and Cake appearances. Water vapor escaping
possibilities during sublimation. (a) the lid was not totally closed to enable escaping possibilities between the lid
and bioreactor. The membrane therefore was left closed. (b) the lid was closed properly to prevent the exit of the
vapor on the interspace. Instead, the membrane was perforated to enable vapor exit through the lid. Figure
created with BioRender.com. Different cake appearances depending on the water vapor escaping possibilities.
When the membrane remains closed and vapor is exclusively escaping through the interspace, the lyo-cake
reveals two morphological characteristics: collapse (dashed circle) and meltback (arrows) ((a) and (b)). When the

exit is occurring through the perforated membrane, the cakes form a uniform cake with high integrity ((e) and

().

After freezing the samples, a vacuum is introduced into the chamber of the freeze-dryer to
initiate sublimation. During sublimation, water is removed and the water vapor must escape the SBR.
Two different possibilities were investigated. In one case, the lid was placed loosely on the SBR,
allowing vapor to escape from the edges of the lid (Figure 3a). In the other case, shown in Figure 3b,
the lid was closed to prevent escape from the edges. Instead, the membrane was perforated to allow
vapor to escape through the lid. Figure 3c-3f illustrated the cake appearances and the influence of the
vapor escape possibility. In Figure 3c and 3d, the vapor during sublimation was only able to escape
from the edges. Consequently, the lyo-cake exhibited morphological characteristics of collapse
(Figure 3c and 3d; dashed circle) and meltback (Figure 3c and 3d; arrows), indicating that sublimation
was not complete before initiating secondary drying. After increasing the temperature for secondary
drying to 20°C, the lyoprotective agent exceeded both its collapse temperature (t) (collapse) and ice
melting or eutectic point (meltback) leading to a lyo-cake revealing collapse and meltback [44].
According to Patel et al, lyophilized samples exhibiting collapse or meltback are rejected and
inappropriate for long-term storage. For aseptic reasons, the primary drying under these conditions
could be extended, until all water is removed. In Figure 3e and 3f, vapor exit was enabled by
membrane perforation directly through the lid. As seen in the images, homogenous and stable cakes
were formed. This cake appearance indicates a complete sublimation cycle. High integrity, uniform
and stable lyo-cakes, as seen in Figure 3c and 3d, are important for the product quality, but also for
facilitating the rehydration step. Uniform and stable lyo-cakes comparable to Figure 3e and 3f are
acceptable according to Patel et al. and suitable for long-term storage. To characterize the suitability
for long-term storage, additional properties must be considered, such as residual water content.

2.4. Impact of Poloxamer 188 on the Rehydration

In this section, the addition of Poloxamer 188 (P188) in the formulation was studied. The samples
were rehydrated using bidest. water. The impact of P188 is illustrated in Figure 4.
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Figure 4. Rehydration of the cakes and impact of P188 addition on the rehydration. When P188 is not added to
the formulation (a) bubble formation occurs. Furthermore, the UHV-alginate microcarriers stick to the inner wall
of the SBR. By addition of P188, bubble formation as well as the stickiness of the UHV-alginate microcarriers
were reduced (b). Arrow in (a) indicate sticky UHV-alginate microcarriers.

Figure 4a shows the rehydrated samples without P188 in the formulation. The absence of P188
results in significant adsorption of the protein-coated UHV-alginate microcarriers to the inner
polystyrene wall of the bioreactor. Furthermore, a high number of bubbles are formed, which
hampers the further handling of the process since the bubbles adhere to the microcarriers (Figure 5a
and 5b) and do not sediment. Both the bubble formation and the adsorption complicate aspiration of
the lyoprotective agent. The addition of P188 facilitates handling. It reduces bubble formation and
minimizes the adsorption of the protein-coated UHV-alginate microcarriers to the polystyrene wall
of the bioreactor. This enables the aspiration of the lyoprotective agent without further steps. Figure
5¢ and 5d illustrate the reduction of bubble formation. Furthermore, all conditions result in
comparable morphology and structure after freeze-drying and rehydration.

Closed membrane Perforated membrane

Figure 5. Microscopy-based analysis of the rehydrated UHV-alginate microcarriers. In absence of P188 bubbles
were formed ((a) and (b)). The black dots represent a bubble (arrows). By adding P188 to the formulation bubble
formation was reduced (c) and (d). Scalebar: 200 pum.
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P188 is an amphiphilic surface-active triblock copolymer that exhibits a hydrophobic core and
two hydrophilic blocks linked to the core [45-47]. The hydrophobic core is capable of adsorbing to
hydrophobic surfaces and forming loops by folding. According to Bollenbach et al., the folding
creates a hydrophilic surrounding and decreases the hydrophobicity which leads to reduced
adsorption of the protein-coated UHV-alginate microcarriers to the polystyrene wall of the
bioreactor. As a surface-active detergent, P188 can migrate to interfaces, including air-water
interfaces, and reduce the surface tension [48,49]. In Chang et al. it is described for surfactants to
decrease cell-bubble-attachment for two reasons: first, it decreases the surface tension of the interface,
which leads to an increase of free energy. A cell-bubble interface is formed due to this attachment.
When the interface tension decreases, the amount of free energy increases, making cell-bubble
attachment less favorable. Furthermore, P188 is noted to reduce the cell’s hydrophobicity. This results
in decreased hydrophobic interactions, making it less likely for bubbles to attach to the cell [49]. The
same applies to the hydrophobic protein layer of the UHV-alginate microcarriers (Figure 6).

Hydrophobic center

= + P188

P188

/ ]~ Hydrophilic blocks

v
Y Hydrophilic

UHV-alginate microcarrier -P188

Matrigel coating

Reduced sticky MTG-coated

' + loops. = . 4
alginate microcarrier
Sticky MTG-coated
. . Inner wall of SBR alginate microcarrier ok
Hydrophobic protein layer s e, 30

] N

Figure 6. Effect of P188 on reduction of stickiness. After rehydration of the MTG-coated UHV-alginate

T,

A

Interactions

o

W,

We—

[

microcarriers the hydrophobic protein layer interacts in absence of P188 with the inner wall of the SBR resulting
in a significant amount of microcarrier being adhesive on the wall (left side). In P188 presence, the hydrophobic
center is interacting with the hydrophobic layer of MTG. The hydrophilic blocks of P188 form a loop and thereby
seal the hydrophobic MTG and prevent the proteins to interact with the inner wall of the SBR (right side). Figure
created with BioRender.com.

Figure 6 illustrates the functionality of P188. In absence of P188 the hydrophobic layer of MTG
interacts with the inner wall of the SBR. This leads to a binding of MTG-coated UHV-alginate
microcarrier on the inner wall of SBR. In presence of P188 the hydrophobic core of P188 interacts with
MTG and the hydrophilic blocks form a loop which creates a hydrophilic surrounding, thus,
preventing the MTG layer from interacting with the inner wall of SBR.

2.5. Cell Count, Cell Viability and Cytometry Analysis

Single cell hiPSCs were inoculated onto the rehydrated protein-coated UHV-alginate
microcarriers and the cell response — measured in terms of total cell count, cell viability and
pluripotency maintenance — was analyzed after seven days of cell expansion. Figure 7a — 7f shows
the different conditions after seven days of cell expansion.
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Figure 7. Validation of the functionality of freeze-dried and rehydrated UHV-alginate microcarriers by
inoculating iPSC’s and analyzing adhesion and proliferation. The images (a) — (d) show hiPSCs cultivated for
seven days on rehydrated UHV-alginate microcarriers. (e) shows hiPSCs cultivated on non-freeze-dried UHV-
alginate microcarriers. In (f), the iPSC’s were cultivated for seven days on a control polystyrene dish. Scale bar
= 200pm.

For all conditions for the microcarrier-based expansion (Figure 7a-e), a confluency of 90% can be
observed. The confluency for the 2D polystyrene dishes also reaches around 90% (Figure 7f). Figure
8a shows the cell count after harvesting.
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Figure 8. Quality control of hiPSCs after expansion on freeze-dried microcarriers. Cell count (a), viability (b) and
pluripotency (c-h) of the iPSC’s after seven cultivation days. 2.4x10° cells were inoculated on 40 cm? UHV-
alginate microcarriers and were compared to the state-of-the-art cultivation on polystyrene dish (2D control).
Flow cytometry for pluripotency analysis was performed using three pluripotency factors (OCT3/4, SSEA4, TRA
1-60) and one differentiation factor (SSEA1). Positive detected cells were determined for the condition closed
membrane with P188 (-P188 -P) (c), perforated membrane without P188 (-P188 +P) (d), closed membrane with
P188 (+P188 -P) (e), perforated membrane with P188 (+P188 +P) (f), non-freeze-dried UHV-alginate microcarrier
(-FD MC) (g) and the 2D control (h). Data are represented as means + s.d. of n=4 (cell count and viability) and

n=3 (pluripotency) independent experiments.

In general, the cell yield could be increased around 5-7-fold. 2.4x10¢ cells were inoculated on the
surfaces and yielded in a minimum of around 1.1x107 cells (non-freeze-dried UHV-alginate
microcarrier (-FD MC) and a highest of around 2.4x107 cells (2D control). Within the freeze-dried
conditions, the cell yield resulted in a minimum of around 1.4x107 (+P188 -P) and a maximum of
1.7x107 cells (-P188 -P). -P188 +P (1.6x107) and +P188 +P (1.5x107) resulted in comparable cell yields.
Furthermore, the cell viability within the freeze-dried conditions is comparable in a range of 80-83%
living cells (Figure 8b). The highest viability was observed for the 2D control with 93% and the lowest
viability was achieved for -FD MC (68% living cells). In Figure 8c-h the flow cytometry analysis shows
a similar signal for the pluripotency factors (Oct3/4, SSEA4 & Tra-1-60) and the differentiation factor
(SSEAL1) in all conditions. The positive signal for Oct3/4 and SSEA4 is between 96% and 99.9%. The
positive signal for the differentiation factor SSEA1 varies between <9.8% (-P188 -P) and <4.2% (+P188
-P) indicating a low amount of differentiated hiPSCs. The positive signal for pluripotency factor Tral-
60 is the highest for both controls 2D (51.1%) and -FD MC (50.4%). For the freeze-dried samples it
varies between 34.3% (+P188 +P) and 44.1% (-P188 -P). The cell count was increased 5-7-fold in all
conditions and the cell viability was minimum 80%. Only in the -FD MC a drop in cell viability was
observed which might imply that the expansion processes have to be optimized for each condition.
According to the flow cytometry analysis the hiPSCs were able to maintain their pluripotency status.
The low positive signal for the pluripotency factor Tral-60 might be an artefact. During fixation using
formaldehyde and storage for more than four weeks, shrinkage of the cells occurs which leads to an
inaccessibility for the antibodies to attach to the pluripotency factor. Furthermore, during double


https://doi.org/10.20944/preprints202505.0683.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2025 d0i:10.20944/preprints202505.0683.v1

11 of 17

staining, the path to the antigen might be blocked. According to the pluripotency and differentiation
signals, the hiPSCs could maintain their pluripotency status. Nevertheless, to confirm their
pluripotency status differentiation, e.g., trilineage differentiation processes, have to be performed. In
total, these findings are promising and next steps for implementing a “ready-to-use” bioreactor-
integrated functional freeze-drying for the expansion of iPSCs can be initiated.

3. Conclusions

In this study first investigations towards a “ready-to-use” bioreactor-integrated functional
freeze-drying process for protein-coated UHV-alginate microcarriers were performed. Initially, a
simple simulation was conducted, demonstrating the shorter primary drying duration of the 22°
oriented SBR setup compared to the 90° oriented SBR configuration. However, due to its simplified
assumptions, this model cannot predict absolute drying times or optimize process parameters. The
freeze-drying process was carried out directly in the SBR. This reduced transferring steps which
reduces functional surface loss. The addition of P188 had no negative impact on the morphology or
the functionality of the protein-coated UHV-alginate microcarriers. P188 reduced bubble formation
and protein adsorption which facilitated the process. The sublimation time for the condition with an
intact membrane was not enough to complete water removal before switching to the secondary
drying. Due to aseptic reasons, the time could be extended or other possibilities to ensure sterility
must be considered. Another important aspect for further investigations is the possibility of
completing the freeze-drying process and close the SBR before removing them from the chamber to
enable long-term storage under vacuum conditions.

4. Materials and Methods

4.1. In Silico Verification of SBR Orientation During Drying Process

To verify the faster drying rate of the 22° orientation (“ready-to-use”) SBR setup (see Figure 1b),
a simple sublimation simulation was set up using the FEM software COMSOL Multiphysics® v6.2
(COMSOL AB, Stockholm, Sweden) on a workstation containing a 16-core 11th Gen Intel® Core™ i9-
11900K CPU and 64 GB of RAM. The primary drying processes in the upright (90° orientation) and
tilted (22° orientation) SBR setups were compared. The change in normalized remaining ice content

is modeled by
és —-m

o ) (1)
ot Pice€o
where ¢, is the initial porosity (dimensionless, representing the fraction of volume occupied by ice).
Pice is the density of ice and m is the sublimated mass flux per unit volume and time, approximated
using the Hertz-Knudsen equation, neglecting secondary mass transfer effects:

) M,
m = S,a(p, —p) 2nRT @)

Here, T is temperature, M, is the molar mass of vapor, S, is the specific surface area, R is the
universal gas constant, a is an evaporation coefficient, p is the ambient pressure and p, is the vapor
pressure, calculated using an empirical equation (valid for T > 110 K), from Murphy and Koop [50]

5723.265
P, = exp <9.550426 - I T 1+ 3.530681n(T) — 0.00728332 T). 3)

The loss in heat due to sublimation is described by
qubl = maH;, 4)
where AH; is the heat of sublimation.

The overall vapor flow and heat transfer were modeled using the “Darcy’s Law” and “Heat
Transfer in Solids and Fluids” modules in COMSOL. SBR geometry and solution height were based
on laboratory measurements. Drying duration, ambient temperature and pressure are identical to the
experimental setup given in Table 1 for primary drying. For simplicity, remaining necessary
parameters (e.g., heat capacity, thermal conductivity, density, etc.) were assumed to match pure ice.
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This assumption is justified, as the model aims to compare drying rates between vial geometries
rather than to precisely replicate experimental conditions.

4.2. Cell Culture

The cell line used for the expansion processes was UKBi005-A (BioSample ID: SAMEA4584351,
registered on hpscreg.eu), which is an EBiSC hiPSCs cell line. The cells were maintained and
cultivated on MTG-coated (Corning, USA) 6 cm cell culture dishes (Nunclon™ Delta or Greiner Bio
One GmbH) using mTeSR™1 medium (Stemcell Technologies, Canada). The medium was changed
every day, and the cell quality was monitored microscopically. At a confluency of around 80-90% the
cells were dissociated with 0.5 mM ethylene-diaminetetraacetic acid (EDTA, Invitrogen, USA) for
maintenance. For the single cell expansion processes, the cells were cultivated on 15 cm cell culture
dishes (Corning, USA) and dissociated according to section 4.5.

4.3. Hydrogel: UHV-Alginate Microcarrier

One batch of MTG-coated UHV-alginate microcarrier (Alginatec, Germany) was used for the
freeze-drying and expansion processes. The alginates were extracted from brown algae Lessonia
nigrescens (LN) and Lessonia trabeculata (LT) and modified according to Gepp et al. [28]. A 1:1 (v/v)
mixture of the batches LN62 (0.65% solution, solved in 0.9% NaCl) and LT26 (0.65% solution, solved
in 0.9% NaCl) were used to produce the microcarrier. The diameter of the microcarrier was about 356
- 370 um. Per condition, 40 cm? cultivation surface were used.

4.4. Freeze Drying and Rehydration

40 cm? MTG-coated UHV-alginate microcarriers were transferred together with 100 mg/ml
Trehalose (Trehalose-dihydrate, EMPROVE® EXPERT, Ph. Eur., Sigma Merck) (diluted in 0.9% NaCl
(B. Braun)) into the SBR. For the samples without P188 10% (Sigma Merck), the total volume was 16
ml. When P188 was added, the total volume was 17,6 ml resulting in a P188 end concentration of
0.9%. Furthermore, the vessels were positioned inside the freeze-dryer (Alpha 1-4 LSCpus, Martin
Christ GmbH, Germany) (see Figure 1b). A trial freeze-drying cycle was conducted by Biopharma
Process Systems (Winchester, UK) and further modified (see Table 2). The samples were stored in the
freeze-dryer at 20°C and 0.1 mbar until cell availability. After freeze-drying, the samples were
rehydrated according to the initial volume (16.0 ml or 17.6 ml) with ddH20. Samples for microcarrier
morphology and bubble formation analysis were taken afterwards and the samples were incubated
overnight at 37°C and 5% CO:. The incubation step was followed by centrifugation until the
microcarriers were sedimented. Subsequently, the microcarrier were washed 1-2 times with
DMEM/F12 -/- (Gibco™, Thermo Fisher Scientific) before adding single cells for their expansion.

Table 2. Process parameters for the freeze-drying cycles of UHV-alginate microcarriers.

Parameter Ramp Hold Ramp Hold Ramp Hold
T t
em}[:;eCr]a ure Maximum Maximum Maximum Maximum 20 20
Pressure
/ / 0.05 0.05 0.1 0.1
[mbar]
Time [h] 2.5 12 15 30 5 >8
Pri Pri
Event Freezing Freezing rimary rimary Secondary  Secondary

drying drying drying drying
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4.5. Dissociation of Single Cells

The hiPSCs were dissociated from the cell culture dishes using TrypLE™ (Gibco, USA). First,
the cells were washed twice with DMEM -/- or DPBS -/- (Gibco™, Thermo Fisher Scientific) followed
by a 5 min TrypLE™ Select (Gibco, USA) dissociation step inside the incubator. The process was
stopped by adding mTeSR™1 to the cell culture dish. After detachment, the cells were centrifuged (3
min, 250g), the supernatant discarded, and the cell pellet resuspended with mTeSR™1 supplied with
10 uM ROCK Inhibitor Y-27632 to prevent apoptosis of the single cells.

4.6. Cultivation of hiPSCs in a Suspension Bioreactor

The hiPSCs were cultivated in SBRs (CEROtube vessels, OLS, Germany) in a bioreactor system
CERO 3D (OLS, Germany) at 37°C and 5% CO:z. Starting with the inoculation, 60,000 cells per cm?
were inoculated on the microcarrier. The inoculation volume was around 4.3 ml. The detailed
program is listed in Table 3 and was already used in Kwok et al.[24] The volume was filled up to 10
ml] after one day and the medium 50% changed every day. Over the weekend, the volume was filled
up to 20 ml. The cells were expanded for seven days. To ensure a seven-day expansion process for
the cell culture dish control, the cells were split on day 2 or 3 from one dish to two dishes and at day
5 split again on four dishes. The dissociation was performed using EDTA. The cultivation medium
included Pen/Strep (1:100, Fisher Scientific). For harvesting, the cells were dissociated with improved
EDTA (iEDTA, developed at Fraunhofer IBMT). Before adding the dissociation agent, the cells were
washed twice with DPBS -/-. The harvesting step was initiated inside the CERO system for 20 min.
When the cells were detached, they were separated from the microcarrier by a 200 um strainer
(pluriSelect Life Science, Germany) followed by a cell count and viability analysis using
NucleoCounter® NC-200™ system (ChemoMetec, Denmark). Subsequently, the cells were washed
twice with PBS -/- and fixed for 15-20 minutes with 4% formaldehyde (Cytofix™, BD, USA). After
fixation, the cells were washed once with staining buffer (BD, USA) and stored in staining buffer at
4°C until further usage.

Table 3. Program for dynamic expansion processes of single cell hiPSCs in CERO SBRs. Program was previously
used in Kwok et al.

Rotation period Rotation speed Agitation period Agitation pause

Program . . Duration
8 [s] [rpm] [min] [min]
Inoculation 4 40 2 5 12h
Cultivation 4 40 2 / 7 days
Harvesting 5 60 / / 20 min

4.7. Flow Cytometry Analysis

The Human and Mouse Pluripotent Stem Cell Analysis Kit (BD, USA) was used for flow
cytometry analysis. Additionally, TRA1-60 (see Table 4) as a further pluripotency factor was used.
First, the fixated cells were washed in 5 ml PBS -/-, followed by a two-times washing step in 1 ml
Perm/Wash buffer, which was then resuspended in 0.5 ml FACS buffer. Afterwards, the cells got
stained with 20 ul antibodies per 1x10¢ cells for SSEA4, OCT3/4, SSEA1 and 5 pl for TRA1-60 (see
Table 4). The stained cells were incubated for 30 minutes at 4°C. After incubation 4 ml FACS buffer
was added to the samples and centrifuged for 3 min at 250g. Last, the samples were resuspended in
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0.3 ml FACS buffer. Flow cytometry analysis was performed using BD FACS Canto™ II flow
cytometer (BD Bioscience).

Table 4. Pluripotency and differentiation antibodies and isotype controls used for flow cytometry analysis.

Antibodies Dilution

Alexa Fluor® 647 Rat anti-SSEA4
Alexa 647 Mouse IgG3, x Isotype Control

20 pl per million cells

PerCP-Cy™ 5.5 Mouse anti-OCT3/4

20 ul illi 11
PerCP-Cy™ 5.5 Mouse IgGl, x Isotype Control 0 pl per million cells

PE Rat anti-SSEA1

20 ul illi 11
PE Mouse IgM, x Isotype Control K per tHon cefs

Alexa Fluor® 488 anti-human TRA1-60

Alexa 488 Mouse IgM, « Isotype Control 5 pl per million cells
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