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The projected expansion of the global market for cell manufacturing, which contributes to regenerative medicine
and cell therapies, warrants the designing and development of scalable cryopreservation processes for cell-based
products (CBPs) for use in both standard and personalized therapies. However, the change in scale causes var-
iations in process parameters, which affects the stability of the CBP quality. Therefore, the cryopreservation
process for CBPs needs to be designed based on the concept of cell manufacturability and consideration of both
engineering and biological aspects. In this review, we discussed strategies to enhance the quality stability of CBPs

during cryopreservation, focusing primarily on four key processes: dispensing, freezing, storage, and thawing.
Additionally, we discussed the application of simulation technologies because they aid in constructing digital
twins for the designing and development of the cryopreservation process and facilitate efficiency with limited

time and resources.

1. Introduction

The global market for cell manufacturing, which contributes to
regenerative medicine and cell therapy, has shown a notable 25.5 %
compound annual growth rate between 2022 and 2025. This growth is
projected to reach $558 million by 2027 (Bahari et al., 2023). This rapid
increase in global demand warrants the urgent establishment of a supply
chain that is capable of providing a stable supply of cell-based products
(CBPs) with stable quality. CBPs encompass not only isolated cells but
also three-dimensional structures such as cell aggregates and organoids.
Within the cell manufacturing process, these entities may serve as
starting materials, intermediates, or final products, depending on the
application.

CBPs are classified into two categories based on whether they are

derived from autologous or allogeneic cells (Li et al., 2021), and the
scale and cost of manufacturing the CBPs and complexity of the devel-
opment pathway differ depending on the category (Mason and Dunnill,
2009). Bahari et al. have predicted that the use of autologous cells would
decrease from 56 % to 35 % by 2029 and that allogeneic cells would
account for the majority of the global market (Bahari et al., 2023). They
have made this prediction in market decline based on the high
manufacturing cost per patient for autologous CBPs. In contrast, allo-
geneic CBPs incur lower manufacturing costs than that of autologous
CBPs because they may be manufactured commercially on a large scale;
however, allogeneic CBPs carry the risk of rejection after administration
(Hui and Yamanaka, 2024; Kawamoto and Masuda, 2024). Based on the
current situation and projections, we believe that scale-up technologies
would become increasingly important for manufacturing large

Abbreviations: ACD, active cooling device; AFP, antifreeze protein; BIB, box-in-box; CAPD, computer-aided process design; CBP, cell-based product; CFD,
computational fluid dynamics; CPA, cryoprotective agents; DMSO, dimethyl sulfoxide; ELS, alginate-encapsulated liver cells; IBP, ice-binding protein; INP, ice-
nucleating protein; iPSCs, induced pluripotent stem cells; LN, liquid nitrogen; MD, molecular dynamics; MSC, mesenchymal stromal/stem cells; PBMC, peripheral

blood mononuclear cells; PCD, passive cooling device.
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quantities of stable quality CBPs for standard therapies. However, scale-
out technologies are equally important for personalized therapies to
enable the manufacturing of tailor-made CBPs to meet the unique re-
quirements of each patient (Heathman et al., 2015).

The manufacturing process of CBPs can be broadly divided into three
streams: upstream, downstream, and outstream (Kino-oka et al., 2019).
The processes in upstream refer to a set of operations aimed at increasing
the number of target cells, including media preparation, cell expansion,
and differentiation. In contrast, the processes in downstream refer to a
set of operations aimed at preparing the product in a form suitable for
storage or transport, including separation, purification, dispensing,
freezing, and packaging. Additionally, the processes in outstream refer
to operations not included in upstream or downstream, such as the
transportation of cells from cell banks or hospitals to cell processing
facilities, or from processing facilities to hospitals, as well as in-hospital
preparations (e.g., thawing and washing). Designing a scalable
manufacturing process requires coordinated development of the pro-
cesses in upstream, downstream, and outstream, with consideration of
their interconnectivity.

Upstream processes include various scales of culturing technologies
ranging from single-layer flasks to bioreactors, and these are steadily
advancing toward technical maturity (Jankovic et al., 2023; Lee et al.,
2022). Particularly, culturing technologies for mesenchymal stromal/
stem cells (MSCs) and induced pluripotent stem cells (iPSCs), which
have been validated through clinical trials (Kirkeby et al., 2025; Tha-
naskody et al., 2022), will be crucial. Scalable culture technologies for
these cells have been developed using approaches such as culturing
iPSCs in aggregates (Yamamoto et al., 2024; Yamamoto and Kino-oka,
2021; Yehya et al., 2024) and MSCs on microcarriers (Rogers et al.,
2021; Zhang et al., 2022) using bioreactor systems. Furthermore, the
technological maturation of upstream processes has made the develop-
ment of scalable downstream processes a key challenge (Hassan et al.,
2015) owing to several hurdles in achieving this goal (Pigeau et al.,
2018).

The downstream processes involved in CBP manufacturing typically
include cryopreservation to enable long-term preservation (Clarke and
Smith, 2019). Cryopreservation is performed by obtaining a cell sus-
pension in the upstream process and replacing it into a cryopreservation
solution from culture medium, which is dispensed into containers such
as cryovials or cryobags, followed by freezing and storage. Generally,
CBP quality decreases during this series of processes. Thus, to establish
scalable cryopreservation processes, the factors causing CBP quality
degradation during each step need to be identified and controlled
appropriately or technologies need to be developed to suppress their
impact.

In the development of supply chains for CBPs, scaling technologies
for cryopreservation play a critical role. These technologies facilitate the
establishment of cell banks by enabling the long-term preservation of
large quantities of raw materials with consistent quality, thereby
allowing flexible responses to fluctuations in therapeutic demand.
Moreover, this preservation approach helps to overcome the spatio-
temporal constraints inherent in supply chains. By significantly
extending the time window between manufacturing and administration,
it enables greater flexibility in treatment scheduling (Tyagarajan et al.,
2019). In addition, temperature-controlled long-distance transport be-
tween facilities allows for the flexible design of both centralized and
decentralized supply chain models (Chang et al., 2025; Shah et al.,
2023). Taken together, the advancement of cryopreservation and its
scaling technologies represent a fundamental element in the strategic
design of supply chains for CBPs.

This review summarizes the basic concepts of cell preservation and
discusses strategies to enhance the stability of quality of CBPs across
each step of the cryopreservation process, including dispensing,
freezing, storage, and thawing. In addition, we explore the potential
applications of simulation technologies throughout the cryopreservation
process. It should be noted that the primary focus of this review is on
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CBPs composed predominantly of isolated cells.

2. Basic concepts of cell preservation from physical and
biochemical perspectives

The primary goal of CBP preservation methods is to maintain CBP
quality for the required time period. However, maintaining CBP quality
is challenging because they contain living cells that change their state in
a time-dependent manner via metabolic and other biochemical reactions
(Ly et al., 2020). Therefore, these reactions need to be suppressed or
halted to achieve preservation, and temperature is the key parameter in
achieving this.

In the late 19th century, Arrhenius mathematically and phenome-
nologically expressed the temperature dependence of reaction rates
using the Arrhenius equation, as shown in Eq.1 (Arcus and Mulholland,
2024).

szexp(—}%i,) (¢}

where, k indicates the reaction rate constant, T indicates the absolute
temperature, A indicates the pre-exponential factor, E, indicates the
molar activation energy of the reaction, and R is the universal gas
constant. According to this equation, the reaction rate decreases expo-
nentially as temperature decreases. Therefore, low temperatures sup-
press the progression of biochemical reactions.

CBP preservation methods involving low temperatures are broadly
classified into two categories: preservation at temperatures above the ice
nucleation temperature (non-cryopreservation) and preservation at
temperatures below the ice nucleation temperature (cryopreservation).
The CBP preservation period varies depending on the category. Fig. 1
shows a conceptual diagram of low-temperature preservation and pre-
servable periods. Both physical (intracellular and extracellular states of
matter) and biochemical (reaction rates) factors critically determine the
CBP preservation period.

Most non-cryopreservation procedures are performed under envi-
ronmental temperatures that are lower than that of the culture envi-
ronment (typically 310 K), which suppresses the biochemical reactions
to a certain extent (Roobol et al., 2009). However, the preservation
period is short because both the intracellular and extracellular envi-
ronments are in a liquid state, and the reaction process is continuous.
The applicability of non-cryopreservation methods has been explored
for several cell types including hepatocytes (Puts et al., 2015; Usta et al.,
2013), peripheral blood stem cells (Hechler et al., 1996), MSCs (Huang
et al., 2020), and retinal pigment epithelium cells (Kitahata et al., 2019;
Pasovic et al., 2013) with preservation periods ranging from a few hours
to a few days (Robinson et al., 2014). Meanwhile, protocols have been
reported that allow red blood cells to be stored under non-
cryopreservation conditions for up to 42 days (Shields, 1969). The
non-cryopreservation solution used in these protocols typically contains
additives that prevent blood coagulation and support cellular meta-
bolism. However, as Park et al. point out, several studies have reported
time-dependent degradation of blood functionality during storage, as
well as a positive correlation between storage period and post-
transfusion patient mortality (Park et al., 2016). Additionally, Koch
et al. reported an association between the transfusion of non-
cryopreserved red blood cells for more than 14 days and an increased
risk of postoperative complications, as well as reduced patient survival
following cardiac surgery (Koch et al., 2008). These findings suggest
that red blood cells may also undergo progressive, time-dependent
changes in their characteristics during storage, highlighting the need
for further validation regarding their preservable period. Although the
preservation period is short, non-cryopreservation may be potentially
applied for CBPs comprising cells with low tolerance for freeze-thaw
cycles or when the time interval between manufacturing and adminis-
tration to patient is short (Kitahata et al., 2019).
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Fig. 1. Conceptual diagram of preservable period of CBPs from physical (states of matter) and biochemical (reaction rates) aspects. Theoretically, to achieve semi-
permanent preservation, CBPs must be stored below the intracellular and extracellular glass transition temperatures at which biochemical reactions halt completely.

In contrast, cryopreservation enables preservation for longer time
periods than that achieved using non-cryopreservation. Water molecules
are involved in various biochemical reactions, and 42 % of known
enzymatic reactions depend on water molecules (Frenkel-Pinter et al.,
2021). As cryopreservation is performed at lower temperatures than that
of non-cryopreservation, it may suppress the progression of biochemical
reactions by removing water molecules by inducing ice crystal
formation.

Theoretically, the halting of biochemical reactions is essential for
achieving semi-permanent preservation with the intracellular and
extracellular glass transitions being key factors. The glassy state is a
thermodynamically metastable state that is similar to the condition
between liquid and solid states (Jiang and Zhang, 2014), in which mo-
lecular motion is essentially halted while maintaining the liquid struc-
tural characteristics (Biroli and  Garrahan, 2013). Thus,
cryopreservation below the intracellular and extracellular glass transi-
tion temperatures virtually halts the progression of biochemical re-
actions and enables semi-permanent preservation.

Generally, the intracellular glass transition temperature tends to be
higher than the extracellular glass transition temperature. This trend
may be attributed to the higher protein concentration in the intracellular
environment than in the extracellular environment (Amini and Benson,
2023). By comparing the thermograms of cell-containing and cell-free
samples obtained using differential scanning calorimetry, the intracel-
lular and extracellular glass transition temperatures can be experimen-
tally distinguished (Meneghel et al., 2019). It should be noted, however,
that this method detects transitions at the population level rather than at
the single-cell scale. Moreover, the glass transition temperatures are
derived from thermogram-based estimations, and the development of
more precise measurement techniques is warranted.

For example, T lymphocytes (Jurkat cells) in a cryopreservation so-
lution containing 10 % dimethyl sulfoxide (DMSO) and albumin show
226 K intracellular and 150 K extracellular temperatures (Meneghel
et al.,, 2019); Lactobacillus bulgaricus in a cryopreservation solution
containing 4.5 % DMSO, 5.2 % glycerol, and 20 % sucrose shows 240 K
intracellular and 174 K extracellular temperatures (Fonseca et al.,
2016). Thus, the glass transition temperatures vary depending on the
cell type (Kilbride et al., 2021) and cryopreservation solution (Sydykov
et al., 2018). Overall, the glass transition temperatures reported in
studies suggest that storing CBPs in the vapor-phase section of a storage
tank with liquid nitrogen (LN3) would allow intracellular and extracel-
lular glass transitions and theoretically achieve semi-permanent

preservation.
3. Traditional cooling methods in cryopreservation

The conventional cooling methods in cryopreservation include slow
cooling and vitrification, as shown in Fig. 2.

During a typical slow cooling process, the cells are suspended in a
cryopreservation solution containing cryoprotective agents (CPAs) at
low concentrations (e.g., 5-15 % DMSO) (Linkova et al., 2022). Then,
the suspension is filled into cryovials or cryobags (volume, >102 L) and
cooled using either a passive cooling device (PCD) or active cooling
device (ACD) at cooling rates ranging from 10 ©1t510! K/min (Jaiswal
and Vagga, 2022; Jang et al., 2017). A PCD is a cooling device used
statically in an electric freezer chamber set to 193 K and designed to cool
the cell suspension at a rate of approximately 1 K/min (Martinez-Madrid
et al., 2004; May and Roberts, 1988). Commercially available PCDs for
cryovials include Mr. Frosty (Thermo Fisher Scientific, MA, USA) and
CoolCell (Corning, NY, USA). In contrast, an ACD is a programmable
freezer equipped with a closed-loop control system, such as a pro-
portional-integral-derivative controller, designed to cool the cell sus-
pension at a desired cooling rate.

In the slow cooling method, the cell suspension often experiences
supercooling, leading to the formation and growth of intracellular and
extracellular ice crystals along with ice nucleation. During this process,
cells may be damaged by osmotic stress and ice crystals (discussed in-
depth in section 6) (Gao and Critser, 2000). Generally, the cell suspen-
sion is cooled to 193 K by slow cooling, followed by secondary cooling
via vapor phase storage in a tank with LN for long-term preservation
(Chatzistamatiou et al., 2014; Holm et al., 2010). However, in slow
cooling protocols optimized for specific combinations of cell types and
cryopreservation solution, samples are sometimes transferred to the
liquid or vapor phase of LN: storage tanks at temperatures above 193 K
or subjected to stepwise cooling within this higher temperature range.
For example, Ross-Rodriguez et al. developed an interrupted protocol
for TF-1 cells (Ross-Rodriguez et al., 2010a, 2010b). Similarly, Marquez-
Curtis et al. reported a comparable method for porcine and human
corneal endothelial cells (Marquez-Curtis et al., 2017). Kashuba et al.
also established an interrupted cooling approach for mouse embryonic
stem cells (Kashuba et al., 2014). In addition, Hayashi et al. proposed a
multi-step cooling strategy for human iPSCs (Hayashi et al., 2024). The
effects of cooling rate during the freezing process and the significance of
stepwise approaches are discussed in Chapter 6.
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Fig. 2. Schematic drawing of difference between slow cooling and vitrification methods. In a typical slow cooling method, CBPs are cooled to 193 K using a passive
cooling device or an active cooling device (blue arrow; illustration shows an example of slow cooling using a passive cooling device). For long-term preservation,
CBPs are stored in an environmental temperature that is lower than the extracellular glass transition temperature (green arrow). Conventionally, storage tanks with
LN, are used. This figure does not take into account the temporary temperature rise that occurs during transfer to the storage tanks. In a typical vitrification method,
straws or similar containers are directly immersed in LN,, and ultra rapid cooling is performed to achieve intracellular and extracellular glass transitions (red arrow;
illustration shows an example of vitrification using straw). In the figure, T, refers to the melting point, Ty to the ice nucleation temperature, and Ty to the glass
transition temperature. PCD stands for passive cooling device. The colors used in the illustration of the physical phenomena experienced by the cells have the same
meaning as those in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A typical vitrification process involves suspending cells in a cryo-
preservation solution with a relatively high concentration of CPAs (e.g.,
40-60 %), compared to the slow cooling (Jang et al., 2017). Containers
such as capillary tubes and straws are frequently employed in vitrifi-
cation (Amini and Benson, 2023). Cooling methods employed in vitri-
fication include direct immersion in LN, and contact with a precooled
solid surface (Amini and Benson, 2023; Xing et al., 2010). Vitrification is
especially valuable in the cryopreservation of oocytes and embryos,
which are less tolerant to the stresses associated with slow cooling
(Sciorio et al., 2024; Wozniak et al., 2024). Considering the cytotoxicity
of CPAs and the need for uniform ultra rapid cooling (e.g., a cooling rate
on the order of 10° to 10° K/min is required to vitrify a CPA at a con-
centration of 1.8 M) (Lee et al., 2010), both the filling volume and the
allowable handling time are limited. Therefore, slow cooling may be
more advantageous than vitrification for the development of scalable
cryopreservation processes. Additionally, when vitrification involves
direct immersion in LN, there is a risk of cross-contamination because
LN, may contain viruses, fungi, or other microorganisms (Bielanski
et al., 2000; Mirabet et al., 2012).

As a variant of the vitrification method, the liquidus-tracking
approach has been developed (Fu et al., 2022; Khaydukova et al.,
2024; Piasecka-Belkhayat et al., 2024). In this approach, the CPA con-
centration is gradually increased while the biological sample is cooled
and the liquidus is monitored, ensuring that the sample remains above
its equilibrium melting point throughout the process (Khaydukova et al.,
2024). Unlike conventional vitrification methods, this approach does
not require ultra-rapid cooling and is expected to mitigate the cytotoxic
effects of CPAs (Fu et al., 2022; Piasecka-Belkhayat et al., 2024).
Nevertheless, systems based on liquidus monitoring and stepwise CPA
addition pose significant challenges when applied to the design of
scalable cryopreservation processes. Conversely, isochoric freezing
method has emerged as a promising approach in recent studies (Dhanya
et al., 2024). In this approach, the volumetric expansion associated with
the phase transition to ice is constrained within a sealed rigid container,
thereby promoting internal pressure and suppressing ice crystal growth
(Solanki and Rabin, 2023). Reports on isochoric freezing of isolated cells
are limited compared to three-dimensional constructs (Dhanya et al.,

2024; Preciado and Rubinsky, 2018). Additionally, challenges remain in
designing containers to reduce rupture risk and in controlling internal
pressure. Therefore, the potential application of this approach to scal-
able cryopreservation processes warrants further discussion.

This review highlights the cryopreservation process based on slow
cooling.

4. Cryoprotective agent

A CPA is a key component that determines the stability of CBP
quality against variations of the cryopreservation process parameters.
This section briefly summarizes the basic principles of CPA to provide a
foundation for a CPA-based approach to handle the challenges that
comprise cryopreservation. For the purpose of this review, CPA is
defined as a compound that is expected to suppress the processes that
affect cell quality during cryopreservation (e.g., ice crystal formation); a
cryopreservation solution is defined as a solution containing one or more
CPAs. Several researchers worldwide are studying CPAs, and more than
120 compounds have been identified as potential CPAs (Linkova et al.,
2022).

CPAs are broadly classified into penetrating and non-penetrating
categories based on their ability to penetrate cell membranes (Taylor
etal., 1974). Penetrating CPAs are non-ionic small-molecule compounds
capable of crossing cell membranes, whereas non-penetrating CPAs are
compounds such as small-molecule sugars and high-molecular-weight
polymers that cannot cross cell membranes (Raju et al., 2021). Pene-
trating CPAs include DMSO, glycerol, and propanediol, all of which
show different cell membrane permeabilities (Keros et al., 2005; Xu
et al., 2014).

The CPA loading step is one of the critical processes that must
consider both physical stresses, such as osmotic pressure, and chemical
stresses, such as cytotoxicity (Karlsson et al., 2015). The importance of
this step has been well summarized by several researchers, including
Raju et al. (Raju et al., 2021) and Kangas et al. (Kangas et al., 2025).
After CPA loading, cells shrink due to the water movement from the
intracellular to the extracellular environment (dehydration) in response
to the increased extracellular osmotic pressure. In the case of
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penetrating CPAs, the agents diffuse into the cells, reversing the osmotic
gradient and causing water to move back into the intracellular envi-
ronment, resulting in cell swelling (Raju et al., 2021). In contrast, with
non-penetrating CPAs, no water influx occurs, and thus the cells do not
swell. Depending on the cell type, abrupt alterations in cell volume may
lead to cellular damage (Kangas et al., 2025). To address this challenge,
stepwise loading protocols for CPAs have been developed to reduce
osmotic stress (Karlsson et al., 2015; Mukherjee et al., 2007). Mean-
while, it is also necessary to consider the equilibration of CPAs. As
previously described, the membrane permeability varies depending on
the type of CPAs (Keros et al., 2005; Xu et al., 2014). Inadequate
equilibration of CPAs may compromise their cryoprotective efficacy.
Therefore, considering the membrane permeability of CPAs, it is
necessary to allow sufficient equilibration time. However, prolonged
suspension time raise concerns about cytotoxic effects (see Chapter 5).
Accordingly, the suspension time prior to freezing needs to be estab-
lished by balancing adequate CPA equilibration with minimizing
cytotoxicity.

DMSO has been widely used in both research and clinical applica-
tions for more than 60 years, since Lovelock and Bishop first reported its
usefulness in 1959 in the cryopreservation of bull sperm (Lovelock and
Bishop, 1959). Owing to its long history of use in cryopreservation,
considerable physical knowledge related to crystals has been accumu-
lated regarding the cryoprotective mechanisms of DMSO such as its
suppression of ice crystal formation (Mandumpal et al., 2011) and
eutectic NaCl crystallization (Klbik et al., 2022b) and prevention of
direct contact between the cell membrane and ice crystals (Klbik et al.,
2022a). Furthermore, several molecular dynamic (MD) simulation-
based studies have led to improved biological knowledge of cryopro-
tective mechanisms related to the cell membrane. Consequently, DMSO
has been reported to improve cell membrane permeability probably
through the formation of water pores in the cell membrane (Gurtovenko
and Anwar, 2007; He et al., 2012; Lin et al., 2012). Increased cell
membrane permeability may suppress intracellular ice crystal formation
by promoting dehydration during the freezing process (details of
dehydration are discussed in section 6).

Although DMSO appears to be the most effective CPA, it exhibits
cytotoxicity and has been associated with adverse effects in clinical
setting. Awan et al. have summarized in detail the cytotoxicity of DMSO
in various cell types, which has highlighted that fact that even at <10 %
concentration, DMSO affects cell viability and gene expression patterns
in several cell types including embryonic stem cells, foreskin-derived
MSCs, and retinal neuronal cells (Awan et al., 2020). In 2018, Madsen
et al. summarized the adverse clinical effects possibly associated with
DMSO (Madsen et al., 2018). They identified adverse effects such as
ventricular extrasystoles and seizures after the administration of cryo-
preserved cells with DMSO. However, the use of DMSO as a CPA was not
necessarily harmful because these adverse effects depended on factors
such as the mode of administration (e.g., intravenous or transdermal)
and dose; furthermore, these effects were mostly temporary or mild
(Madsen et al., 2018). Considering the above, if the final concentration
of DMSO after administration is expected to cause adverse effects
depending on the site or dose of administration, it may be necessary to
remove or dilute the DMSO.

To avoid the adverse effects associated with DMSO-based cryopres-
ervation solutions, alternatives such as cryopreservation solution with
reduced DMSO concentration in combination with non-penetrating
CPAs (Haastrup et al., 2021; Murray et al.,, 2020) and DMSO-free
cryopreservation solutions (Weng and Beauchesne, 2020) have been
developed. Countless combinations of CPAs are available for the
development of cryopreservation solutions. Hence, a high-throughput
screening approach is essential for exploring potential CPAs. Stubbs
et al. have developed a photochemistry-based approach for screening
high molecular weight CPAs using polyampholytes synthesized using
photo-reversible-addition-fragmentation-chain-transfer polymerization
(Stubbs et al., 2020). Hayashi et al. have developed a quantum
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chemistry and MD simulation-based approach for screening CPAs for
CBPs (Hayashi et al., 2021b). Recently, Ahmadkhani et al. developed a
high throughput screening approach by adapting the fluorescence
quenching technique for use with an automated plate reader, enabling
rapid evaluation of cell membrane permeability and estimation of CPA
toxicity (Ahmadkhani et al., 2025). Ideally, future studies need to
incorporate high-throughput screening approaches to efficiently
develop cryopreservation solutions that minimize changes in CBP
quality caused by changes in process parameters during the cryopres-
ervation processes.

5. Dispensing process

A general requirement of the dispensing process is the filling of
multiple containers with a predetermined volume and density of sus-
pensions to ensure homogeneous product composition. However, addi-
tional requirements need to be incorporated in CBP dispensing processes
to maintain cell characteristics.

Typically, manual dispensing is performed by trained operators;
however, it is time-consuming, and the volume and density of the sus-
pensions are subject to variations in the containers, which includes
cryovials and cryobags (Abbasalizadeh et al., 2017). Therefore, mech-
anization and automation of the dispensing process is in high demand to
establish a scalable and stable system (Moutsatsou et al., 2019; Park
et al., 2024). However, the issue of prolonged suspension time in cryo-
preservation solutions containing potentially cytotoxic CPAs remains a
challenge (Pigeau et al., 2018).

Kagihiro et al. have reported that cell decay depends on the sus-
pension time in cryopreservation solutions containing 10 % DMSO, and
CBP quality was maintained only for 1 h for iPSCs and 0.4 h for MSCs
(Kagihiro et al., 2018). Similar time-dependent decay was observed in
cartilage cells (Elmoazzen et al., 2007), pulmonary artery endothelial
cells (Ahmadkhani et al., 2025) and polymorphonuclear leukocytes
(Takahashi et al., 1985), which highlights the need for designing ap-
proaches that suppress decay in order to establish a scalable dispensing
process. Furthermore, this necessitates an understanding of the under-
lying decay mechanisms.

Additionally, Kagihiro et al. have reported that the suspension-time-
dependent decline in iPSC quality could be attributed to a redox-
balance-dependent pathway (apoptosis induced by reactive oxygen
species accumulation) and redox-balance-independent pathway (loss of
cell adhesive ability) (Kagihiro et al., 2020). The former pathway was
suppressed by the addition of N-acetylcysteine, which is an antioxidant,
whereas both pathways were suppressed at low temperatures. These
results suggest that dispensing in a low-temperature environment would
suppress the impact of prolonged suspension time and produce CBPs
with homogeneous quality. In fact, Nair et al. have reported that sus-
pension in a low-temperature environment stabilized CBP quality during
the dispensing process by suppressing the instability within and between
batches (Nair et al., 2022). Meanwhile, it is important to consider that
low temperatures increase the time required for CPA equilibration
(Davidson et al., 2015). This is partly because membrane permeability is
temperature dependent, and it decreases as the temperature is lowered
(Fry and Higgins, 2012). Inadequate CPA equilibration may result in
differences in protective efficacy, even when the same CPAs are used.
Therefore, the acceptable suspension time should be determined by
considering the balance between cytotoxicity and CPA equilibration.
Designing a scalable and stable dispensing process requires methodol-
ogies that can be used to determine the lot size by taking into account
the suspension time in the cryopreservation solution (Sugiyama et al.,
2020).

6. Freezing process

The freezing process involves cooling the CBPs to a storage tem-
perature for long-term preservation while maintaining CBP quality.
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However, during freezing, the cells and cryopreservation solution un-
dergo substantial and complex phase transition involving ice nucleation,
which is a stochastic event (Deck et al., 2022), and formation and
growth of ice crystals (Gao and Critser, 2000). Therefore, the proper
control of process parameters that govern freezing is necessary to
maintain CBP quality. Previous reviews have addressed the freezing
process-associated parameter in depth (Bojic et al., 2021; Hunt, 2019;
Jang et al., 2017; Murray and Gibson, 2022; Whaley et al., 2021). In this
review, we summarize the contributions of process parameters, such as
cooling rate and ice nucleation temperature, to biophysical events
during freezing, and propose strategies to enhance the quality stability
of CBPs throughout the freezing process.

6.1. Impacts of process parameters on quality of cell-based products

During the freezing process, as the temperature of CBPs decreases,
the concentration of extracellular solutions increases due to the forma-
tion and growth of ice crystals, causing an osmotic imbalance between
the intracellular and extracellular solutions, which leads to cell dehy-
dration (Gao and Critser, 2000). The degree of dehydration is a crucial
factor that determines the fate of cells, and it depends on the cooling rate
and ice nucleation temperature.

6.1.1. Cooling rate

Mazur et al. have investigated the impact of cooling rate on the
quality of Chinese hamster tissue culture cells and proposed a two-factor
hypothesis, which suggests that the degree of dehydration depends on
the cooling rate and that different freezing phenomena occur in response
to the degree (Mazur et al., 1972). Fig. 3 shows a conceptual diagram of
the freezing phenomena with respect to cooling rate based on their
hypothesis.

According to this hypothesis, cooling rates that are too slow to cause
excessive dehydration result in a high concentration of intracellular
solutions, which cause chemical damage. However, excessively rapid
cooling rates cause insufficient dehydration resulting in the formation of
intracellular ice crystals, which cause physical damage. Therefore,
Mazur’s two-factor hypothesis is based on the premise that the degree of
dehydration depends on the cooling rate, and that the degree of dehy-
dration acts as a balancing factor between chemical and physical cellular
damage. Notably, cell viability after thawing followed an inverted U-
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shaped curve when expressed as a function of the cooling rate (Shitzer,
2011; Woods et al., 2016). These results suggest the existence of an
optimal cooling rate that achieves the “just right” degree of dehydration,
which minimizes both types of damage. Furthermore, the optimal
cooling rate varies depending on the cell type (Shitzer, 2011). This is
because the intracellular water content, membrane permeability, and
surface-area-to-volume ratio differ between various cell types (Hubel,
1997). Additionally, the optimal cooling rate depends on the CPA
combination (Morris and Farrant, 1972). Some CPAs can alter mem-
brane properties, such as DMSO, which increases membrane water
permeability (Gurtovenko and Anwar, 2007; He et al., 2012; Lin et al.,
2012). In addition, the membrane permeability of CPAs affects the
extent of pre-dehydration during CPA equilibration prior to freezing,
thereby influencing the initial intracellular water content (Huang et al.,
2017; Raju et al., 2021). The suppression of ice crystal formation by
CPAs (Chang and Zhao, 2021) may alter the osmotic pressure difference
between the intracellular and extracellular environments, which serves
as the driving force for dehydration. Thus, depending on the combina-
tion of CPAs, intracellular water content, membrane water permeability,
and the osmotic pressure difference across the membrane can vary,
resulting in different cellular responses to cooling rates. Therefore, in
principle, the optimal cooling rate is specific to each CBP type and must
be determined individually.

Furthermore, we need to understand which cooling rate in the
temperature profile of the freezing process is critical to CBP quality.
Meneghel et al. performed experiments by suspending Jurkat cells in a
cryopreservation solution containing 10 % DMSO, followed by cooling
at a rate of 1 K/min and immersion in LNy at various temperatures
(Meneghel et al., 2019). They found that ultra rapid cooling by im-
mersion in LN exerted a significant impact on the viability and bio-
logical function of thawed Jurkat cells, whereas ultra rapid cooling
below 226 K, which is the intracellular glass transition temperature of
Jurkat cells, exerted little impact. A similar trend was observed for
Chinese hamster ovary, liver cancer, and osteosarcoma cells suspended
in a cryopreservation solution containing 10 % DMSO with intracellular
glass transition temperatures ranging from 214 to 224 K (Kilbride et al.,
2021). These results suggest that precisely controlling the cooling rate
above the intracellular glass transition temperature is critical during
freezing. Mazur et al. reported the necessity of minimizing intracellular
free water in order to suppress intracellular ice formation and the

Meareelof

) Ice crystal )
Format!on of Slow_ cooling ratg denydration
extracellular ice crystals (Excessive dehydration)
—_—
Increase in O
extr:;:scl:lg:]e::astiooltrjltlon O O Chemical damage from
Optimal cooling rate high concentrations of
Dehydration caused by ~ (‘Just right_dehydration) intracellular solutes
osmotic imbalance between
intracellular and extracellular
ilririal uliciiiual d

Rapid cooling rate
(Insufficient dehydration)

Physical damage from
intracellular ice crystals

OO ()
O Neareetof.

0
LCyYrcoiuigiv

d
intracellulardicelcrystals

rmati
fmal

Fig. 3. Conceptual diagram of the freezing phenomena based on Mazur’s two-factor hypothesis (Gao and Critser, 2000; Mazur et al., 1972). The degree of cell
dehydration, which depends on the cooling rate, determines the extent of physical damage caused by intracellular ice crystals and extent of chemical damage

associated with intracellular solute concentration.
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associated damage (Mazur et al., 1984). Considering the concept of
intracellular glass transition, the temperature range within which
intracellular free water should be minimized is considered to be above
the intracellular glass transition temperature. Accordingly, stabilizing
the cooling rate within this temperature range is considered important
for ensuring the stability of CBP quality. However, ice nucleation occurs
above the intracellular glass transition, and as it is a stochastic event, it
is difficult to control. Therefore, controlling ice nucleation is essential
for managing the cooling rate to maintain CBP quality.

Conversely, below the intracellular glass transition temperature,
cooling as rapidly as possible to shorten the process time may help
improve the productivity of CBPs. Some freezing protocols employ a
two-step cooling program that transitions from a slow to a rapid cooling
rate (Fernandes et al., 2019; Hiramatsu et al., 2022; Kaiser et al., 2021).
These programs switch to a relatively rapid cooling rate between 213 K
and 233 K, with the intracellular glass transition temperature potentially
considered during cooling program design (Dobruskin et al., 2024).

As mentioned above, the optimal cooling rate varies depending on
the composition of CBPs, such as cell type and CPAs. Therefore, the
optimal cooling rate is not fixed value and should be determined by
considering multiple factors. Cell membrane permeability, as one of the
cellular properties, is an important parameter in the design of an optimal
cooling rate. Several methods have been proposed to determine mem-
brane permeability, including measurements using differential scanning
calorimetry (Shu et al., 2016) and calculations based on biophysical and
mathematical models (Todrin et al., 2023).

Hayashi et al. divided the temperature profiles into three steps
(dehydration, ice nucleation, and further cooling) and evaluated
>10,000 temperature profiles using a hybrid single-cell model that
predicts the quality and productivity of iPSCs (Hayashi et al., 2021a,
Hayashi et al., 2020). In this numerical simulation model, the physical
part consisted of heat transfer, mass transfer, and crystallization models.
In the mass transfer model, the water permeability of the cell membrane
was incorporated into the calculation. Subsequently, the temperature
profile with the following cooling rates showed the highest-quality
iPSCs: the dehydration step ranging from 277 to 233 K at 4 K/min, ice
nucleation step ranging from 233 to 208 K at 2 K/min, and further
cooling step ranging from 208 to 193 K at 4 K/min (Hayashi et al.,
2024). However, it should be noted that in this study, cell membrane
permeability was not measured directly; instead, the permeability of
human pluripotent stem cells was adopted from a previously published
study (Xu et al., 2014). Future integration of measurement technologies
for cellular characteristics, including membrane permeability, with this
simulation framework could facilitate the development of optimized
cooling profiles that achieve a better balance between CBP quality and
manufacturing productivity. Additionally, this study did not take the
intracellular glass transition temperature into consideration but concurs
with the conclusion of previous studies that switching cooling rates at
certain steps may maintain CBP quality and improve its productivity.
However, the extent to which strict switching of cooling rate is feasible
in large-scale freezing processes remains debatable.

6.1.2. Ice nucleation temperature

Several studies have provided scientific evidence to support the fact
that ice nucleation temperature affects quality in various cells such as
prostate tumor cells (Wolkers et al., 2007), MSCs (Lauterboeck et al.,
2015), granulosa cells (Daily et al., 2020), peripheral blood mono-
nuclear cells (PBMCs) (Huang et al., 2021), and oocytes (Trad et al.,
1998).

A higher ice nucleation temperature tends to result in higher viability
in cell types such as oocytes (Trad et al., 1998), embryos, and encap-
sulated hepatocytes (Morris and Acton, 2013). Trad et al. have reported
an increase in the number of intracellular ice crystals at low ice nucle-
ation temperatures (Trad et al., 1998). Therefore, the lower viability at
lower ice nucleation temperatures may be attributed to increased
intracellular ice crystal formation. Recently, Murray and Gibson
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summarized the relationship between ice nucleation temperature and
intracellular crystal formation in detail (Murray and Gibson, 2022).
Once ice nucleation occurs, the latent heat increases the temperature of
the cryopreservation solution to the melting point, which then gradually
approaches the wetted-portion temperature of the container. The lower
the ice nucleation temperature, the larger the gap with the melting
point. Thus, the rapid cooling rate from the melting point caused by a
large gap promotes insufficient cell dehydration and subsequent intra-
cellular ice crystal formation (Murray and Gibson, 2022).

Meanwhile, it should be noted that a higher ice nucleation temper-
ature is not always advantageous, as reported for certain cell types such
as prostate tumor cells (Wolkers et al., 2007), MSCs (Lauterboeck et al.,
2015), and dermal fibroblasts (Zhou et al., 2012). For example, Lau-
terboeck et al. evaluated the impact of ice nucleation temperature on the
quality of MSCs in terms of viability and metabolic activity (Lauterboeck
et al., 2015). They reported that MSCs nucleated at 263 K exhibited
higher post-thaw membrane integrity and attachment efficiency than
those nucleated at 269 K or 259 K, using a cryopreservation solution
containing 5 % DMSO. Furthermore, their study showed that lower
nucleation temperatures resulted in an increased proportion of cells
exhibiting blackening, likely due to intracellular ice formation— a
finding consistent with the earlier report by Trad et al. on oocytes (Trad
et al., 1998). Conversely, regarding the effects of higher nucleation
temperatures, Lauterboeck et al. also suggested that the formation of
larger extracellular ice crystals at higher nucleation temperatures may
enhance the degree of dehydration. In general, a higher ice nucleation
temperature leads to the formation of larger and coarser ice crystals,
whereas a lower ice nucleation temperature results in the formation of
smaller and finer ice crystals (Kang et al., 2020). While the precise
mechanisms underlying reduced cell viability at higher nucleation
temperatures remain unclear, the degree of dehydration may be a key
contributing factor.

The effects of the cooling rate and ice nucleation temperature on CBP
quality have often been treated as independent phenomena. However,
focusing on the degree of dehydration simplifies the phenomena and
narrows down the key process parameters that need to be controlled
during freezing. Moreover, if the degree of dehydration depends on the
rate of cooling from the extracellular melting point (derived from the
extracellular ice nucleation temperature), we propose that these phe-
nomena may be explained by Mazur’s two-factor hypothesis, as shown
in Fig. 4. Together with the findings of Kilbride et al. and Meneghel
et al., which emphasize the importance of precise control of the cooling
rate up to the intracellular glass transition temperature (Kilbride et al.,
2021; Meneghel et al., 2019), these observations suggest that main-
taining the quality of CBPs can be achieved through careful regulation of
the cooling rate from the extracellular melting temperature to the
intracellular glass transition temperature.

To the best of our knowledge, no studies have directly reported a
relationship between cooling rate and intracellular glass transition
temperature. However, Meneghel et al. reported that higher concen-
trations of proteins and other intracellular solutes may lead to an in-
crease in the intracellular glass transition temperature (Meneghel et al.,
2019). Therefore, it is important to consider that slower cooling rates
may result in greater cellular dehydration, thereby increasing intracel-
lular solute concentrations and potentially raising the intracellular glass
transition temperature.

As previously mentioned, the degree of dehydration is presumed to
be a critical parameter in the design of freezing process. However,
studies that have directly and quantitatively evaluated dehydration
during freezing are limited, with most relying on indirect methods. For
example, Zhang et al. assessed the dehydration of endothelial cells based
on microscopic imaging (Zhang et al., 2006), while Zhao et al. estimated
dehydration of red blood cells through volumetric changes observed via
differential scanning calorimetry (Zhao et al., 2004). Additionally, in-
direct assessments of the dehydration using Fourier transform infrared
spectroscopy and cryo-microscopy have also been reported (Akhoondi
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Fig. 4. Conceptual diagram illustrates the effect of the cooling rate after ice nucleation on cells, incorporating the framework of Mazur’s two-factor hypothesis. The
latent heat released during ice nucleation causes the temperature of the cryopreservation solution to rise to its melting point. The temperature difference between the
container and the solution depends on the ice nucleation temperatures, which in turn affects the cooling rate. This figure was inspired by Fig. 5 in the review article
by Murray and Gibson (Murray and Gibson, 2022) and incorporates the concepts of Mazur’s two-factor hypothesis and intracellular glass transition. In the figure, Tp,

refers to the melting point, and Ty to the glass transition temperature.

et al., 2012). In contrast, direct evaluations include the work by Dong
et al., who visualized the spatial distribution of intracellular water using
cryo-Raman microscopy (Dong et al., 2010), and Huebinger et al., who
employed cryo-electron microscopy and X-ray diffraction to observe the
state of intracellular water (Huebinger et al., 2016). Furthermore,
although not conducted under frozen conditions, approaches employing
dielectric spectroscopy in conjunction with the Bruggeman-Hanai
equation to assess intracellular water dynamics have been reported
(Matsuura et al., 2023). Despite these advances, methodologies that
enable direct and quantitative assessment of dehydration based on
changes in water content before and after freezing remain limited.
However, continued development of techniques for evaluating intra-
cellular water is expected to facilitate more precise quantification of
dehydration in the future.

— Cooling device system (e.g., programmable freezer)

- Container system (e.g., cryovial)

6.2. Stability of process parameters

Stabilizing CBP quality during freezing requires precise control of the
cooling rate between the extracellular melting point and intracellular
glass transition temperature after ice nucleation, which may be achieved
by understanding the factors that cause variations in cooling rate.

The freezing process may be considered a complex system composed
of multiple systems. In this review, we discuss the stability of the cooling
rate by classifying the freezing process into three systems based on cell
manufacturability (Kino-oka et al., 2019): the cooling device system (e.
g., PCDs and ACDs), container system (e.g., cryovials and cryobags), and
cellular system. For the definitions of PCD and ACD, refer to Chapter 3.
For example, during the cooling of cryovials using an ACD (Fig. 5), the
cooling rate of the chamber in the ACD based on the predefined program
is converted to the cooling rate outside the cryovials (black to blue

Biological output (e.g., cell viability)

Cellular system

Biological input into cellular system (e.g., degree of dehydration)
Physical input into cellular system (e.g., cooling rate in container)

Physical input into container system (e.g., cooling rate in device)

Physical input into cooling device system (e.g., cooling rate in program)

Fig. 5. Conceptual diagram of the classification of the freezing process into three systems (cooling system, container system and cellular system) based on the
concept of cell manufacturability (Kino-oka et al., 2019). During the cooling of CBPs in cryovials using an active cooling device (ACD), the cooling rate of the
chamber in ACD determined via the predefined program is converted to the cooling rate outside the cryovials (black to blue arrows). Then, this rate is converted to
the cryopreservation solution in the cryovials (blue to green arrows), which is converted to the degree of dehydration (green to red arrows). Finally, it becomes a
biological output such as cell viability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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arrows). Then, this rate is converted to the cooling rate in the cryo-
preservation solution (blue to green arrows), which is further converted
to the degree of dehydration (green to red arrows). Thus, the conversion
of input parameters such as the cooling rate occurs across multiple
systems during freezing.

To stabilize CBP quality, the physical inputs need to be controlled to
maintain the stability of the biological inputs into the cellular system. In
this review, the strategies for stabilizing biological inputs are discussed
in the following order (Fig. 6): (1) control of physical inputs into
container system and (2) control of physical inputs into cellular system.

6.2.1. Control of physical inputs into container system
Understanding the characteristics of the cooling device system is

necessary to stabilize the container temperature, which is a physical
input to the container system.

6.2.1.1. Passive cooling device. In a typical slow-cooling method, the
CBPs are cooled using PCDs or ACDs. PCDs are relatively inexpensive,
easy to handle, minimally dependent on infrastructure, and have been
adopted in the freezing protocols in many laboratories (Crook et al.,
2017; Nevi et al., 2017; Shibamiya et al., 2020). As the name implies,
PCDs lack a cooling rate control system and cool passively from a
chamber in an electric freezer, which means that the cooling rate of CBPs
in PCDs is readily affected by the temperature of the freezer chamber.
Hunt reported a difference in the cooling rates (the average temperature
changes per minute from 263 K to 233 K, in this study) when Mr. Frosty
was used alone and when the two devices were stacked (Hunt, 2019).

The cooling rate was 0.98 K/min when only one Mr. Frosty was used;

however, it was 0.65 K/min for the upper device and 0.91 K/min for the

lower one when a double stack was used. These results indicate that the

cooling rate of CBPs in PCDs is sensitive to the environment outside the
PCDs. This suggests that cooling in an electric freezer chamber, where
the quantity and layout of stored materials change daily, may increase
the variation in CBP quality within and between batches.

Additionally, the use of PCDs for the commercial manufacture of
CBPs is limited to the use of cryovials as the available containers and by
the lack of a temperature-monitoring system. Shu et al. and Zhou et al.
have developed a box-in-box (BIB) method as a new PCD that enables
temperature monitoring and is applicable to cryobags (Shu et al., 2010;

Step 1

Control of physical inputs into container system
(e.g., control of container temperature)

= Solution temperature A

Container temperature

Temperature
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Zhou et al., 2011). In the BIB, the PCD consists of a flat outer box and
inner boxes (canisters) with gaps filled with insulation and designed to
cool 25 mL cryobags at a rate of 1 K/min. They have reported that the
cooling rate of the CBP in the BIB depends on the thickness of the
insulation, CPA concentration, and CBP liquid volume. These results
suggest that BIB customization accommodates a variety of CBPs with
different optimal cooling rates. However, similar to other general PCDs,
the CBP cooling rate in the BIB is expected to be affected by the tem-
perature of the chamber in the electric freezer. Therefore, one of the
factors affecting the stabilization of the physical inputs into the
container system is the optimization of the PCD layout and other stored
materials in the electric freezer chamber. This presents a challenge in
adopting PCDs for scalable freezing processes.

6.2.1.2. Active cooling device. ACDs are cooling devices that are capable
of controlling the cooling rate. They comprise cooling systems such as a
Stirling engine-based system and a forced convection system that uses a
fan to circulate LN5 gas.

The Stirling engine operates on the Stirling cycle to transfer heat by
compressing and expanding an inert gas such as helium between hot and
cold cylinders using a heat exchanger (Getie et al., 2020). Stirling en-
gines are useful for small portable applications because of their rapid
cooling and warming responses and light weight (Ismail et al., 2021).
Commercially available Stirling engine-based ACDs include the
CytoSaver Controlled-Rate Freezer, LNy Free Model FZ series (Strex,
Osaka, Japan), and VIA Freeze series (Cytiva, Cambridge, UK). These
ACDs are capable of cooling approximately 200 or fewer cryovials, and
they are compatible with cryobags and straws. Generally, ACDs are not
affected by the external environment. Therefore, the use of small ACDs is
expected to better stabilize the physical input into the container system
compared with the use of PCDs. Furthermore, LN, is not used; hence,
Stirling engine-based ACDs may be installed in areas requiring higher
cleanliness levels in cell-processing facilities (Morris et al., 2006),
although the airflow and particles from the fans in ACDs need to be
considered.

Stirling-engine-based ACDs have a limited range of controllable
cooling rates due to the characteristics of the engine. However, since a
cooling rate of 1 K/min is commonly employed, this limitation in cooling
rate range generally does not pose a significant issue in most

Step 2

Control of physical inputs into cellular system

(e.g., control of ice nucleation temperature)
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Fig. 6. Strategies for stabilizing biological inputs into the cellular system. Step 1: control of physical inputs into container system (e.g., control of container tem-
perature). Step 2: control of physical inputs into cellular system (e.g., control of ice nucleation temperature). T, refers to the melting point, and T to the glass

transition temperature.
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applications. Additionally, challenges remain with scalability. The
challenges for scale-up include high-pressure gas sealing treatment,
rapid control of gas pressure, heat and power loss, and friction in the
driving parts (Ahmed et al., 2020). Additionally, the large number of
driving parts require maintenance at a high frequency, which results in
high running costs (Ismail et al., 2021).

In ACDs with the forced convection cooling system, the cooling rate
is adjusted by adjusting the supply of LN, gas to the chamber containing
containers (such as cryovials and cryobags) by opening or closing the
solenoid valves. Commercially available ACDs with forced convection
cooling systems include the CryoMed series (Thermo Fisher Scientific,
MA, USA) and Kryo series (Planer, UK). These devices cool several
cryovials or cryobags. However, temperature control is based on the air
temperature at a specific location in the chamber or the liquid temper-
ature in a dummy sample. Therefore, the cooling rate of the containers in
a batch may vary depending on the location of the reference measure-
ment point for temperature control. Additionally, the layout and number
of containers in the chamber affect the airflow, which influences the
variation in the cooling rate of the containers. In such systems, where
multiple factors such as airflow and heat transfer are intricately inter-
twined and affect the stability of the cooling rate of containers,
simulation-based analyses such as computational fluid dynamic (CFD)
analysis need to be incorporated.

Recently, the spatial temperature heterogeneity of cryovials (Scholz
et al., 2022) and cryobags (Chauhan et al., 2019) during the freezing
process using ACDs with a forced convection cooling system was
analyzed using CFD analysis. Scholz et al. used a novel simulation
approach that combined a hybrid single-cell freezing model (which ac-
counts for both the cell and cryovial layers) with a CFD model (which
simulates the freezing layer) and have reported spatial heterogeneity in
the quality of the iPSCs within ACDs with a forced convection cooling
system (Scholz et al., 2022). Their simulation-based approach is ex-
pected to contribute to the stabilization of physical inputs into the
container system and the stabilization of CBP quality by aiding in the
calculation of the spatial temperature heterogeneity based on the
number and layout of containers and optimizing them.

Additionally, they have developed a new simulation approach by
considering ice nucleation and have proposed a continuous freezing
process for iPSCs using multiple units of coupled ACDs with a forced
convection cooling system (Scholz et al., 2024). A continuous freezing
process may potentially address the challenges in large-scale
manufacturing such as poor CBP quality due to prolonged suspension
in the cryopreservation solution during the filling process. Additionally,
it may mitigate spatial heterogeneity in CBP quality resulting from
multiple factors such as the layout and number of CBPs in the ACDs
during freezing. In future, a simulation-based approach may be neces-
sary to design scalable and stable dispensing and freezing processes.

6.2.2. Control of physical inputs into cellular system

6.2.2.1. Ice nucleation. The control of ice nucleation is essential for
controlling the cooling rate between the extracellular melting point and
intracellular glass transition temperature after ice nucleation. However,
the control of the ice nucleation temperature remains a challenge
because of its nature as a stochastic event and a molecular-scale phe-
nomenon occurring on extremely short timescales (Deck et al., 2022;
Kang et al., 2020).

Ice nucleation is classified into two types: homogeneous nucleation,
in which water molecules aggregate to form ice nuclei, and heteroge-
neous nucleation, in which water molecules aggregate with foreign
substances to form ice nuclei (Maeda, 2021; Zachariassen et al., 2004).
Wilson et al. have stated that ice nucleation in biological systems is al-
ways heterogeneous ice nucleation (Wilson et al., 2003). As the CBP
system comprises a container, cryopreservation solution, and cells, the
occurrence of heterogeneous ice nucleation may be a reasonable
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assumption. Unlike homogeneous ice nucleation, heterogeneous ice
nucleation involves foreign substances acting as catalysts, which lower
the energy barrier and facilitate the formation of ice nuclei (Maeda,
2021). Therefore, heterogeneous ice nucleation is affected by several
factors such as the gas-liquid interfacial area (Kar et al., 2021; Li et al.,
2014, Li et al., 2013), solution viscosity (Kimizuka et al., 2008), impu-
rity concentration (Desnos et al., 2020), liquid volume (Daily et al.,
2020), cooling rate (Li et al., 2024), and presence of shock or vibration
(Wang et al., 2024).

These factors are closely associated with the dispensing and freezing
processes. For example, the gas-liquid interfacial area is influenced by
the shape of the container and the presence of bubbles in the container;
solution viscosity is determined by the composition of the cryopreser-
vation solution; and impurity concentration and liquid volume are
related to the filled density and volume of cell suspensions during the
dispensing process. Thus, ice nucleation temperature is particularly
difficult to control because it is influenced by both the freezing
dispensing processes and involves a complex interplay of multiple fac-
tors. Nevertheless, ice nucleation temperature may be regulated using
two approaches: physical approaches that control ice nucleation via
external stimuli and chemical approaches that suppress or promote
supercooling through additives (Morris and Acton, 2013; Lin et al.,
2023; Murray and Gibson, 2022).

6.2.2.1.1. Physical approaches. Various physical approaches to
controlling ice nucleation via external stimuli include cold spots
(Lauterboeck et al., 2015), voltages (Petersen et al., 2006), electro-
magnetic fields (Hiramatsu et al., 2022), and ultrasound (Saclier et al.,
2010).

The cold-spot approach is the simplest physical method for ice
nucleation control (Murray and Gibson, 2022). In this approach, a cold
spot is created outside the container using the Pertier effect
(Lauterboeck et al., 2015) or by manually blowing LN, gas (Li et al.,
2018) to induce ice nucleation. Although cold-spot-based control may
be used in experiments involving a small number of containers, it is not
suitable for CBP manufacturing with high scalability. Particularly, the
method of using a sprayer is a manual operation, which is not conducive
to precise control.

The shock approach is an extension of the cold-spot method (Morris
and Acton, 2013). It involves the induction of ice nucleation by
temporarily spraying LN, gas onto the ACDs as part of a cooling pro-
gram, followed by rapid cooling and immediate rapid heating (Zhou
et al., 2012). The shock approach simultaneously promotes ice nucle-
ation in several CBPs; however, uniform rapid cooling may not be
possible depending on the layout of the CBPs in the ACD chamber;
hence, the ice nucleation temperature may vary.

Electro-freezing has been studied for many years as an approach for
active control of ice nucleation (Acharya and Bahadur, 2018). Petersen
et al. have developed a device that incorporated an electro-freezing
approach for cryopreservation (Petersen et al., 2006). Their novel de-
vice controlled the ice nucleation temperature of up to eight containers
by applying a voltage. However, the current design needs to be
improved for its application in CBP manufacturing because the equip-
ment outside the container would be in contact with CBPs.

6.2.2.1.2. Chemical approaches. Chemical approaches aim to sup-
press or promote supercooling by using bioinspired compounds, min-
erals, or other additives (He et al., 2018; William et al., 2023).

Bio-inspired compounds are primarily ice-binding proteins (IBPs)
that are synthesized by cold-adapted organisms (Dolev et al., 2016).
IBPs are broadly classified into two categories: ice-nucleating proteins
(INPs), which initiate ice crystal formation at high subzero tempera-
tures, and antifreeze proteins (AFPs), which lower the freezing point and
inhibit ice nucleation (Biatkowska et al., 2020).

Various INPs such as plant-derived INPs (e.g., Secale leaves and
Prunus wood), animal-derived INPs (e.g., Tipula and Dendroides), and
fungal-derived INPs (e.g., R. chrysoleuca and F. avenaceum) have been
discovered (Pummer et al., 2015). Among these, InaZ protein has been
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the most effective at activating ice nucleation (Roeters et al., 2021). It is
synthesized in the outer membrane of P. syringae (Lindow et al., 1982),
and InaZ protein-based ice-nucleating agents are commercially available
and been used in various studies on ice nucleation (Desnos et al., 2020;
Hausler et al., 2018; Roy et al., 2021). However, several of these INPs are
non-sterile and pose cost challenges, which makes their application in
CBP manufacturing difficult; furthermore, their clinical adverse effects
remain unknown (Wragg et al., 2020). Recently, ice-nucleating agents
have been developed based on an understanding of INPs and focus on
clinical applications (Hunt, 2019). Their performance has been reported
in the cryopreservation of stem cells such as MSCs (Wragg et al., 2020).

AFPs derived from plants and fish have been applied for the cryo-
preservation of sperm and stem cells (Correia et al., 2021; Liu et al.,
2021; Liu et al., 2021). However, the clinical application of AFPs has
been limited by challenges such as cytotoxicity and immunogenic re-
actions (Ekpo et al., 2022). Biomimetics of AFPs such as oxidized qua-
si-carbon nitride quantum dots (Bai et al., 2017) and e-poly-i-lysine
(Matsumura et al., 2021, Matsumura et al., 2010) have been developed
to overcome these problems in clinical applications, but compounds that
combine sufficient efficiency with biocompatibility are not yet available
(Wu et al., 2021).

Additionally, minerals have been explored as ice-nucleating agents
(Marcolli et al., 2016; Soni and Patey, 2022). Previously studied ice-
nucleating agents for non-bioinspired compounds include silver iodide
(Marcolli et al., 2016; Soni and Patey, 2022) and crystalline cholesterol
(Massie et al., 2014; Sosso et al., 2018). However, the use of these
substances may not comply with current good manufacturing practices
(Daily et al., 2023). Recently, Daily et al. have reported a comparative
study of the ice nucleation ability of LDH1 derived from potassium
feldspar, crystalline cholesterol, and K-feldspar (Daily et al., 2023).
These ice-nucleating agents suppressed variability, as evidenced by the
increase in ice nucleation temperatures; moreover, LDH1 completely
suppressed real supercooling.

The chemical approaches for stabilizing the ice nucleation temper-
ature through the addition of bioinspired compounds or minerals have
been summarized in this review. These approaches are expected to
stabilize the ice nucleation temperature without altering the existing
PCDs or ACDs. In a strict sense, these chemical approaches are designed
for spontaneous ice nucleation in the presence of additives and not for
controlling ice nucleation temperature; therefore, it does not constitute
a true control. Hence, it may be considered as an approach to suppress or
promote supercooling. Nevertheless, ice-nucleating agents are constit-
uents of cryopreservation solutions, and their biocompatibility and need
to be removed after thawing (because of solubility) should be discussed
in the context of clinical applications. Furthermore, considering that
certain cell types exhibit reduced viability at higher ice nucleation
temperatures (Lauterboeck et al., 2015; Wolkers et al., 2007; Zhou et al.,
2012), the application of ice-nucleating agents may not always be
suitable.

6.2.2.2. Temperature gradient within the container. Depending on the
size and shape of the container, delays in internal heat transfer may
arise, complicating temperature control. Massie et al. reported that, in
200 mL cryobags, the hold time at the extracellular melting point
following ice nucleation was prolonged at greater distances from the
heat sink (Massie et al., 2014). Furthermore, they demonstrated that
artificially prolonging the hold time led to a decrease in ELS viability.
These effects may be attributed to excessive cellular dehydration and the
cytotoxicity of CPAs (Massie et al., 2014).

Additionally, temperature gradients within the container can affect
ice crystal morphology. Kilbride et al. reported that network solidifica-
tion occurs when temperature gradients within the container are small
and ice nucleation is uniform, whereas progressive solidification occurs
when temperature gradients are large and nucleation is non-uniform
(Kilbride et al., 2014, 2016). Network solidification produces
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dispersed, disordered dendritic ice crystals, whereas progressive solidi-
fication results in dense, homogeneous, non-dendritic ice crystals.
Although the mechanisms by which these solidifications influence cell
viabilities remain unclear, cells that undergo network solidification tend
to exhibit higher viability (Kilbride et al., 2014, 2016). As they noted, in
cryobags where thermal equilibration within the container is not ach-
ieved prior to ice nucleation, progressive solidification may occur. To
suppress this effect, minimizing temperature gradients within the
cryobags is essential.

This can be achieved by leveraging the flexibility of the container, for
example, by maximizing the surface-area-to-volume ratio. In less flex-
ible container such as vials, designing a temperature profile that in-
cludes a hold time at a uniform temperature prior to ice nucleation may
promote thermal equilibration and help reduce ice-structure-related
damage. However, the hold time must be determined with consider-
ation of CPA cytotoxicity.

7. Storage
7.1. Storage temperature

The basic concept of storage temperature is described in Section 2. It
has been discussed in more detail in this section. Storage temperature is
a critical parameter for maintaining CBP quality. CBPs should be stored
in an environmental temperature that is lower than the intracellular and
extracellular glass transition temperatures to maintain CBP quality for a
long duration. Below the glass transition temperature, viscosity is very
high and exceeds 103 P (10'* Pa s in the SI unit system), which almost
halts molecular motion and arrests of the progress of biochemical re-
actions (Mazur, 1984). Pure water shows a glass transition temperature
of approximately 138 K (Angell, 2002), whereas it is approximately 153
K for aqueous solutions containing 10 % DMSO (Sydykov et al., 2018).
Therefore, CBPs may be reasonably stored in the vapor phase of a LN;
storage tank, which exhibits an environmental temperature of <123 K,
or in an ultra-low-temperature electric freezer, which exhibits an envi-
ronment temperature of <143 K (Meneghel et al., 2020).

Yang et al. investigated the impact of storing PBMC at 123 Kor 193 K
for 14 months on PBMC viability, apoptosis induction, and gene
expression (Yang et al., 2016) and found that storage at 193 K resulted in
a higher ratio of post-thaw apoptosis induction than storage at 123 K,
although the post-thaw PBMC membrane integrity was at the same level,
and the expression patterns of 18 genes associated with stress-related
pathways, such as stress responses, immune activation, and cell death,
were altered. Massie et al. investigated the impact of storing alginate-
encapsulated liver cell spheroids (ELS) at 103 K or 193 K for 12
months on ELS viability and albumin secretory function (Massie et al.,
2013). They have reported that storage at 193 K resulted in a slight
decrease in ELS viability at 1 month and decrease in viability to 15 % in
12 months compared with that observed during storage at 103 K.
Additionally, storage at 193 K reduced albumin secretion by 40 % after
1 month, and it was almost undetectable at 12 months.

These results suggest that storing CBPs in an environment above the
glass transition temperature results in storage time-dependent hetero-
genization of the cell population in the CBPs; furthermore, CBP quality
and therapeutic effect after CBP administration to patients may vary
depending on the shipping timing even for CBPs from the same batch.
Although these evaluations are based on a storage time of approximately
1 year, these studies have provided compelling evidence that storage
below the glass transition temperature contributes to the maintenance of
CBP quality for a longer duration.

In Chapter 6, we discussed how appropriate control of the degree of
dehydration during the freezing process contributes to the maintenance
of CBP quality. To the best of our knowledge, few studies have directly
reported the relationship between storage temperature and the degree of
dehydration. Here, we propose a hypothesis combining Ostwald
ripening of ice crystals and the intracellular glass transition
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temperature. It has been reported that ice crystals can grow over time
through Ostwald ripening even under isothermal conditions (Pronk
et al., 2005). Therefore, at temperatures above the extracellular glass
transition temperature, extracellular solute concentration may increase
over time due to time-dependent ice crystal growth. Conversely, below
the intracellular glass transition temperature, cells are osmotically
inactive, and dehydration is not expected to occur (Meneghel et al.,
2019). Taken together, within the temperature range above the intra-
cellular glass transition temperature, dehydration may increase in a
time-dependent manner due to the osmotic gradient caused by Ostwald
ripening of extracellular ice crystals. However, since intracellular ice
crystals may also undergo Ostwald ripening, the time dependency of
dehydration under isothermal conditions could vary depending on the
extent of intracellular ice formation. As no studies have reported on
these phenomena, further detailed investigations are warranted. How-
ever, several studies have reported on the isothermal crystallization
kinetics in solution systems (Kharatyan et al., 2022; Westen and Groot,
2018), which are expected to provide valuable insights into the Ostwald
ripening of ice crystals both intracellularly and extracellularly.

7.2. Temperature fluctuations

Multiple warming and re-cooling cycles (temperature fluctuations)
in the cold chain of CBPs caused by shipping operations during storage
impact CBP quality (Okuda et al., 2024; Pogozhykh et al., 2017). The
impact of temperature fluctuations caused by shipping operations on
CBP quality is shown in Fig. 7. During shipping operations, CBP tem-
perature asymptotically increases to the environmental temperature
outside the storage tank, and after the operation, the temperature of the
unshipped CBP asymptotically decreases to the environmental temper-
ature inside the storage tank. This fluctuation occurs each time the CBPs
are shipped, resulting in concerns regarding the impact of the temper-
ature range and number of fluctuations on CBP quality. In addition,
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opening the storage tank and removing CBPs can generate temperature
fluctuations in the vapor phase. Under high-frequency usage, the vapor
phase temperature is often elevated, resulting in a higher starting point
for temperature excursions and consequently greater fluctuation am-
plitudes. These fluctuations may further compromise the quality of
CBPs.

Pogozhykh et al. evaluated the impact of the temperature range (77-
193 K) and number of fluctuations (< 50 cycles) during the storage of
MSCs on post-thaw quality indicators such as MSCs viability, metabolic
activity, and differential potential (Pogozhykh et al., 2017). They found
that viability and metabolic activity decreased as the number of fluc-
tuations increased, and the rate of decrease was more pronounced as the
fluctuation range increased. Notably, the differentiation potential of
mesenchymal (adipogenic, chondrogenic, and osteogenic) lineages was
not lost in response to the fluctuations, but differences in gene expres-
sion patterns were observed after differentiation; these differences were
more pronounced in the adipogenic lineage than in the other lineages.
These results suggest that temperature fluctuations cause cell decay,
leading to the heterogenization of cell populations in CBPs. This high-
lights the need for potency assays such as differentiation and therapeutic
potential assays for the target disease (Kim et al., 2023). Additionally,
they performed flow cytometric analysis and found an increase in
Annexin V-positive cells due to temperature fluctuations, which suggests
a relationship between decreased viability and apoptosis. Although
decreased viability has been reported during temperature fluctuations
below 123 K, the induction of apoptosis was not observed. Furthermore,
the cause of this decrease in viability remains unclear because neither
solid-liquid phase transitions nor glass-liquid transitions occur below
123 K.

At present, the mechanisms by which temperature fluctuations
occurring entirely below the glass transition temperature affect biolog-
ical sample quality remain unclear. Meanwhile, Carrell et al. demon-
strated that human spermatozoa frozen in 7.5 % glycerol exhibited a
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Fig. 7. Schematic diagram of the heterogenization of cell populations in CBPs caused by temperature fluctuations due to shipping from the storage tank. During the
shipping operation, the temperature of the CBPs asymptotically increases to the environment temperature outside the storage tank. After the operation, the tem-
perature of the unshipped CBPs asymptotically decreases to the environment temperature inside the storage tank. Particularly, temperature fluctuations across the
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significant decrease in motility after only 1 min of exposure to room
temperature, during which the sample temperature rose to approxi-
mately 138 K, remaining below the estimated extracellular glass tran-
sition temperature (Carrell et al., 1996). Furthermore, a vitrification
study has shown that the thermomechanical stress resulting from dif-
ferential thermal expansion is as a major factor that affects the structural
integrity of biological specimens. Temperature gradients within the
sample and mismatches in thermal expansion between the tissue,
cryopreservation solution, and container generate mechanical stress
during the fluctuations, which potentially leads to structural damage
such as fractures or plastic deformation, especially in large or compo-
sitionally heterogeneous samples (Solanki and Rabin, 2022). In this way,
the fluctuations below the extracellular glass transition temperature are
presumed to impose intracellular and extracellular physical stress;
however, reports of the resulting damage remain limited (Carrell et al.,
1996; Pogozhykh et al., 2017), and no direct scientific evidence has yet
been reported to elucidate the underlying mechanisms. Further studies
are required to better understand this phenomenon, including research
that bridges thermodynamic behavior with biological responses. Despite
the lack of direct scientific evidence in the context of cryopreservation,
these findings suggest that thermally induced mechanical stress may
contribute to the loss of cell viability even at temperatures below the
glass transition temperature.

Regarding the range of temperature fluctuations, Vysekantsev et al.
have mentioned the possibility that fluctuations across the glass tran-
sition temperature could cause a phase transition between glass and
liquid, thereby promoting ice recrystallization and affecting CBP quality
(Vysekantsev et al., 2005). As mentioned earlier, the glass transition
temperature differs between the intracellular and extracellular envi-
ronments. Measurements using differential scanning calorimetry in
Jurkat cells have shown that the intracellular glass transition tempera-
ture is approximately 226 K, which is higher than the extracellular glass
transition temperature of approximately 150 K (Meneghel et al., 2019).
Although the composition of the cryopreservation solution differed, the
ice recrystallization observed during the temperature fluctuations below
153 K in the study by Vysekantsev et al. may have originated from water
molecules contained in the extracellular liquid phase. However, the
mechanisms underlying cell decay caused by repeated phase transitions
remain unclear.
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Recently, Okuda et al. evaluated the impact of the temperature range
(123-193 K) and number of fluctuations during storage on post-thawing
viability, mitochondrial membrane potential, and attachment efficiency
after re-seeding iPSCs; additionally, they attempted to elucidate the
underlying mechanism using cryogenic Raman spectroscopy (Okuda
et al., 2024). They have reported that fluctuations across the glass
transition temperature of the cryopreservation solution containing 10 %
DMSO caused an increase in cell populations with low mitochondrial
membrane potential and a decrease in attachment efficiency in a fluc-
tuation number-dependent manner. Additionally, the Raman spectro-
scopic observations showed an increase in the intracellular DMSO signal
as the number of fluctuations increased and loss of the cytochrome
signal immediately after thawing owing to fluctuations across the glass
transition temperature. Based on these results, they have proposed that
the diffusion of DMSO in the liquid state into iPSCs mediated by the
transient phase transition caused by fluctuations across the glass tran-
sition temperature leads to post-thaw cytochrome c oxidation and a
subsequent increase in the cell population with low mitochondrial
membrane potential and apoptosis.

Fig. 8 shows a summary of these study results, which implies that the
temperature fluctuation-induced damage during storage results from
different physical phenomena depending on the temperature. While the
discussion so far has focused on temperature fluctuations below the
intracellular glass transition temperature, exceeding this threshold may
induce intracellular ice recrystallization, potentially leading to me-
chanical stress and cell damage (Vysekantsev et al., 2005; Xu et al.,
2021). Biard et al., reported a positive correlation between the inhibi-
tion of annealing-driven intracellular ice recrystallization and increased
post-thaw viability of human red blood cells (Briard et al., 2016). These
studies have contributed to a better understanding of the hetero-
genization of cell populations in CBPs because of cell decay caused by
temperature fluctuations. Furthermore, these findings could contribute
to the establishment of a supply system with stable CBP quality.

7.3. Strategies for establishing cold chains to withstand temperature
fluctuations

The data from various study findings shown in Table 1 emphasize the
critical impact of temperature fluctuations across the glass transition

(7]

c

_g Extracellular _ |

g melting point Intracellular

g / Ice recrystallization Cellular system

= / (Vysekantsev et al., 2005)

o /

g Diffusion of DMSO

S atross cell membrane Intracellular physical stress ?

8 (Okuda et al., 2024)

<

S Intracellular _ | A \

o glass transition Biological
" ’ lologica

2 lefer_entlal.,therma.lrl Intracellular chemical stress responses

=) expansion w’|th|n solids -

© (Solanki etfal., 2022) \

g Extracellular _{ [

£ glass transition

ﬁ Intracellular-and’extracellular physical stress 2

Fig. 8. Conceptual summary of physical and chemical phenomena caused by temperature fluctuations. In systems where glass and solids coexist, thermal strain is
generated owing to temperature fluctuation (Solanki and Rabin, 2022). According to our hypothesis, this thermal strain may induce intracellular and extracellular
physical stress, although no direct scientific evidence is available to evaluate this stress (striped, blue arrow). When the temperature exceeds the extracellular glass
transition temperature, DMSO diffuses into the cell, leading to intracellular chemical stress (green arrow) (Okuda et al., 2024). Furthermore, if the temperature
exceeds the extracellular glass transition temperature, recrystallization of intracellular ice crystals may occur, leading to intracellular physical stress (red arrow)
(Vysekantsev et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

13



Y. Uno et al.

Table 1

Summary of studies investigating the impacts of temperature fluctuations on cells during cryogenic storage.
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Type of cryopreservation
solution

Reference

Cell viability was significantly reduced at 5 and 10 cycles
Viability, recovery, and antigen-specific immune response
Viability, recovery, and T-cell functionality decreased as
Viability declined because of increased apoptosis in Media-
based cocktails and CS7.5; caspase inhibitor mitigated
Viability, metabolic function, and apoptotic induction as
number of cycles increased; altered adhesion and impacted
differentiation declined from 200 cycles; mitochondrial

dysfunction from 100 cycles; proliferation and osteogenic

Reduced attachment and mitochondrial membrane
potential as number of cycles increased; increased

Cell type Range of Number of Observed impacts on cells
temperature fluctuation
fluctuation cycles
Embryonic liver 77-173 K <10
and neurotissue from 77 to 173 K
cell
PBMC 138-213 K 400
reduced at 400 cycles
PBMC 143-213 K < 350
number of cycles increased
PBMC 123-193 K 98
effects of temperature cycling
Placental-derived 77-193 K <50
MSC
gene regulation
Umbilical cord- 77-213 K < 400 Viability, recovery, adherence, and adipogenic
derived MSC
differentiation from 50 cycles
iPSC 123-193 K <70
intracellular DMSO and cytochromes oxidation
Umbilical cord 93-193 K 10

blood units

Numbers of colony forming units decreased by 8 %

Cryopreservation solution with
10 % DMSO

Xeno-free cryomedium IBMT I
(Procryotect, Ruedingen,
Switzerland)

Cryomedium IBMT I
(Fraunhofer IBMT, Sulzbach,
Germany)

Media-based cocktail,
CryoStor® CS5 (BioLife
Solutions,

Inc., Bothell, WA, U.S.),
CryoStor 7.5 + caspase
inhibitors

Culture medium with 10 %
DMSO and 10 % FBS

CELLBANKER® 2 (ZENOAQ,
Japan)
STEM-CELLBANKER® GMP

grade (ZENOAQ, Japan)

CryoSure-Dex40 (WAK-Chemie
Medical GmbH, Germany)

(Vysekantsev
et al., 2005)

(Germann et al.,
2013)

(Angel et al.,
2016)

(Cosentino
et al., 2007)

(Pogozhykh
et al., 2017)

(Xu et al., 2021)

(Okuda et al.,
2024)

(Mrowiec et al.,
2012)

temperature on CBP quality. Therefore, shipping operation designs need
to consider temperature fluctuation across the glass transition temper-
ature, as shown in Fig. 9.

Most previous studies on temperature fluctuations have assumed
that the same fluctuation patterns occur repeatedly. However, the
temperature profiles during actual shipping operations vary depending
on factors such as the number and arrangement of CBPs in storage
containers (Hunt, 2019). Moreover, factors such as container size and fill
volume of CBPs may also contribute to variations in temperature fluc-
tuation patterns within the container (Pasha et al., 2020). Notably, not
all fluctuations occurring under expected storage configurations can be
identified using manual temperature measurements. Therefore, a tech-
nology that calculates the temperature profiles through thermodynamic
simulations would be effective for predicting their impact on CBP
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quality. Methods to suppress temperature fluctuations include per-
forming shipping operations on a cryogenic workbench (e.g., Cryocart)
using LNy (Benson et al., 2013), shortening the time required for the
operation, implementing mechanization and automation to suppress
temperature fluctuations such as storage equipment that picks only
containers with shipped CBPs (Fink et al., 2016) and transportation
equipment that could be connected to the storage equipment (Xu et al.,
2021). However, these are expensive and difficult to install in all cell
storage facilities despite aiding in suppressing temperature fluctuations.
In such cases, the upper limit of the number of fluctuations must be
determined after identifying the range of the temperature fluctuations.

Considering the challenge of the temperature fluctuations from the
viewpoint of cryopreservation solutions, the development or utilization
of cryopreservation solutions with high glass transition temperatures to
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Fig. 9. Schematic drawing of strategies for establishing stable cold chains to withstand temperature fluctuation. The temperature fluctuation trends are identified for
each expected shipping case. Then, appropriate shipping procedures are constructed based on their impact on CBP quality with respect to the range and number of
temperature fluctuations. Additionally, the development or use of cryopreservation solutions with high glass transition temperatures may be effective in improving
the robustness of cryopreservation solutions against temperature fluctuations. In this figure, Ty refers to the glass transition temperature.
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increase the gap between the glass transition and storage temperatures
would design shipping operations to withstand temperature fluctua-
tions. Sydykov et al. have reported a sucrose concentration-dependent
change in glass transition temperature after the addition of sucrose to
an aqueous solution containing 10 % DMSO (Sydykov et al., 2018) from
approximately 153 K to 172 K or 196 K after the addition of 0.5 or 1.0 M
sucrose. These findings demonstrate the possibility of developing cryo-
preservation solutions that are robust against temperature fluctuations.
To the best of our knowledge, no commercial cryopreservation solutions
that focus on the glass transition temperature are yet available; however,
glass transition temperature may become an important design factor in
the future development of cryopreservation solutions to withstand
temperature fluctuations due to shipping operations. In addition, addi-
tives that inhibit ice recrystallization have attached increasing attention.
Low-molecular-weight ice recrystallization inhibitors have been re-
ported to suppress recrystallization during both freezing and thawing,
potentially protecting red blood cells from damage caused by transient
temperature increases (Briard et al., 2016). These findings suggest that
ice recrystallization inhibitors may serve as a complementary strategy to
mitigate the detrimental effects of temperature fluctuations during the
storage and transport of CBPs.

Recently, technical guidelines on the storage of cells used in regen-
erative medicine and cell therapy have been issued, underscoring the
importance of proper cell storage from a regulatory perspective (Uno
et al., 2025). Strategies that account for temperature fluctuations are
expected to play a key role in supporting the development of these
guidelines and the corresponding storage procedures.

8. Preparation of stored cell-based products for use

As part of the preparation for culturing or administration, stored
CBPs are thawed and, if necessary, subjected to the CPA removal pro-
cess. This chapter discusses strategies for maintaining the quality of
CBPs, during thawing and CPA removal process.

8.1. Thawing process

During the thawing process, the warming rate is one of the key pa-
rameters that affect the quality of CBPs. Although the response to
warming rates varies depending on the type of CPAs and other compo-
nents constituting CBPs, rapid warming at rates of 60 K/min or higher is
generally recommended to minimize the effects of both intracellular and
extracellular ice recrystallization (Baust et al., 2017; Yu and Hubel,
2020). The gold standard for thawing is immersion in a water bath at a
temperature between 310 K and 315 K (Gurina et al., 2016).

It is important to consider that the temperature profile during
thawing is nonlinear. For example, when thawing a cryotube containing
1 mL of cryopreservation solution in the water bath at 310 K, the average
warming rates are approximately 348 K/min from 123 K to 193 K, 117
K/min from 193 K to 253 K, and 14 K/min from 253 K to 273 K (Hunt,
2019). Poisson et al. reported that a reduction in warming rate at tem-
perature above 233 K led to an increase in the average size of intracel-
lular ice crystals (Poisson et al., 2019). In their study, warming rates of 2
K/min and 25 K/min were tested, revealing that slower warming
significantly promoted intracellular ice crystal growth. This temperature
range is assumed to be above the intracellular glass transition temper-
ature, as discussed in the previous chapters (Kilbride et al., 2021;
Meneghel et al., 2019). Taken together, these findings suggested that
slower warming rates may promote intracellular ice recrystallization
and consequently compromise the quality of CBPs. As noted by Baust
et al., the reduced warming rate in this temperature range may be
addressed by increasing the water bath temperature (Baust et al., 2017).
However, caution must be exercised to avoid overheating, as elevated
temperatures may exacerbate the cytotoxicity of CPAs.

Due to the risk of microbial contamination, the use of water baths is
generally avoided in clinical applications to maintain sterility
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(Muyldermans et al., 1998; Yu and Hubel, 2020). In addition, variations
in operator technique, such as differing immersion depth in the water
bath, can lead to inconsistent warming rates. Recently, automated dry-
warming devices have been developed (Kilbride et al., 2020), offering
a promising solution to these challenges. However, compared to water
baths that utilize it as a fluid and effective heat conductor, dry-warming
devices tend to result in slower warming rates (Hunt, 2019). Addition-
ally, for larger-volume containers such as bags, warming rates may vary
spatially within the container, with slower warming occurring at certain
locations. This spatial heterogeneity should be taken into account, as it
can lead to variability in warming rates within the same unit. In the case
of bags, designing the container to be thin can help maximize the
surface-area-to-volume ratio, potentially reducing internal variability in
warming rates (Baboo et al., 2019).

Ice recrystallization inhibitors may have the potential to mitigate the
adverse effects of reduced warming rates (Poisson et al., 2019). There-
fore, combining a chemical approach using ice recrystallization in-
hibitors with an engineering approach employing automated dry-
warming devices may enable the maintenance of CBP quality during
the thawing process. Baboo et al. reported that when the cooling rate
during the freezing process was slow (1.0, 1.7 and 2.7 K/min in their
study), the viability of T cells and Chinese hamster ovary cells was less
affected by variations in the warming rate (Baboo et al., 2019). In
contrast, when faster cooling rates were used (10 and 100 K/min in their
study), they observed enhanced non-equilibrium crystallization, which
increased the likelihood of recrystallization during thawing process,
making the cells more sensitive to the warming rate. These findings
suggest a synergistic effect between freezing and thawing parameters,
highlighting the importance of designing cryopreservation processes in
an integrated manner rather than treating each process in isolation.

When assessing the quality of CBPs after thawing, it is essential to
establish evaluation systems that account for delayed cell death and
functional decline (Baust et al., 2017). For example, trypan blue staining
enables rapid and straightforward detection of cells that have lost
membrane integrity (Strober, 2019), and it is commonly used to deter-
mine the number of live cells after thawing. However, this method does
not allow for the prediction of delayed cell death, such as apoptosis,
which may be induced by the cryopreservation process. Indeed, it has
been reported that the effects of cryopreservation-related process pa-
rameters may manifest in a delayed manner (Kagihiro et al., 2020;
Kagihiro et al., 2018; Nair et al., 2022; Okuda et al., 2024). Therefore,
the quality assessment of CBPs after thawing should be conducted at
multiple time points following thawing to ensure accurate and reliable
evaluation.

8.2. Removal process of cryoprotective agents

In cases where CPAs exert adverse effects during post-thaw culture or
administration, their removal becomes necessary. Typically, thawed cell
suspensions are first diluted with fresh medium, followed by centrifu-
gation and resuspension in fresh medium (Glass et al., 2008). Similar to
CPA loading, CPA dilution should be designed with consideration of the
osmotic balance between the intracellular and extracellular environ-
ments. During dilution, water enters the cells, causing them to swell;
however, if this volumetric change occurs too rapidly, it may lead to
cellular damage (Penninckx et al., 1984). Strategies to mitigate this risk
include stepwise dilution protocols (Wang et al., 2010) and the addition
of osmolytes such as betaine (Sui et al., 2019).

However, CPA removal processes involving centrifugation require
operator intervention, and studies have reported that 27 % to 30 % of
cells can be lost depending on the operator’s technical skill (Glass et al.,
2008). This underscores the need for operator-independent methods.
For instance, microfluidic devices for DMSO removal (Glass et al., 2008;
Hanna et al., 2019) and dilution—filtration systems for glycerol removal
(Qiao et al., 2014) have been developed. The application of these de-
vices is expected to contribute to maintaining CBP quality. Moreover,
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operating them as closed systems offers advantages in ensuring sterility.

9. Application of simulation technologies for establishing stable
cryopreservation processes

Generally, several parameters need to be defined in cryopreservation
processes, which implies that considerable cost and time is required to
optimize these parameters based on cellular experiments. Computer-
aided process design (CAPD) has been studied for several decades in
the field of process systems engineering (Bogusch et al., 2001; Frutiger
et al., 2019; Gani, 2004; Lee et al., 2023; Liu et al., 2019; Qi et al., 2025;
Simasatitkul et al., 2013). These approaches may accelerate the opti-
mization of cryopreservation processes. This section introduces the ap-
plications of simulation technologies in establishing stable
cryopreservation processes.

Cell freezing has long been the subject of modeling studies. Mazur
et al. have developed a mathematical model for assessing the mass
transfer due to cell dehydration (Mazur et al., 1972; Mazur, 1984;
Mazur, 1970; Mazur, 1963). Toner et al. have constructed an ice-
nucleation-limited model to assess the mass transfer due to intracel-
lular ice formation during freezing (Toner et al., 1990). Subsequently,
these models to have been applied to various cells in various studies
(Anderson et al., 2019; Fadda et al., 2011; Traversari and Cincotti, 2021;
Tsuruta et al., 1998; Yi et al., 2014). Xu et al. proposed a prediction
method of an optimal cooling rate based on cell membrane permeability
(Xu et al., 2014). Recently, models of cell damage during freezing have
been developed to enable the design of freezing processes by incorpo-
rating the heat transfer during freezing (Hayashi et al., 2020). The
extended model estimates cell damage as a function of process condi-
tions such as cooling rate, cryovial material and size, or CPA. Addi-
tionally, the freezing process model was improved by incorporating the
process-condition data (Hayashi et al., 2021a). Based on simulations
using the improved model, a promising temperature profile that can
contribute to both quality and productivity was proposed for 16,206
candidate temperature profiles, and the validity of the cooling temper-
ature profile was confirmed experimentally (Hayashi et al., 2024). Thus,
temperature profiling could be a new standard for industrial cell
manufacturing.

Additionally, the modeling of cell thawing has been investigated in
several recent studies. Weng et al. have modified models of cell damage
during freezing to estimate the cell volume during thawing (Weng et al.,
2010). Hopkins et al. have extended the ice-nucleation-limited model to
assess intracellular recrystallization (Hopkins et al., 2012). Len et al.
have found that the exposure of cells to high temperatures causes the
intracellular accumulation of reactive oxygen species during thawing
(Len et al., 2019). Kagihiro et al. have indicated that reactive oxygen
species accumulation induces apoptosis in cells in a cryopreservation
solution (Kagihiro et al., 2020). Subsequently, a mathematical model
has been developed to evaluate the impact of reactive oxygen species
accumulation on cell quality by incorporating the heat transfer during
thawing (Hayashi et al., 2022). The optimal thawing temperature and
cryovial diameter for productivity change significantly depending on
the acceptable quality specifications and cell demand. Recently, intra-
cellular recrystallization during thawing has been mathematically
modeled (Yuan et al., 2025). Recrystallization models may be used to
evaluate the relationship between the heating rate during thawing and
cell damage caused by recrystallization, which could aid in optimizing
the heating temperature profile during thawing.

Large-scale freezing processes must be established to accommodate
the growing demand for CBPs (Li and Ma, 2012). Furthermore, rigorous
simulation of heat and mass transfer in large-scale freezing using CFD-
based models is quite useful to scale up freezing processes. A thermo-
mechanical stress analysis of cryopreservation in cryobags was con-
ducted (Solanki et al., 2017). It was demonstrated in the work that while
the level of stress may generally increase with the increasing amount of
CPA filled in the cryobags, the ratio between width and length of the
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cryobags would play a significant role. Recently, a CFD-based model was
applied to investigate the scale-up of freezing processes using a forced-
convection-based batch freezer that accommodated 235 cryovials
(Scholz et al., 2022). The results showed that an appropriate selection of
the inlet coolant velocity could achieve both high cell quality and low
heterogeneity of cell quality in the freezer. Furthermore, a continuous
freezing process was designed using a CFD-based model (Scholz et al.,
2024), which confirmed that the process could achieve both high cell
quality and productivity. Moreover, the freezing process did not require
complicated equipment or operations because it comprised four forced
convection-based batch freezers and a conveyor belt that could achieve a
rapid scale-up of freezing processes.

DMSO continues to be widely used in cell manufacturing (Elliott
et al., 2017; Hubalek, 2003). However, DMSO and glycerol affect cell
function because of their cytotoxicity (Best, 2015; Hunt, 2019; Iwatani
et al., 2006; Miyamoto et al., 2012; Young et al., 2004). Therefore, it is
preferable to avoid them—particularly in the case of CBPs—since cells
or products are implanted directly into the human body. Various
experimental approaches have attempts to identify CPA alternative to
DMSO (Matsumura et al., 2021; Matsumura et al., 2013; Pi et al., 2019;
Wen et al., 2016). However, the time and resources required for the
experimental search for alternative CPAs among the various candidates
has been challenging. To overcome this problem, several studies have
applied simulations—particularly MD simulations. For example, Pos-
okhov and Kyrychenko investigated the effects of acetone accumulation
on the structures and dynamics of lipid membranes (Posokhov and
Kyrychenko, 2013). Weng et al. have calculated the effects of temper-
ature and concentration on the hydrogen-bonding abilities of ethylene
glycerol and glycerol as candidate CPAs (Weng et al., 2011). Hughes
et al. have shown interactions between DMSO and the phospholipid
bilayer of cell membranes (Hughes et al., 2012). Recently, 40 com-
pounds were subjected to computational screening as CPAs for CBPs
using quantum chemistry and MD simulations (Hayashi et al., 2021b).
Based on the screening results, formamide, thiourea, and urea were
selected as the first candidates for further investigation. Furthermore, a
screening support method for CPAs and CBPs was developed based on
their environmental impacts (Hayashi et al., 2023). According to the
evaluation results, the environmental impacts of the agricultural- and
livestock-origin groups were higher than those of the natural-resource-
origin group. Recently, a computer-aided molecular design-based
approach was used to search for comprehensive compounds like CPAs
for stem cells (Tamaki et al., 2025). The results showed that 1-methyli-
midazole and pyridazine were selected as promising CPA candidates for
establishing novel DMSO-free cryopreservation solutions. Furthermore,
a computer-aided high throughput method for simultaneous screening
of membrane permeability was developed (Ahmadkhani et al., 2025),
which would contribute to a more efficient search for alternative CPAs.

Thus, computer-aided processing approaches have been used to
resolve individual issues in cryopreservation processes. Consequently,
solutions for each individual issue may be proposed by appropriately
utilizing the experimental data. However, future studies must develop
models that can comprehensively address the entire process and resolve
its challenges. Such models are expected to support the design of cryo-
preservation process aimed at enhancing the quality stability of CBPs.

10. Conclusion and future perspectives

In this review, we have summarized the fundamental concepts of cell
preservation and provided technical insights, from both experimental
and simulation perspectives, to enhance the quality stability of CBPs
during the cryopreservation process. As the global market for CBPs is
projected to grow, scalable cryopreservation processes need to be ur-
gently developed, which warrants the introduction of the concept of cell
manufacturability, involving the understanding of process aspects such
as variations in process parameters and biological aspects such as cell
characteristics. This fundamental understanding must be enhanced to
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efficiently optimize the cryopreservation processes through the use of
simulation technologies, which could help reduce the burden on both
time and resources. Furthermore, the accumulation of experimental data
and application of simulation technologies would enable the future
construction of digital twins, which may enable faster and more efficient
design and development of scalable cryopreservation processes.

This review has primarily focused on CBPs composed of isolated
cells. However, the development of stable cryopreservation processes for
three-dimensional structures such as cell aggregates and organoids is
expected to become increasingly important in various fields, including
regenerative medicine, cell therapy, drug screening, and alternatives to
animal testing (Han et al., 2024). Because of the differences in heat and
mass transfer characteristics between isolated cells and three-
dimensional structures, cryopreservation process optimized for iso-
lated cells may not be directly applicable to more complex systems. This
indicates the need to redesign the composition of CPAs and process
parameters to account for the specific properties of these structures.

For example, Moisieiev et al. reported that the permeability of DMSO
across the cell membrane significantly decreases toward the center of
cell aggregates (Moisieiev et al., 2021). In addition, Gordiyenko et al.
pointed out the possibility that dense cell packing within aggregates
may restrict water transport across the cell membrane driven by osmotic
gradients (Gordiyenko et al., 2024). These observations indicate that
mass transfer limitations, such as reduced CPA permeability and
restricted water transport, may influence key steps in the cryopreser-
vation process, including CPA loading and elution, as well as dehydra-
tion during freezing. Moreover, temperature gradients that can arise
inside three-dimensional structures may lead to slower cooling and
warming rates. Therefore, it is challenging to directly apply the cryo-
preservation process developed for isolated cells to three-dimensional
structures.

Nevertheless, the cryopreservation process design strategies dis-
cussed in this review for isolated cells may be applicable to three-
dimensional structures, provided that their distinct thermal and mass
transfer characteristics are properly considered. In the future, a deeper
understanding of heat and mass transfer in three-dimensional structures
will be crucial for the successful development of their cryopreservation
processes.
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