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Abstract

Organoids represent indispensable opportunities for biomedicine, including drug discovery, cancer
biology, regenerative and personalised medicine or tissue and organ transplantation. However, the lack
of optimised preservation strategies limits the wide use of organoids in research or clinical fields. In
this review, we present a short outline of the recent developments in organoid research and current
cryopreservation strategies for organoid systems. While both vitrification and slow controlled freezing
have been utilized for the cryopreservation of organoid structures or their precursor components, the
controlled-rate slow freezing under protection of Me,SO remains the most common approach. The
application of appropriate pre- or post-treatment strategies, like the addition of Rho-kinase or myosin
inhibitors into cell culture or cryopreservation medium, can increase the recovery of complex organoid
constructs post-thaw. However, the high complexity of the organoid structure and heterogeneity of
cellular composition bring challenges associated with cryoprotectant distribution, distinct response of
cells to the solution and freezing-induced injuries. The deficit of adequate quality control methods,
which may ensure the assessment of organoid recovery in due term without prolonged re-cultivation
process, represents another challenge limiting the reproducibility of current cryobanking technology.
In this review, we attempt to assess the current demands and achievements in organoid
cryopreservation and highlight the key questions to focus on during the development of organoid
preservation technologies.
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INTRODUCTION applied to approach the 3Rs strategy -
replacement, reduction and refinement

Gradual replacement of animal studies by (Directive 2010/63 EU). This long journey
cell-based model systems is currently widely  started with simple 2D cell cultures and is
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currently evolving towards complex 3D
environments, which ensure accurate cell-cell
and cell-matrix interactions, depiction of cell

polarisation and close to natural transport
dynamics for nutrients and gases.
The closest resemblance to native

tissue/organ structure is considered achievable in
organoid cultures. The history of 3D culturing of
cell aggregates traces back to the 1950s, but the
actual breakthrough in organoid research
happened in the 2000s after the discovery that
Lgr5-expressing adult intestinal stem cells in
Matrigel could self-organize and form
cryptvillus structures (1, 2). The discovery of the
methods for somatic cell reprogramming into
induced pluripotent cells (iPSCs) and the
improvement of culture methods for embryonic
stem cells (ESCs) played another key role in
boosting organoid research (1). Nowadays, the
term organoid represents stem cell-derived
cultures with the ability to self-assemble into a
3D structure, closely mimicking the natural cell
organisation, at least at the micro-scale level (3).
The unique, distinguishable features of
organoids compared to other 3D culture
platforms, including the closest resembling type
— spheroids, are the intrinsic self-organisation,
natural maturation of established structure and
some degree of key tissue-specific functional
features (e.g. contraction, nerve impulse
conduction, hormonal/paracrine  secretion,
filtration, etc.). These processes ensure the long-
term stability of organoids, while simple
spheroid cultures tend to disaggregate and lose
regular morphology (4).

Despite much attention recently being paid

to organoid generation techniques and
evaluating their functional competencies or
potential application in various fields of

biomedicine, the approaches for biopreservation
of these advanced 3D cultures are not fully
explored. Cryopreservation is the only strategy
to ensure the long-term preservation of
biological samples. However, the complexity of
organoid systems brings many challenges, which
can only be overcome by in-depth cryobiology
research and development.

In this review, we present a short outline of
the recent developments in organoid research
and focus on the current organoid
cryopreservation strategies.
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ORGANOID TYPES AND
GENERATION TECHNIQUES

Organoids can be generated from
pluripotent stem cells (ESCs / iPSCs),
multipotent organ/tissue-specific adult stem cells
(ASCs), or a re-aggregated mixture of primary
cells (3). Similarly, to generate the tumour
organoids, different types of cells, including
cancer cell lines, genetically transformed
somatic cells or patient-derived tumour cells,
can be applied (5). ESCs, isolated from the inner
cell mass of a blastocyst, possess high self-
renewal degree and ability to differentiate
toward all three germ layers (ectoderm,
mesoderm, and endoderm), providing vast
potential for organoid research [reviewed in (6)].
However, ethical issues linked to the use of
human embryos for ESCs isolation halt
widespread application of these cells in
biological studies. The discovery of somatic cell
reprogramming (7) introduced an alternative
source of cells that resemble characteristics of
ECSs and have almost unlimited capacities for
organoid generation. However, despite the
unique plasticity, the iPSC/ESC-based organoids
are known to fail to recapitulate gene expression
of adult tissues in vivo or can lead to the
formation of undesirable cell types (8).
Alternatively, the use of less potent post-natal or
adult tissue-specific stem cells with partially
determined fate can be considered not as a

limitation but as an advantage in 3D
bioengineering. Here, the patient-specificity of
the ASCs can overcome the limited

differentiation capacity when organoids are
intended for personalised medicine purposes (9).
Therefore, the choice of stem cells used for the
generation of organoids highly depends on their
following application and research goals.
Developing such a complex structure as an
organoid requires not only specific cell types but
also appropriate conditions, ensuring a “niche”
microenvironment. Organoid formation can
recapitulate  both  major self-organisation
processes during development: cell arrangement
and spatially restricted lineage commitment
(10). Standard organoid development stages
include cell proliferation, early differentiation of
single cells or clusters, spheroid formation and
following maturation, physical rearrangement,
cell sorting, controlled gene expression, and
morphogenesis. This process of organoid
formation generally takes 2 to 3 months
depending on the type and requires different



physical and chemical cues. In vitro, bioactive
molecules and cell culture conditions control the
maintenance and developmental stage. For
example, the initial specification of pluripotent
stem cells into endo-, ecto- or mesoderm is
driven by activation of Activin A, WNT/BMP4
or Activin A/BMP4 signalling pathways,
correspondingly (11). Further steps of tissue-
specific differentiation can be achieved by the
addition of a specialised cocktail of growth
factors leading to changes in cellular phenotype
and behaviour.

Numerous  successful  strategies  for
organoid generation have been developed so far
[reviewed in (1, 4, 12)]. The classical
extracellular matrix (ECM)-based approach
includes embedding cells into natural or
synthetic hydrogel products derived from
purified basement membrane of Engelbreth-
Holm-Swarm mouse sarcoma (EHS) that should
provide a scaffolding structure and mimic the
native microenvironment. EHS-based products
are commercially available under the trademarks
Geltrex®, Matrigel® or Cultrex® Basement
Membrane Extract and contain more than 300
biomolecules (13).

In attempts to reduce the complexity and
lot-to-lot variations, other natural biopolymers
such as type | collagen, fibrin, alginate and
hyaluronic acid have been studied as relevant
alternatives [reviewed in (5)]. Growing interest
has been recently noticed for synthetic
hydrogels, including PEG-macromers modified
with ECM- and integrin-binding peptides,
ensuring proper cell adhesion (14, 15).

Despite its proven efficiency and high
popularity, the hydrogel-embedding method
does not ensure the formation of organoids from
all tissues. This constraint led to the
development of alternative techniques including
but not limited to: i) hanging drop method (16);
ii) air-liquid interface exposure; iii) suspension
culture procedure accompanied by the use of
spinner flasks or rotating bioreactors; iv)
magnetic  levitation; v) microfluidic-based
approaches or 3D bioprinting [reviewed in (11,
17)]. As a result, by applying the proper
technique and signalling cues, various types of
3D organoids can be successfully formed:
intestine, brain, heart, liver, kidney, pancreas,
optic cup, lung, thyroid and others [reviewed in
(3,5,11)]

67

APPLICATION OF ORGANOIDS

As complex and self-organised structures,
organoids hold unlimited potential in studying
normal organ development and tissue
morphogenesis. Although physiological patterns
are challenging to be replicated in vitro, some
elegant and sophisticated organoid-based models
have been established.

The pioneering study of T. Sato and
colleagues on intestine organoids consisting of a
polarised, columnar epithelium, which was
patterned into villus-like structures and crypt-
like proliferative zones, confirmed a highly
coordinated interaction between different cell
types and signalling molecules in organoid
morphogenesis (2). These findings boosted this
scientific field and encouraged researchers to
generate artificial systems for modelling
cytoarchitecture and developmental trajectories
found in vivo. Recently, E. Gabriel and
colleagues presented a protocol for obtaining
optic vesicle-containing brain organoids with
photosensitising activity suitable for studying
vision and light perception (18). Another
striking example is a generation of hepatic
organoids with a well-organised functional bile
canalicular system that makes it possible to
analyse cholestasis in vitro (19). Together with
gene-editing tools, organoid models represent
unique platforms to reveal drivers of diseases
with unclear or multiple aetiology and help
improve current therapeutic strategies (20). With
this approach, numerous disease models have
been established, including cystic fibrosis
pathology driven by a single gene mutation in
CFTR  (Cystic  Fibrosis  Transmembrane
Conductance Regulator), Wilson’s disease
associated with the loss of COMMD1 (Copper
Metabolism Domain Containing 1) and even
autism  spectrum  disorder mediated by
overexpression of FOXG1 (Forkhead Box G1)
(21, 22, 23). It is also worth mentioning the
application of organoids for parasitic infections
and  host-pathogen interaction  research
[reviewed in (24)].

New  opportunities for  personalised
treatment of tumours are offered by tumour
organoids that maintain cell-cell interactions,
genotype and microenvironment of the primary
sample they originate from. However,
considering the enormously high heterogeneity
of tumours, it is crucial to perform personalised
drug response screening and select the
prospective treatment options. It was reported



that patient-derived organoids recapitulate the
response  to  treatment in  metastatic
gastrointestinal cancer patients with high
accuracy (25). A series of other studies
implicating numerous cancer types confirmed
the potential of tumour organoids to act as
predictors for clinical treatment response
[reviewed in (26)].

Despite the extensive use of organoids for
cutting-edge basic science discoveries, their
application in regenerative medicine and tissue
engineering is still at the early stage. Numerous
constraints, including reproducibility and
scalability of the organoid generation
techniques, potential tumorigenicity of stem
cells and incomplete maturation of 3D structures
in vitro, limit their clinical application.
However, early preclinical results of organoid
transplantation showed significant promise for
future therapy. For instance, R. Fordham and
colleagues applied intestinal organoids to treat a
chemically induced colonic injury in mice (27).
The authors showed that cells of transplanted
organoids contributed to the regeneration of
damaged gut epithelium leading to a renewal of
crypt-like architecture. Benefits of organoid
transplantation have been shown in many other
disease models, such as ischemic stroke brain
injury, acute liver failure or diabetes (28, 29,
30).

LOW-TEMPERATURE
PRESERVATION OF ORGANOIDS

A wide variety of potential areas for
practical application of organoid cultures creates
a strong demand for their steady supply.
Introducing a cryopreservation step into the
manufacturing pipeline should help to boost the
availability of systems with tissue-like
architecture for academic / research, clinical or
commercial needs. In addition, cryopreservation
of complex organotypic structures during the
large-scale culture for more than several weeks
provides a feasible solution for controlling the
product quality in a reproducible manner
(31). Compared to cells in suspension, the 3D
organisation, large size and complexity of
natural tissue fragments and organoids
complicate the freezing approaches. The main
challenges to consider during multicellular
structure cryopreservation include disruption of
organised cell-cell interactions, potential cell
cryoinjury from growing ice crystals during the
freeze-thawing, different ~ osmotic  and
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cryoprotectant (CPA) tolerance of distinct cell
types within the single 3D environment. An in-
depth analysis of recent achievements, together
with a deep understanding of key cryodamaging
factors affecting cryopreservation of 3D tissues,
including organoids nature, are required to
overcome these obstacles.

Cryopreservation of tissues for subsequent
organoid generation

In the past decade, many attempts have
been made to cryopreserve isolated tissue
fragments for a subsequent organoid generation.
Successful formation and subsequent passaging
of organoids from cryopreserved biopsies have
been shown for malignant and normal tissues
(32, 33, 34). According to recent reports, in most
cases, the freezing solution contained permeable
dimethyl sulfoxide (Me,SO) in basal cell culture
media. Although the number of derived
organoids tended to be lower from
cryopreserved tissue compared to freshly
isolated, the overall success rate of the
procedure was comparable (33, 35, 36). A
recovery period of 3-7 days after thawing was
required to overcome a temporary deceleration
of functional activity post cryopreservation (32).
The initial growth of organoids formed from
frozen samples was slightly delayed, but during
the following passaging, the proliferation

activity intensified (35). The organoids
generated from cryopreserved tumour tissue
samples stored at —80°C for more than

six months had a similar expression of Ki67, a
cell proliferation marker, and cleaved caspase 3,
an apoptosis marker, as those derived from fresh
tissue (32). In addition, the slow freezing of
tissues did not affect the complexity of
multilayered morphological architecture specific
for organoids of pancreatic, endometrial and
gastrointestinal origin (33, 34, 35). The gene
expression patterns of cells in organoids formed
from cryopreserved and non-cryopreserved
tissues were almost identical, and the observed
changes were negligible (34, 35). Thus, isolating
organoids from frozen tissue samples is a viable
option to facilitate their distribution and
widespread use.

Nevertheless, from a practical point of
view, obtaining a ready-to-use organoid product
without the need for a laborious organoid
generation procedure seems to be a more
attractive option. The organoid biobanks
promise a valuable resource for basic science,
industry and clinical applications minimising



potential issues related to a typical multistep
organoid generation workflow and improving
the overall reproducibility of the studies. Large-
scale OMICs analyses, advanced functional
assays and therapeutic screenings can be
performed in the organoid models, thus
improving precision medicine and facilitating
drug discovery (37, 38).

Slow  freezing of
cryopreservation

Currently, dominating protocols for all
types of three-dimensional organoid assemblies
include the use of Me,SO (7.5-10%) and gradual
freezing to —80°C with the following transfer of
samples to —150°C or —196°C (39, 40, 41). To
improve the penetration of Me,SO, larger
structures are usually cut into small pieces (less
than 0.5-mm-diameter) before freezing. During
post-thaw recovery, such organoids can
successfully reassemble, regaining their initial
shape (40, 42). Even though the maintenance of
organoid integrity after cryopreservation is an
obligatory parameter, it is insufficient to confirm
the preservation of functional activity. During
the recovery stage, the verification of
proliferation potential and retention of an
unaltered gene signature are crucial. Positive
results confirming structure regrowth and
unchanged  expression  of  cell-specific
biomarkers have been reported for organoids of
different origins, including intestinal, retinal or
hepatic (40, 41, 43).

In more than half of published studies
utilising the slow freezing technique for
organoid cryopreservation, Rho kinase inhibitor
Y-27632 has been added to the freezing or
thawing/recovery media to improve the
cryopreservation outcomes (41, 42, 44). Rho
kinases are a family of serine/threonine kinases
involved in multiple biological processes,
including cell adhesion, motility, division and
differentiation (45). Rho kinase inhibitors as
additives are widely used for cryopreservation of
ESCs and iPSCs. They have been suggested to
reduce the dissociation-induced apoptosis by
modulation of gap junctions and strengthen
adhesive properties. It has been shown that the
inclusion of Y-27632 into the freezing medium
can increase the organoid recovery after
cryopreservation by 2.5-fold compared to
untreated organoids, while the addition of
ROCK inhibitor after thawing into the recovery
medium was slightly less effective and resulted
in a 2-fold improvement (46).

protocols organoid
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In addition to ROCK inhibitors, the benefits
of blebbistatin, a highly specific inhibitor of
myosin, have been recently proven for retinal
organoid cryopreservation. Multicellular
systems cryopreserved with 3 M Me,SO, 0.3 M
sucrose and 20 pM blebbistatin had slightly
blurry margins immediately after thawing but
recovered completely after four days of culture
(47). More importantly, the organoids retained
populations of retinal progenitors and retinal
ganglion cells based on positive immunostaining
for MCM2*/beta-tubulin* or HuD",
correspondingly. However, the full impact of
both ROCK and myosin inhibitors on recovered
cells has yet to be realised and detailed research
in this area should be done before clinical
application is attempted.

Organoids formation and culture are mostly
carried out by researchers with specialised
training, but using organoids for analysis should
be broadly available to all scientific community
members because they are indispensable models
for biomedical research and preclinical drug
discovery. The technology of in-plate
cryopreservation of organoids has been recently
proposed to ensure their ready-to-use availability
(44). Although the cryopreservation procedure is
technically complex and requires two different
controlled-rate freezers, it ensures a positive
outcome in the survival of hepatic, colon and
colon tumour organoids in 24- and 96-well plate
formats. Cryopreserved and non-cryopreserved
tumour organoids had comparable expression
levels of metabolism-associated genes GLUT1
and PKM2, proliferation marker MYC and
specific markers of stem and epithelial cells
LGRS, VIL, MUC2 (44).

Given the potential clinical application of
organoids, the latest trends in the field are driven
by the attempts to develop safer protocols. One
of the main requirements for cell-based
therapeutics is their manufacturing using GMP-
compliant xeno-free media, while in most
research studies, foetal bovine serum remains
the key component for both culture and freezing
media. Nevertheless, encouraging results have
been recently achieved using commercially
available serum-free cryopreservation solutions
mFreSR™  or  Cryostor® (STEMCELL
Technologies) (40, 48, 49). In this case, the
viability of intestinal and hepatic organoids
ranged within 70-80% after thawing, with the
following successful recovery over time (40,
48). The karyotype of organoids maintained
stability until passage 40 (40). Considering the



cytotoxicity of Me,SO, first attempts have been
recently made to reduce the cryoprotectant
concentrations. Lee and colleagues (50) showed

the possibility of reducing the Me,SO
concentration from 10% to 5% without
significant changes in cell viability after

cryopreservation. There was no discernible
difference in gene expression between control
(unfrozen) and  cryopreserved  organoids
confirming the suitability of the proposed
approach. Minimal negative effect on the
structure of ovine abomasum and ileum
organoids has been reported after long-term (18
months) low-temperature storage and following
seven days of in vitro culture (49). However, in
another study, extended storage in liquid
nitrogen caused a noticeable time-dependent
decrease in the survival rate of cells that should
be taken into account during the establishment
of standardised cryopreservation protocols for
organoids (46).

Vitrification of organoids

Nowadays, vitrification is considered a
promising approach to freezing large-sized
objects, including oocytes, embryos, isolated
tissue fragments or even whole organs (51). This
technique allows freezing cells of very different
biophysical properties, that being the case in the
complex structure of fully developed organoids.
In contrast to traditional slow cryopreservation
techniques, applying fast cooling rates along
with a high concentration of CPA allows the
prevention of crystallisation in the extracellular
medium. It is suggested that the high
concentration of CPA in the vitrification solution
promotes rapid penetration and saturation of
central areas of organoids, and is therefore more
suitable for the preservation of multicellular
structures compared to slow freezing. Successful
vitrification has been recently shown for cancer
and non-cancer organoids (52, 53, 54). The
composition of vitrification solutions varies
across the studies, with Me,SO, ethylene glycol
and saccharides (sucrose, raffinose, dextran)
being the most common CPA. It was shown that
the vitrification of human testicular organoids
using a standard kit for cryopreservation of
human embryos (Vit Kit-Freeze, Irvine
Scientific, USA) allowed preservation of up to
95% of viable cells post-thaw. Cells within the
organoid recovered and displayed normal
phenotype during the subsequent 14 days of
culture in standard conditions (54). In line with
this study, another group of authors confirmed
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retention of the delineated interior-interstitial
and exterior-seminiferous compartments after
vitrification of the same type of organoid,
although lower GATA4 immunoreactivity (a
transcription factor regulating embryogenesis
and, in particular, myofibroblasts differentiation
and normal testicular development) and a more
diffuse aSMA distribution (a marker of activated
myofibroblasts) was noticed (55). These changes
suggest an alteration in myogenesis-related
pathways after vitrification.

It is worth noting that the use of CPA in
high concentrations, common in vitrification,
requires careful removal of the CPA
immediately after thawing using a stepwise
dilution with a washing solution. Removal of
vitrification media should be gradual to avoid
cell swelling associated with the difference in
osmotic concentrations. To date, a wide variety
of washing solutions and protocols for CPA
removal (varying duration of each dilution step
or incubation temperature) has been reported,
but all of them are time-consuming and an
optimal procedure is yet to be developed.
Moreover, the final step of CPA removal
procedures usually includes centrifugation,
which increases the risk of organoid integrity
impairment and contributes to cell damage as an
additional stress factor. Q. Liu and coauthors

(53) recently proposed a novel in situ
cryopreservation technology on the
superhydrophobic ~ microwell array chip,

eliminating the harvesting and centrifugation
steps. Authors showed that after vitrification and
thawing of lung cancer organoids on a chip
covered with Matrigel®, the CPA could be
removed by gentle washing. Assessment of
organoids at different time points during
recovery revealed spheroid-like morphology
similar to the unfrozen counterparts. Cells were
able to grow and retained the expression of
squamous cell lung cancer markers, including
p40, p63, and CK5/6 (53). Despite preliminary
encouraging results, thawing of vitrified
organoids can be associated with
recrystallisation leading to cell injury. In order to
minimise  the damaging effect, novel
technologies for rapid and uniform warming of
large objects have been proposed (56).
Importantly, cell type-specific CPA cocktails,
cooling rates, and effective post-thaw recovery
protocols are also required to achieve noticeable
progress in establishing banks for ready-to-use
organoids.
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FINAL REMARKS AND FUTURE
PROSPECTIVE

In this mini-review, we have discussed the
current state of organoid research, focusing on
the approaches used for organoid
cryopreservation and post-thaw recovery. The
simplified general pipeline of organoid research
is summarised in Figure 1. The significant
timing of organoid generation, which may reach
up to several months, limits their wide
application. Effective preservation strategies are
needed to expand organoid use in research and
industry. It is worth mentioning that, to date,
more than 15 relatively small “living biobanks”
of tumour organoids have been established (12).
In contrast, only a few examples of such
biobanks for non-tumour organoids have been
reported. Yet, the limited availability of the
samples, transportation issues and limited
organoid maintenance duration stimulate the
search for strategies, ensuring large-scale
prolonged preservation of organoids for
subsequent applications. The low-temperature
preservation approaches may overcome these
challenges and impulse progress in drug
discovery, disease modelling and treatment by
ensuring on-demand availability of the 3D
organoids with reproducible features.

In our review, we attempted to outline the
currently used CPA compositions, cooling
regimens or bioactive additives applied to reach
the demanded outcomes. Both  major
cryopreservation approaches (vitrification and
slow controlled freezing) have been proved to be
suitable for organoid preservation. Interestingly,
the majority of the published reports
demonstrate successful cryopreservation by
indirect parameters, such as reassembling or
regaining functional properties after a significant
post-thaw recultivation period, while the
primary evaluation is usually limited by cell
viability measurement. In order to reach the on-
demand availability of the organoids for basic
and translational research, it is necessary to
establish a broad spectrum of validated methods
ensuring the thorough evaluation of the
functional activity of organoids in due terms
post preservation. Moreover, since organoids are
multicellular structures, additional focus should
be placed on evaluating the response of distinct
cell types to the freeze-thawing process. The
obtained data will provide unique information
for the further improvement of cryopreservation
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protocols, establishing new conditions or non-
toxic cryoprotective cocktails. It is already clear
that new creative approaches are required to
minimise cell damage induced by freezing
complex multicellular  systems. Promising
results have been shown for intestinal organoids
encapsulated into core-shell alginate hydrogel
(57). The core-shell structure promoted a better
recovery of cells within the organoids, which
underwent slow freezing, most likely by
preventing intracellular ice formation and
reducing mechanical damage during post-thaw
centrifugation. Interestingly, the encapsulation
approach was initially proposed for spheroids
representing a simpler structure than organoids,
being composed of a single cell type (58).
Therefore, cell spheroids can be considered
affordable primary model systems in the
development of cutting-edge methods for
organoid cryopreservation. With advances in
understanding key parameters affecting cells
during freezing, it becomes possible to unravel
complex physical dynamics that occur during
cryopreservation using quantitative modelling
methods (59, 60). Appropriate processes
simulation can potentially help identify minimal
times needed for equilibration and saturation
with CPA and select the cooling and plunge
temperature while considering the individual
differences in membrane permeability and size
of individual cells or multicellular constructs.
The establishment of permeability coefficients
within the 3D spheroids/organoids will help
optimise freezing regimens and improve
cryopreservation outcomes. By combining the
experimental data and mathematical physics
equations, it has been shown that the
permeability coefficients for Me,SO differ for
cells in suspension and spheroids. Here, the
lowest calculated values have been reported for
the inner layers of 3D structures (61), which can
be related to cell-to-cell interactions and
synthesis of the intercellular matrix, affecting
the diffusion of water molecules and CPA. For
more sophisticated systems like organoids,
further advancement of proposed models
describing  cell/structure  behaviour during
freeze-thawing is essential.

It should be noted that there is a high
demand in organoids for performing mass-scale
3D assays in 96 or even 384 multi-well plate
format (62). Considering significant time- and
labour-investments  required for  organoid
development, it would be beneficial to separate
processes of 3D culture production and their



following use in testing. One of the promising
strategies capable of addressing this challenge is
the cryopreservation of a spatial arrangement of
various cells and the further application of
bioprinting to form organoids from these
immature freeze-thawed multicellular fragments.
Although being non-trivial and arduous, a
combination of cryopreservation and bioprinting
has already demonstrated successful examples
(62, 63). Cryopreserved spheroids of fibroblasts
were printed onto a needle array and used to
fabricate a scaffold-free tubular construct
(prototype of blood vessel, diaphragm, and
conduits for nerve regeneration) (63). The
feasibility  of  bioprinting of in-plate
cryopreserved colonoids using GelMA polymer
as a bioink has been recently shown; analysis of
obtained structures 48 h post-print showed high
cell viability and reproducibility (62).

The  multicellular  organoid  systems
represent unlimited opportunities in current
research and therapy. The strategies for effective
preservation of organoids may  bring
indispensable benefits with great potential in
various fields of biomedicine, including drug
discovery, regenerative and personalised
medicine or tissue and organ transplantation.

Acknowledgements: The study was supported
by the Ukrainian-Czech research project
#0121U113738, Czech Science Foundation 22-
12483S, 21-06065S and the Researchers at Risk
Fellowships of the Czech Academy of Sciences
RRFU-22-05 and RRFU-22-11.

REFERENCES

1. Corro C, Novellasdemunt L & Li VSW
(2020) American Journal of Physiology. Cell
Physiology 319, C151-c165.

2. Sato T, Vries RG, Snippert HJ, van de
Wetering M, Barker N, Stange DE, van Es
JH, Abo A, Kujala P, Peters PJ & Clevers H
(2009) Nature 459, 262-265.

3. Kim J, Koo B-K & Knoblich JA (2020)
Nature Reviews Molecular Cell Biology 21,
571-584.

4, Sakalem ME, De Sibio MT, da Costa F & de
Oliveira M (2021) Biotechnology Journal
16, e2000463.

5. Thakuri PS, Liu C, Luker GD & Tavana H
(2018) Adv Healthc Mater 7, €1700980.

6. Avery S, Inniss K & Moore H (2006) Stem
Cells Dev 15, 729-740.

73

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Takahashi K & Yamanaka S (2006) 2, 663-
676.

Fowler JL, Ang LT & Loh KM (2020) Wiley
Interdisciplinary Reviews. Developmental
Biology 9, e368.

Takahashi T (2019) Annual Review of
Pharmacology and Toxicology 59, 447-462.
Lancaster MA & Knoblich JA (2014)
Science 345, 1247125.

Tortorella |, Argentati C, Emiliani C,
Martino S & Morena F (2022) European
Biophysics Journal 51, 105-117.

Schutgens F & Clevers H (2020) Annual
Review of Pathology 15, 211-234.

Magno V, Meinhardt A & Werner C (2020)
Advanced  Functional Materials 30,
2000097.

Klotz BJ, Oosterhoff LA, Utomo L, Lim KS,
Vallmajo-Martin Q, Clevers H, Woodfield
TBF, Rosenberg AJWP, Malda J, Ehrbar M,
Spee B & Gawlitta D (2019) Advanced
Healthcare Materials 8, 1900979.

Balion Z, Cépla V, Svirskiene N, Svirskis G,
Druceikaité K, Inokaitis H, Rusteikaité J,
Masilionis I, Stankevic¢iené G, Jelinskas T,
Ul¢inas A, Samanta A, Valiokas R &
Jekabsone A (2020) Biomolecules 10(5),
754.

Panek M, Grabacka M & Pierzchalska M
(2018) Cytotechnology 70, 1085-1095.
Duzagac F, Saorin G, Memeo L, Canzonieri
V & Rizzolio F (2021) Cancers 13(4), 737.
Gabriel E, Albanna W, Pasquini G, Ramani
A, Josipovic N, Mariappan A, Schinzel F,
Karch CM, Bao G, Gottardo M, Suren AA,
Hescheler J, Nagel-Wolfrum K, Persico V,
Rizzoli SO, Altmiller J, Riparbelli MG,
Callaini G, Goureau O, Papantonis A,
Busskamp V, Schneider T &
Gopalakrishnan J (2021) Cell Stem Cell
28(10), 1740-1757. e8.

Ramli MNB, Lim YS, Koe CT, Demircioglu
D, Tng W, Gonzales KAU, Tan CP,
Szczerbinska |, Liang H, Soe EL, Lu Z,
Ariyachet C, Yu KM, Koh SH, Yaw LP,
Jumat NHB, Lim JSY, Wright G, Shabbir A,
Dan YY, Ng HH & Chan YS (2020)
Gastroenterology 159(4), 1471-1486. e12.
Matano M, Date S, Shimokawa M, Takano
A, Fujii M, Ohta Y, Watanabe T, Kanai T &
Sato T (2015) Nature Medicine 21, 256-262.
Schwank G, Koo BK, Sasselli V, Dekkers
JF, Heo I, Demircan T, Sasaki N, Boymans
S, Cuppen E, van der Ent CK, Nieuwenhuis



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

EE, Beekman JM & Clevers H (2013) Cell
Stem Cell 13, 653-658.

Nantasanti S, Spee B, Kruitwagen HS, Chen
C, Geijsen N, Oosterhoff LA, van Wolferen
ME, Pelaez N, Fieten H, Wubbolts RW,
Grinwis GC, Chan J, Huch M, Vries RRG,
Clevers H, de Bruin A, Rothuizen J, Penning
LC & Schotanus BA (2015) Stem Cell
Reports 5, 895-907.

Mariani J, Coppola G, Zhang P, Abyzov A,
Provini L, Tomasini L, Amenduni M,
Szekely A, Palejev D, Wilson M, Gerstein
M, Grigorenko EL, Chawarska K, Pelphrey
KA, Howe JR & Vaccarino FM (2015) Cell
162, 375-390.

Shpichka A, Bikmulina P, Peshkova M,
Heydari Z, Kosheleva N, Vosough M &
Timashev P (2022) Drug Discovery Today
27, 223-233.

Vlachogiannis G, Hedayat S, Vatsiou A,
Jamin Y, Fernandez-Mateos J, Khan K,
Lampis A, Eason K, Huntingford I, Burke R,
Rata M, Koh DM, Tunariu N, Collins D,
Hulkki-Wilson S, Ragulan C, Spiteri |,
Moorcraft SY, Chau |, Rao S, Watkins D,
Fotiadis N, Bali M, Darvish-Damavandi M,
Lote H, Eltahir Z, Smyth EC, Begum R,
Clarke PA, Hahne JC, Dowsett M, de Bono
J, Workman P, Sadanandam A, Fassan M,
Sansom OJ, Eccles S, Starling N, Braconi C,
Sottoriva A, Robinson SP, Cunningham D &
Valeri N (2018) Science 359, 920-926.
Verduin M, Hoeben A, De Ruysscher D &
Vooijs M (2021) Frontiers in Oncology 11,
641980.

Fordham RP, Yui S, Hannan NR,
Soendergaard C, Madgwick A, Schweiger
PJ, Nielsen OH, Vallier L, Pedersen RA,
Nakamura T, Watanabe M & Jensen KB
(2013) Cell Stem Cell 13, 734-744.

Wang SN, Wang Z, Xu TY, Cheng MH, Li
WL & Miao CY (2020) Translational Stroke
Research 11, 983-1000.

Nie YZ, Zheng YW, Ogawa M, Miyagi E &
Taniguchi H (2018) Stem Cell Research &
Therapy 9, 5.

Lebreton F, Lavallard V, Bellofatto K,
Bonnet R, Wassmer CH, Perez L,
Kalandadze V, Follenzi A, Boulvain M,
Kerr-Conte J, Goodman DJ, Bosco D,
Berney T & Berishvili E (2019) Nature
Communications 10, 4491.

Nakano T, Ando S, Takata N, Kawada M,
Muguruma K, Sekiguchi K, Saito K,

74

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Yonemura S, Eiraku M & Sasai Y (2012)
Cell Stem Cell 10, 771-785.

Walsh AJ, Cook RS, Sanders ME, Arteaga
CL & Skala MC (2016) Scientific Reports 6,
188809.

Georgakopoulos N, Prior N, Angres B,
Mastrogiovanni G, Cagan A, Harrison D,
Hindley CJ, Arnes-Benito R, Liau S-S, Curd
A, lvory N, Simons BD, Martincorena I,
Wurst H, Saeb-Parsy K & Huch M (2020)
BMC Developmental Biology 20, 4.

Bui BN, Boretto M, Kobayashi H, van
Hoesel M, Steba GS, van Hoogenhuijze N,
Broekmans FJM, Vankelecom H & Torrance
HL (2020) Reproductive BioMedicine
Online 41, 465-473.

Tsai YH, Czerwinski M, Wu A, Dame MK,
Attili D, Hill E, Colacino JA, Nowacki LM,
Shroyer NF, Higgins PDR, Kao JY &
Spence JR (2018) Cellular and Molecular
Gastroenterology and Hepatology 6, 218-
222. e217.

Maenhoudt N, Defraye C, Boretto M, Jan Z,
Heremans R, Boeckx B, Hermans F, Arijs |,
Cox B, Van Nieuwenhuysen E, Vergote I,
Van Rompuy A-S, Lambrechts D,
Timmerman D & Vankelecom H (2020)
Stem Cell Reports 14, 717-729.

Driehuis E, Kretzschmar K & Clevers H
(2020) Nature Protocols 15, 3380-34009.
Zhou Z, Cong L & Cong X (2021) Frontiers
in Oncology 11, 762184.

Fitzgerald HC, Dhakal P, Behura SK, Schust
DJ & Spencer TE (2019) Proc Natl Acad Sci
USA 116, 23132-23142.

Mun SJ, Hong YH, Ahn HS, Ryu JS, Chung
KS & Son MJ (2020) Int J Stem Cells 13(2),
279-286.

Zur Bruegge TF, Liese A, Donath S, Kalies
S, Kosanke M, Dittrich-Breiholz O, Czech
S, Bauer VN, Bleich A & Buettner M (2021)
Stem Cells Int 2021, 9041423.

Jacob F, Ming GL & Song H (2020) Nature
Protocols 15, 4000-4033.

Reichman S, Slembrouck A, Gagliardi G,
Chaffiol A, Terray A, Nanteau C, Potey A,
Belle M, Rabesandratana O, Duebel J,
Orieux G, Nandrot EF, Sahel J-A &
Goureau O (2017) Stem Cells 35, 1176-
1188.

Prinelli A, Silva-Almeida C, Parks S, Pasotti
A, Telopoulou A, Dunlop S, Sutherland E,
Lynch M, Ewart MA, Wilde CJ & Tdpfer E
(2021) SLAS Discovery : Advancing Life
Sciences R & D 26, 32-43.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Amano M, Nakayama M & Kaibuchi K
(2010) Cytoskeleton 67, 545-554.

Han SH, Shim S, Kim MJ, Shin HY, Jang
WS, Lee SJ, Jin YW, Lee SS, Lee SB &
Park S (2017) World Journal of
Gastroenterology 23, 964-975.

Luo Z, Xian B, Li K, Li K, Yang R, Chen
M, Xu C, Tang M, Rong H, Hu D, Ye M,
Yang S, Lu S, Zhang H & Ge J (2021) Acta
Biomaterialia 134, 289-301.

Derricott H, Luu L, Fong WY, Hartley CS,
Johnston LJ, Armstrong SD, Randle N,
Duckworth CA, Campbell BJ, Wastling JM
& Coombes JL (2019) Cell Tissue Res 375,
409-424.

Smith D, Price DRG, Burrells A, Faber MN,
Hildersley KA, Chintoan-Uta C, Chapuis
AF, Stevens M, Stevenson K, Burgess STG,
Innes EA, Nisbet AJ & McNeilly TN (2021)
Frontiers in  Cellular and Infection
Microbiology 11, 733811.

Lee BE, Lee BJ, Lee KJ, Lee M, Lim Y/,
Choi JK & Keum B (2022) Biochem
Biophys Res Commun 595, 14-21.

Bojic S, Murray A, Bentley BL, Spindler R,
Pawlik P, Cordeiro JL, Bauer R & de
Magalhées JP (2021) BMC Biology 19, 56.
Spurrier RG, Speer AL, Grant CN, Levin
DE & Grikscheit TC (2014) J Surg Res 190,
399-406.

Liu Q, Zhao T, Wang X, Chen Z, HU Y &
Chen X (2021) Micromachines 12(6), 624.
Pendergraft SS, Sadri-Ardekani H, Atala A
& Bishop CE (2017) Biology of
Reproduction 96, 720-732.

75

55.

56.

57.

58.

59.

60.

61.

62.

63.

Sakib S, Uchida A, Valenzuela-Leon P, Yu
Y, Valli-Pulaski H, Orwig K, Ungrin M &
Dobrinski 1 (2019) Biology of Reproduction
100, 1648-1660.

Taylor MJ, Weegman BP, Baicu SC & Giwa
SE (2019) Transfusion Medicine and
Hemotherapy 46, 197-215.

Lu YC, Fu DJ, An D, Chiu A, Schwartz R,
Nikitin AY & Ma M (2017) Advanced
Biosystems 1(12), 1700165.

Massie I, Selden C, Hodgson H & Fuller B
(2011) Tissue Eng Part C Methods 17, 765-
774.

Benson JD, Chicone CC & Critser JK (2012)
Bulletin of Mathematical Biology 74, 1516-
1530.

Kundu P, Sukumar S & Kar SP (2018)
Materials Today: Proceedings 5, 18823-
18832.

Moisieiev A, Kovalenko I, Kovalenko S,
Bozhok G & Gordienko O (2021) Problems
of Cryobiology and Cryomedicine 31, 316-
325.

Topfer E, Pasotti A, Telopoulou A, Italiani
P, Boraschi D, Ewart MA & Wilde C (2019)
Toxicology In Vitro an international
journal published in association with BIBRA
61, 104606.

Arai K, Murata D, Takao S, Verissiomo AR
& Nakayama K (2020) PLOS ONE 15,
e0230428.



