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Abstract 

Three-dimensional (3D) culture systems, which include spheroids (SPs), provide a unique platform for 

studying complex biological processes in vivo and for enhancing the capabilities of in vitro test 

systems. Their uniqueness lies in the 3D organization of cells and in the reproduction of complex 

intercellular interactions, similar to those in native tissues and organs. These "mini-organs" can be 

used for fundamental research, tissue-engineering constructs, development of preclinical models for 

testing pharmacological drugs, etc. Important and current issues regarding SPs involve improving 

methods for their production and cryopreservation. Solving these issues will expand the range and 

effectiveness of their use in tissue engineering. Here, we describe the authors' research and experience 

on factors influencing the formation of SPs, which can enhance the understanding of their correct 

application and standardization. A crucial aspect of this review is the information on applying 

theoretical approaches based on physico-mathematical calculations to improve the quality of existing 

cryopreservation protocols for SPs. 

Keywords: cryopreservation, spheroid, parameters affecting the spheroid formation, theoretical 

models. 

 

INTRODUCTION 

The limitations and imperfections of 

traditional models (animal models and 2D 

cultures) have stimulated the development of 

and search for effective test systems (1, 2). 

Specifically, research results in animals often 

cannot be extrapolated to humans due to species-

specific differences and innate differences (e.g., 

in the immune system). Additionally, pathogens 

can mutate and adapt to animal models (2).  

The use of 2D cultures as test systems does 

not allow one to reproduce crucial aspects such 

as the complex microenvironment and 

sophisticated communication network of 

biochemical and mechanical signals between 

cells and the intercellular matrix, similar to those 

in the organism (3, 4, 5, 6). 2D models cannot 

replicate processes that are critical for assessing 

tumor progression, chemoresistance and 

treatment response (7). The transplanted cells, 

that are typically introduced into solution as 

monodisperse cells, quickly die or fail to 

sufficiently localize at the injection site. This 

limits the anticipated therapeutic effect (such as 

for injuries) to just a few days (8). The use of 2D 

cultures creates significant differences compared 

to conditions and processes in living organisms, 
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specifically in terms of the specialized functions 

of cell division and migration, gene and protein 

expression, signal transmission and cell 

sensitivity to various stimuli (7).  

Therefore, 3D cell models are an essential 

addition and alternative to traditional in vivo 

models and 2D cultures (3, 4, 5, 6). It is believed 

that 3D models can bridge the gap between in 

vitro and in vivo studies. Intercellular 

interactions, secretion of trophic factors and 

increased viability are considered as key 

advantages of 3D cultures compared to 2D 

cultures (9). 

Currently, there are several types of 3D 

models: SPs, organoids, 3D printing, and organ-

on-a-chip. All these models are not ideal, they 

have their advantages and disadvantages, which 

have been detailed by some authors (2, 10). The 

use of these model systems is individualized and 

depends on specific experimental tasks. Their 

general advantage over 2D cultures lies in their 

approximation to native tissues and in the 

reduction in the number of experimental artifacts 

(2, 10). 

The most complex and closest to the body 

of all 3D models are organoids (7). They 

perfectly imitate the physical and chemical 

conditions of a specific tissue. Unlike SPs, 

organoids have a more organized cellular 

architecture when cultured on specific matrices, 

resulting in a structured arrangement of cells. 

They are widely used in in vitro modeling, 

including the development of organ-on-a-chip 

models (2). How are organoids obtained? From 

what types of cells are they formed? These 

organotypic cultures (formations) arise from 

tissue-specific adult stem cells (ASC), 

embryonic stem cells (ESC) or induced 

pluripotent stem cells (iPSC) (8). Today, 

significant progress has been achieved in 

obtaining organoids from cells of various 

origins. For instance, several studies have 

investigated organoids derived from human 

intestine, lungs, kidneys, brain and liver cells, as 

well as from primary cancers of the colon, 

prostate, and pancreas (1, 11, 12). However, one 

of the main challenges lies in their 

reproducibility (2), which  is a significant 

limitation for the potential applications of 

organoid 3D cultures. Another significant 

disadvantage of organoid cultures is their 

inability to accurately reproduce the complex 

nature of cancer metastasis involving the 

affliction of several organs. During the 

cultivation of organoid explants, random 

changes in their subpopulation composition can 

occur (some cells may migrate away from the 

explant, while others may die off, etc.). All of 

the above complicates the standardization of 

such cultures and reduces the reproducibility of 

the experimental results obtained (2, 7, 10). 

3D printing is used to improve 

reproducibility, to eliminate variability in 

organoid sizes and to increase the scale of their 

production (2). However, the limitations of this 

model in replicating microscopic vessels and 

reduced cell viability restrict the use of 3D 

printing as a test system.  

Considering these issues, cellular SPs are a 

useful alternative to organoids, as their 

production can be more effectively standardized 

by taking into account the specific features of 

their structure and formation.  

However, despite numerous studies on the 

production and application of 3D cultures, there 

are still some unresolved issues related to their 

mass production, high-throughput screening of 

drugs and effective low-temperature storage 

technologies. 

The viability of complex 3D cultures is an 

important problem for their production and low-

temperature storage. Their viability depends on 

the diffusion of nutrients into the inner layers of 

SPs (13, 14). Numerous platforms and various 

equipments for cultivating SPs of different sizes 

and empirically selected cryopreservation 

protocols elaborated for single cells do not give 

basic answers about the causes of the hypoxic 

core formation (region of hypoxia with 

limitation of natural oxygen diffusion) and its 

effect on the viability and metabolism of SPs 

(15). In this regard, the elucidation of major 

causes that will allow improvements in the 

quality of SP derivation and low-temperature 

storage is an urgent objective of current cellular 

technologies (9, 16, 17). 

It is known that multicellular objects can be 

obtained from both healthy and diseased donors 

(including those suffering from cancer) and that 

they can mimic the architecture and physiology 

of the organs from which they were isolated 

(11). They can  also be obtained from different 

cells (9, 16, 17, 18, 19).  

Features of the intercellular adhesion-based 

3D culture structure and formation as well as 

advantages of 3D cultures over 2D ones are 

described in many publications (1, 3, 4, 5, 6, 12, 

20, 21, 22, 23, 24, 25, 26, 27). Moreover, many  

parameters should be taken into account when 

obtaining robust three-dimensional objects. For 
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example, numerous publications (4, 6, 15, 28, 

29, 30, 31, 32) have stressed  the importance of 

volume, diameter, external morphology, 

transparency (spheroid compaction indicator), 

growth kinetics (including growth delay) and 

invasive potential of SPs (Fig. 1). 

Let us consider the factors that affect the 

above parameters and the viability of 3D objects 

during their production. 

 

 

FACTORS AND PARAMETERS 

AFFECTING  SP FORMATION 

 

Penetration of compounds into SPs 

The penetration of nutrients into SP cells is 

an important factor affecting the formation of 

SPs (33). It is known that SPs become larger 

during cultivation and that the number of cells 

and the volume of the intercellular matrix (ICM) 

in them change (6, 15, 34, 35). ICM is usually 

fibrous, viscoelastic, and cell-adhesive. The 

ICM composition includes substances that can 

affect its hydrophilic characteristics, such as 

proteoglycans and glycosaminoglycans (34, 35). 

The ICM accumulation during SP cultivation 

and its influence on cell functions and diffusion 

of compounds through cellular membranes are 

debatable issues. For example, having 

constructed a physical/mathematical model of 

the osmotic behavior of SPs in cryosolutions, 

Moiseiev et al. calculated the permeability 

coefficients for water and DMSO molecules in 

SPs from L929 cells (35). These authors 

revealed that the extension of SP cultivation 

time (from 7 to 21 days) led to an increase in SP 

size (from 60 to 150-200 μm) and to a decrease 

in the permeability of water and DMSO 

molecules in SPs. When analyzing the 

permeability of cells in 100 μm SPs (100 cells) 

depending on their position, Moisieiev et al. 

found a 3.2-fold drop in DMSO permeability 

coefficients for cells of the inner layer compared 

to cells of the outer layer (35). At the same time, 

on the contrary, the energy-consuming processes 

[energy activation (EA)], which are necessary 

for the transport of compounds through the cell 

membrane, were enhanced when cultivation was 

prolonged. This phenomenon appears to be 

logical. Such changes were attributed to an 

enlarged size of SPs, resulting in the increased 

number and density of cells and matrix amount 

in SPs (34, 35). Similar assumptions were 

published by Kim et al. (6) who studied the 

effect of intercellular matrix on SP fusion. These 

authors showed that ICM volume increased 

during SP cultivation, which, in their opinion, 

slowed down SP fusion. However, in another 

study (12, 15), the authors came to different 

conclusions. Thus, when SPs were enlarged 

from 15,000 to 30,000 and 60,000 cells per SP, 

their packing density in the inner layers and the 

ICM amount were reduced. At the same time, 

the number of cavities detected with 

hematoxylin and eosin staining increased 

throughout the SP structure. The outer layer of 

cells appeared to be more densely packed 

compared to the inner layer of the SPs for all 

three sizes (15,000, 30,000, or 60,000 cells per 

SP). Regarding ICM accumulation in SPs during 

cultivation, it was discovered that the synthesis 

of ICM proteins (laminin, elastin, type 1 

collagen and fibronectin) was enhanced (15). 

However, cell-ICM interactions in SPs, which 

affect SP functional potential, were weakened as 

SPs became bigger (36). The above results on 

ICM changes during SP cultivation remain a 

debatable issue and depend, as described 

previously, on some parameters (type of cells, 

number of cells). 

The effect of SP size on viability and 

hypoxic core formation is also a matter of 

debate. It was proven that SP enlargement 

diminished cell metabolism and enhanced cell 

apoptosis (15). Insufficient oxygenation of cells 

of the inner layer is one of the hypotheses to 

explain this phenomenon. However, the results 

of a study (15), which investigated the effects of 

oxygen tension on hypoxic core formation and 

cell functions in SPs created from mesenchymal 

stem cells (MSCs), contradict this opinion. The 

authors measured the oxygen tension for MSC 

SPs of different sizes (15,000, 30,000, or 60,000 

cells) and, based on mathematical calculations, 

found that, regardless of size, the oxygen tension 

varied by ˂10% from the outer layer to the 

centre of MSC SPs. The researchers believed 

that this indicated a reduced packing density in 

the centre of MSC SPs as the SPs became larger 

which, as a result, facilitated the transport of 

oxygen and nutrients to the centre of MSC SPs. 

These authors associated such changes with an 

adaptive decrease in the density of matrix 

deposition and packing with an increase in SP 

diameter, which prevented hypoxic core 

formation in SPs (15). However, despite a slight 

change in oxygen tension in the inner layers of 

SPs, their cellular metabolism, in particular 

glucose absorption, significantly declined in line 

with an increase in the number of cells and in 
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Figure 1. Properties of spheroids that can be assessed using label-free brightfield and phase-
contrast microscopy 

the size of spheroids. These findings were in 

agreement with other studies (34, 35, 36). In 

addition, in the Murphy et al. study (15) the 

initiation of cell apoptosis in SPs with an 

increase in the number of cells and without a 

hypoxic core was also noteworthy. This 

indicated that other ways of apoptosis initiation, 

which are not related to hypoxic nuclei or cell 

density, exist in 3D aggregates. Therefore, based 

on the above, the functioning of an SP depends 

more on its size than on the hypoxic core 

formation, and the area of the hypoxic core 

depends on the number of cells in an SP, as 

shown by Murphy et al. (15). Thus, these 

authors registered a significant increase in the 

hypoxic core area when the number of cells in 

MSC SPs increased to 250,000.  

In the Murphy et al. study (15) there was no 

correlation between the size of SPs, which were 

derived from cancer lines, and cell packing 

density. This indicates that SP formation 

depends on the species specificity of cells. That 

is, there are no unequivocal "hypoxia and 

metabolic activity - SP size" relationships; each 

case is individual and multifactorial. 

Species specificity of cells 

Di Caprio et al. (12) proved that SPs could 

be heterogeneous in composition, which makes 

them similar to the tissue structure. Thus, Zinn 

et al. (18) demonstrated successful SP 

development using different human cells (HH, 

HepG2, Hep3B, SNU-1079, and HuCCT1) in 

combination with three supporting cell types 

(HSC, HDF, and HUVEC). When the SP 

production protocol was adhered to, highly 

viable, non-aggregating spherical SPs (with a 

diameter of 200–400 μm) were formed. 

However, depending on the type of cells, the SP 

yield varied (18). The species-specific 

cryosensitivity of cells, specifically the 

physicochemical properties of membranes of 

different cells, was shown by Kovalenko et al. 

(37). These authors explained such discrepancies 

by differences in the viscosity of membrane 

lipids in cells of different origins. For example, 

the viscosity of the lipid phase of rat erythrocyte 

membranes was significantly lower than that of 

rabbit erythrocyte membranes, which, in turn, 

may be a cause of rapid penetration of diols and 

amides into rat erythrocytes (37). Similar 

discrepancies can occur in different types of 

cells in SPs. Numerous studies demonstrated the 

effects of the cell type on their ability to form 

SPs as well as on SP formation rate and 

morphology (38). Ferrari et al. (39) reported that 

SP size depended on the cell line. Murphy et al. 

(15) showed that the content of intercellular 

adhesion proteins and the oxygen gradient in 

SPs also varied among different types of cells. 

Special attention is drawn to coculture 

models, which can reproduce interactions of 

different types of cells. It is believed that such 

cocultures will help to clarify the effect of 

treatment on tumor growth, vascularization, 

metastasis, and response to chemotherapy (16). 
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Porter et al. (40) presented an in vitro coculture 

model based on immortalized insulin-producing 

beta cell lines and human endothelial cells in 3D 

SPs, the goal of which was to mimic islet 

morphology and to develop a standardized cell 

model for in vitro diabetes studies. It was found 

that the metabolic activity was higher in this 

coculture compared to monoculture, and 

glucose-stimulated insulin release increased 

more than 20-fold. In the Brylka et al. study (41) 

of the interdependent interactions of 

mesenchymal stromal cells (MSCs) with 

squamous cell carcinoma (SCC-040 cells) in 3D 

SPs, the genetic expression of Akt pathway 

proteins (mTOR, Erk1/2, and S6 p70 kinase) 

changed in the early stages of tumor 

development, which may indicate a turning 

point in tumor progression. 

Mechanical stress 

Delarue et al. (42) showed that physical 

properties such as local pressure or local tissue 

stiffness, could also be important parameters in 

the regulation of tissue growth. In particular, 

some genes in Drosophila embryos were shown 

to be mechano-sensitive, i.e., their expression 

was considerably modified when the pressure in 

the tissue changed or when the tissue was 

subjected to mechanical stress. Cell division and 

death (apoptosis) may also depend on local 

stress in the tissue (42). This stress dependence 

provides a vital feedback mechanism for tissue 

growth that is important in determining the final 

tissue morphology. This issue also concerns SPs. 

Cheng et al. (43), Dolega et al. (44) and Delarue 

et al. (45) proved that, in addition to well-

studied parameters of the microenvironment 

such as hypoxia and angiogenesis, the growth of 

multicellular objects (tumors) was affected by 

mechanical stress. In particular, Helmlinger et 

al. (46) suggested that mechanical stress could 

affect the phenotype of cells in tumors and, as a 

result, their proliferation and apoptosis. Multi-

cellular spheroids (MCSs) were cultured in 

porous agarose gels of different stiffness and it 

was shown that the stiffer the gel was, the 

smaller the MCSs became. A similar conclusion 

was drawn by Dolega et al. (44), who developed 

a microfluidic device for MCS formation in 

elastic permeable capsules. Delarue et al. (45) 

demonstrated that SPs from different cell lines 

subjected to compressive mechanical stress grew 

more slowly. A sequence of events starting with 

a decrease in cell volume, followed by reversible 

induction of a proliferation inhibitor (p27 Kip1) 

from the center to the periphery of the SP, led to 

a reversible decline in proliferation. At the same 

time, the response to mechanical stress was 

quantitatively the same in different types of 

cells, despite significantly variable cultivation 

conditions (47). From the Dolega et al. study 

(44), it is known that active and passive 

mechanical forces, which arise as a result of 

growth, control the tumor spread and the 

formation of new metastases. 

Impact of the cultural environment 

composition and derivation methods on SP 

formation 

Many studies have focused on how the 

composition of cultivation media and methods 

affect the properties of cells in SPs (12, 18, 27, 

48, 49, 50, 51, 52, 53, 54). For example, Ryu et 

al. (55) showed that medium composition and 

culture method were critical in controlling the 

phenotypes of patient-derived breast cancer cells 

(PDBCCs). Sachs et al. (11) developed 

cultivation protocols that allowed for the 

generation and long-term reproduction of 3D 

epithelial organoids. In contrast to the 

cultivation method developed by Ootani et al. in 

2009 (56), adult stem cell cultures lack 

mesenchymal cells and usually require niche 

factors, such as mitogenic epidermal growth 

factor (EGF), Wnt agonist R-spondin, 

transforming growth factor beta (TGF-β), and 

noggin as well as extracellular matrix surrogate 

basement membrane extract (BME or Matrigel). 

Depending on the species and organ, the 

following additional supplements are common: 

Wnt-3A and fibroblast growth factor (FGF) 10, 

activin receptor-like kinase (ALK) inhibitor 

A83-01, p38 mitogen-activated protein kinase 

inhibitor SB202190, and nicotinamide (57, 58, 

59). 

It should be noted that SP formation 

mechanisms also depend on the numerous 

production methods available and on the choice 

of appropriate biomaterials (12, 18, 19, 27, 48, 

49, 50, 51, 52, 53, 54). All these methods have 

advantages and disadvantages, which are well 

described in many publications. However, today, 

the effect of size on SP viability is an important 

problem in SP production. Thus, large and small 

SPs appeared to respond differently to the same 

stimuli. In particular, Cheng et al. (43) 

demonstrated the effect of SP diameter on the 

proliferation, differentiation, and cytotoxicity of 

cells in SPs. It has also been proven that 

diameter is one of the main criteria for selecting 
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SPs for effective screening of effectiveness and 

cytotoxicity of drugs. Therefore, given the 

challenge and importance of the production of 

SPs with controlled dimensions, methods that 

ensure the controlled formation of a large 

number of viable cell spheroids of identical 

diameter drew special attention (18, 28, 29, 38, 

43). Thus, Han et al. (38), proposed to use a 

two-phase aqueous system of polyethylene 

glycol and dextran with a controlled density to 

create SPs of the same size. This method 

significantly reduced the manipulation time of 

SPs, minimized errors, and boosted the 

reliability and efficiency of SP production. 

Schmitz et al. (60) showed that not only the 

number of cells but also platforms for SP 

production played an important role in the 

hypoxia evolvement. They found that hypoxia 

was detected earlier when ultralow adhesive 

plates were used in comparison with the 

hanging-drop method (60). This study 

highlighted that not only the cell type, passage, 

or SP diameter were crucial parameters for 

investigating 3D cell aggregates, but also that 

the actual fabrication platform critically affected 

the final state of the SPs. Unified platforms for 

SP cultivation and formation will contribute to 

the generation of comparable data by different 

research teams and increase the scope of useful 

information for 3D culture production. 

SP CRYOPRESERVATION 

Effect of SP diameter on the efficiency of 

cryopreservation 

The standardization of SPs as 

cryopreserved products that can be used 

immediately after thawing for various laboratory 

studies is a logical development for their use. 

Therefore, today, attention is focused on 

experiments that aim to optimize  the 

cryopreservation process, based on the selection 

of SP size, composition of cryopreserved 

solutions, cooling rate, etc. (61). Numerous 

researchers have highlighted issues concerning 

the quality of cryopreserved SPs with 

uncontrollable dimensions (4, 6, 29, 31, 33, 43, 

62). In particular, Shajib et al. (63) sought to 

establish an optimal SP size from two widely 

used cancer cell lines, C4-2B prostate cancer 

cells and MCF-7 breast cancer cells, and an 

optimal cryopreservation medium. C4-2B and 

MCF-7 cells were assembled into tumor SPs 

using a microwell platform; then they were 

cultured for 48 h. This cultivation method allows 

one to effectively mass produce SP tumors of 

the same size, which helps to optimize the SP 

formation process. Tumor SPs assembled from 

100 cells each were found to yield highly 

uniform tissue, and these SPs were more viable 

than those assembled from 200 or 400 cells in 

the initial cryopreservation experiments. Fresh 

and cryopreserved C4-2B or MCF-7 tumor SPs 

responded similarly to the test drug (docetaxel). 

Park et al. (64) discovered that microcardial SPs 

with a diameter of 100 μm, which were 

generated from CD71+ hESC and hiPSC‐CMs, 

showed significantly higher survival both under 

hypoxic conditions for 7 days and when frozen, 

compared to single hiPSC-CMs or larger 

aggregates of hiPSC-CMs (over 300 μm). In 

addition, a post-thaw survival assay showed that 

80% of frozen SPs (smaller than 300 μm in 

diameter) remained viable after 6-month 

cryostorage. These authors also suggested that 

the conspicuous expression of connexin 43 

protein inside microcardiac SPs (due to the 

proximal intracellular contact of hiPSC-CMs) to 

maintain their integrity seemed to be the main 

mechanism for better survival under a hypoxic 

environment and upon freezing. 

Cell plating concentration is another 

important factor influencing SP size (65). For 

example, Decarli et al. (66) showed that the SP 

diameter typically ranged from 50 to 800 μm. 

Gaskell et al. (29) found that, when SPs were 

formed from C3A hepatocarcinoma cells on a 

non-adhesive surface, the optimal initial 

concentration was 750 cells per 100 μL of 

medium. Wang et al. (67), using gastric cancer 

cell line HGC-27, showed that the SP diameter 

growth over time depended on cell plating 

concentration. The SP size was proportional to 

the initial number of cells. Thus, at a plating 

concentration of 300 cells per well, the SP 

diameter on cultivation day 4 was 400 µm (67). 

Zheng et al. (30) evaluated the effect of cell 

plating concentration (1×105, 2×105, 2.5×105, 

5×105 cells/mL) and of KnockOut™ serum 

concentration (0, 5, 10, 15%) on the number and 

size of SPs derived from human dental pulp 

progenitor stem cells (DPPCs). The results 

showed that plating concentrations ˃ 2×10⁵ 

cells/cm² and high concentrations of serum 

(10‒15%) led to a fusion of SPs. Pinto et al. (4, 

31) gave examples of the effects of plating 

concentration of different cells on SP formation. 

Tan et al. (31) modified the number of 

pluripotent cardiomyocytes (hiPSC-CMs) per SP 
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and outlined the principle of determining an 

optimal cell concentration for SP formation. 

This is related to two competing factors: reduced 

supply of oxygen and enhanced three-

dimensional adhesion of cells due to an increase 

in the number of cells per SP. Therefore, taking 

into account these factors, the optimal 

concentration of cells per SP maximizes the 

beneficial effects of the microenvironment of 

three-dimensional structures. Bozhok et al. (65) 

tested three concentrations of L929 cells (1×105, 

2×105, and 5×105 cells/mL) and found that the 

plating concentration of 2×105 cells/mL was 

optimal for the formation of viable SPs under 

anti-adhesive conditions. Murphy et al. (15) also 

demonstrated that the diffusion of nutrients 

diminished with an increase in the diameter of 

SPs, leading to a decrease in their metabolic and 

proliferative potentials and a boost in apoptotic 

processes. 

Current approaches to SP cryopreservation 

Current studies on the selection of SP 

cryopreservation methods are empirical and lack 

a thorough theoretical approach. It was 

experimentally established that it was advisable 

to use a penetrating cryoprotectant, DMSO, at a 

concentration of 5‒15%, for cryopreservation of 

SPs (68, 69, 70, 71, 72). In several studies (68, 

73, 74, 75, 76, 77), attention was paid to 

reducing DMSO concentration upon 

cryopreservation in order to abate its toxic effect 

and to develop serum-free media for thawing in 

order to optimize the use of SPs in clinical 

settings. Ma et al. (78) investigated the effect of 

DMSO concentration (3, 5, 7, 8, 10, 15, 20%) 

combined with the cooling rate of 1°C/min on 

viability of neurospheres of different diameters 

obtained from hippocampus. DMSO at 8% was 

optimal for 80–100 μm SPs, while 7% was the 

optimal concentration for 30–50 μm SPs. Dong 

et al. (73) determined the optimal concentration 

of DMSO (5%) for cryopreservation of SPs from 

mesenchymal stromal cells isolated from 

compact bone-derived mesenchymal stromal 

cells (BM-MSCs). It was shown that, upon 

freezing, this concentration did not affect 

stemness and osteogenic capacity of CB-MSC 

SPs, raising the possibility of using 

cryopreserved SPs for bone tissue engineering 

immediately after thawing without osteogenic 

induction.  

There is a growing interest in chemical 

compounds and materials that can mitigate 

cooling-induced injuries, in particular those that 

are caused by crystallization and apoptosis 

initiation. Induced nucleation is known to be 

beneficial for the viability of many cell types 

after thawing (79, 80). In the Gao et al. studies 

(81, 82), it was shown that inoculation of soluble 

ice nuclei (pollen polysaccharides) to prevent 

supercooling and mitigate intracellular 

crystallization improved recovery of A549 

(human alveolar basal adenocarcinoma) and 

SW480 (frozen/thawed adenocarcinoma) SPs. A 

combination of this strategy and of pre-

incubation with proline upon freezing in 

microwell plates increased total recovery of SPs 

from 40 to 70%, which was shown to be 

associated with a decrease in the amount of 

reactive oxygen species and in a rise in F-actin 

polymerization. 

Bissoyi et al. (83) showed that 

cryopreservation of HepG2 hepatocyte SPs in a 

standard DMSO solution supplemented with 

polyampholytes significantly improved viability 

of cells after thawing, as such cells had more 

intact membranes. These authors suggested that 

post-thawing recovery of cells might be 

associated with preservation of actin 

polymerization. In addition, after thawing, SPs 

cryopreserved in standard polyampholyte-

containing DMSO solution had a toxicological 

response to a chemotherapeutic drug 

(doxorubicin) which was similar to that of native 

(unfrozen) SPs. It was previously reported that 

polyampholytes functioned extracellularly in 

cell monolayers and enhanced dehydration and 

ion flux control, preventing osmotic shock (84). 

This may be a key advantage when 

multicomponent cryoprotectants, including 

inhibitors of intracellular ice recrystallization, 

are used for cryopreservation of multicellular 

structures. 

A solution containing human serum 

albumin (HSA) and N-acetylcysteine proved to 

be more efficient for cryopreservation of 

hepatocyte SPs for maintaining increased 

viability, reducing ammonia levels, enhancing 

urea secretion, and boosting albumin synthesis 

compared to a medium with 10% fetal calf 

serum (74). The effectiveness of using a serum-

free medium (commercial cryopreservation 

medium CryoStor® CS10) for cryopreservation 

of MSC SPs was also demonstrated (85). 

Analysis of viability, SP surface morphology, 

and expression of stem cell markers showed that 

these parameters were relatively higher after one 

freeze/thaw cycle in CS10 compared to 

traditional medium based on Dulbecco's 
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modified medium with 20% fetal serum and 

10% DMSO. 

Theoretical approaches to the elucidation of SP 

formation and of cryopreservation features  

Taking into account the importance of 

cryopreservation parameters in this review, we 

would like to focus on approaches for selecting 

effective protocols of SP production and of 

cryopreservation. At present, there are effective, 

theoretical calculation-based methods of 

determining some parameters of 3D cultures. 

For example, through calculations, Decarli et al. 

(66) determined the cost of reagents and the 

amount of obtained SPs. This study provided 

insight into the quality, reproducibility and cost 

of implementing 3D models. It was proven that 

mathematical modelling was an effective 

approach to the prediction of biological 

processes and analysis of complex physiological 

interactions (86, 87). Murphy et al. (15) used a 

physical/mathematical approach to determine 

the oxygen tension depending on the radius 

within SPs. Many discussions concern the effect 

of mechanical stress on cell growth in the inner 

layers of SPs. Owing to physical/mathematical 

calculations, Dolega et al. (44) proposed a model 

that predicts how the resulting volume modulus 

of an aggregate and the hydraulic diffusion of 

leaking intercellular fluid change under the 

influence of the stress inside the aggregate. 

Delarue et al. (42) presented theoretical 

calculations of the response of SPs to changes in 

external pressure. In this study, it was shown 

that cell density increased in the SP center 5 min 

after the pressure spike, but did not change 

significantly near the SP surface. These authors 

explained these findings by cell polarization. 

Based on the experimental results, they proposed 

a theory that takes into account the dependence 

of cell division and apoptosis rates on local 

stress, cell polarity, and active stress generated 

by cells. Ruske et al. (88) used both analytical 

arguments and three-dimensional modelling and 

revealed that proliferation gradients resulted in 

fluxes and activity gradients and that they both 

could align the axes of cell orientation within 

aggregates. Depending on the environmental 

conditions and on the internal properties of a 

tissue, the authors identified three different 

modes of alignment: SPs where all cells were 

aligned radially, SPs where all cells were 

aligned tangentially to the surface throughout 

the aggregate, and SPs with an angular 

orientation of cells close to the surface and 

radial alignment in the core. Their research 

allowed not only drawing conclusions about the 

dynamic parameters of cells but also elucidating 

new mechanisms for controlling the alignment 

of cells inside aggregates, which could affect 

mechanical properties and invasive potentials of 

tumors. The study of Amereh et al. (89) 

introduced a concept that shed light on the 

relationship between mechanical stress and 



Figure 2. Algorithm for determining the optimal cryopreservation modes for spheroids based on 
physico-mathematical modeling. 
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biological responses in tumors. Based on 

theoretical calculations, the authors elucidated 

the role of nutrient gradients as one of the key 

factors influencing tumor progression, its 

biomechanics, deformation, asymmetric 

remodeling and stress distribution. 

It is known that theoretical modelling has a 

huge impact in cryobiology as well (90). 

Theoretical calculations in cryobiology are 

believed to advance our understanding of the 

mechanisms underlying cell damage caused by 

low temperatures and to aid in improving 

cryopreservation protocols (87). For instance, 

there are some contemporary studies that 

represent methods of mathematical modeling 

related to heat and mass exchange processes 

during cryopreservation. Models span many 

spatial and time scales, ranging from cellular to 

tissue levels (91). Modeling membrane transport 

has long been utilized for the development of 

cryoprotective media, aiming at preventing 

excessive changes in cell volume and at 

minimizing protocol duration and cryoprotectant 

toxicity (92, 93, 94). Studies are underway to 

develop a more comprehensive framework for 

modeling tissue transport (95). Hence, a 

mathematical model of water and dissolved 

substances transport was developed for whole 

islets of the hamster pancreas. This model 

allows the  preservation of  their structural 

integrity and  the  optimization of  

cryopreservation protocols (96). 

Olver et al. (97), using physico-

mathematical approaches, presented an 

algorithm for calculating osmotic and cytotoxic 

damage to sea urchin oocytes during 

cryopreservation. Specifically, these calculations 

aimed at determining the optimal DMSO 

saturation time (ranging from 2 to 30 min), 

temperature (1.7°C, 10°C or 20°C) and 

concentration. These authors suggest that the 

proposed model, based on physico-mathematical 

calculations, enhances cell viability and 

elucidates important mechanisms of cell 

damage. 

However, despite a rather extensive 

implementation of theoretical calculations for 

three-dimensional objects, few effective 

protocols of SP cryopreservation are based on 

theoretical calculations. For example, in Tarusin 

et al. study (98), theoretical calculations were 

used to improve the quality of cryopreservation 

of encapsulated isolated cells. Moisieiev et al. 

(34, 35) determined the cryopreservation 

parameters for SPs, which were obtained from 

L929 cells under anti-adhesive conditions at 

different timepoints of cultivation. Having 

analyzed the osmotic behavior of SPs in 

cryoprotectant solution using 

physical/mathematical simulations of mass 

transfer processes, the authors determined the 

time of exposure to cryoprotectant at different 

temperatures of cryosolution, temperature, and 

cooling rate (Fig. 2). The authors treated the SP 

as a whole entity and considered its integral 

characteristics, which determine the time 

parameters of mass exchange between the SP 

and the medium, as analogues to the 

permeability coefficients of individual cell 

membranes. In several studies (34, 35, 61), it 

was theoretically determined that the time of 

exposure of SPs to 1 M DMSO was 10 times 

shorter than that of the standard protocol (10-15 

min). The authors established that the time of 

exposure of SPs to 1 M DMSO was significantly 

shortened when the temperature was raised from 

10 to 25°С. At the same time, the permeability 

coefficients for water and DMSO molecules 

increased, while, on the contrary, the energy 

consumption for compound penetration 

decreased. The feasibility of the calculations 

used in that study was proven by the authors in 

practice (61). Thus, due to the implementation of 

the theoretically calculated mode, the number of 

viable, functional, and full-featured SPs 

significantly increased compared to the standard 

modes (61, 99). The authors claimed that the 

proposed approach for determining the optimal 

time of saturation with a penetrating 

cryoprotectant could be used for SPs of any 

diameter, derived from any cells at any 

cultivation period, and at any cryosolution 

temperature (34, 35). Calculations can serve as 

an alternative to routine experiments and studies 

aimed at reducing the toxic effects of DMSO by 

lowering its concentration in the cryoprotective 

medium. In the study of Gordiyenko et al. (100) 

the usefulness of the aforementioned theoretical 

approach in determining the optimal 

cryopreservation protocol was confirmed for SPs 

derived from another cell type - mesenchymal 

stem cells.  

 

CONCLUSIONS 

 

Theoretical approaches and simulations 

based on physical and mathematical calculations 

for 3D cultures can become an alternative to 

routine studies and contribute to the improved 
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production, cryopreservation, and efficiency of 

3D cultures in cellular biotechnologies. 

 

Acknowledgements: This research did not 

receive any specific grant from funding agencies 

in the public, commercial, or not-for-profit 

sectors. 

REFERENCES 

1. Ramírez-Flores CJ & Knoll LJ (2021) PLoS 

Pathog 17, e1010080. 

10.1371/journal.ppat.10100800. 

2. Chia SPS, Kong SLY, Pang JKS & Soh B-S 

(2022) Biomedicines 10, 1541. 

10.3390/biomedicines10071541. 

3. Petrenko Yu, Syková E & Kubinová Š 

(2017) Stem Cell Res & Therapy 8, 94. 

10.1186/s13287-017-0558-6. 

4. Pinto B, Henriques AC, Silva PM & 

Bousbaa H (2020) Pharmaceutics 12, 1186. 

10.3390/pharmaceutics12121186. 

5. Pulze L, Congiu T, Brevini TAL, Grimaldi 

A, Tettamanti G, D'Antona P, Baranzini N, 

Acquati F, Ferraro F & de Eguileor M 

(2020) Intl J Mol Sci 21, 5400. 

10.3390/ijms21155400. 

6. Kim TY, Kofron CM, King ME, Markes 

AR, Okundaye AO, Qu Z, Mende U & Choi 

BR (2018) PLoS One 13, e0196714. 

10.1371/journal.pone.0196714. 

7. Dalir Abdolahinia E & Han X (2023) 

Cancers 15, 4266. 

10.3390/cancers15174266. 

8. Griffin KH, Fok SW & Kent Leach J (2022) 

NPJ Regen Med 7, 70. 10.1038/s41536-

022-00266-z. 

9. Kutle I, Polten R, Hachenberg J, Klapdor R, 

Morgan M & Schambach A (2023) Cancers 

15, 2518. 10.3390/cancers15092518. 

10. Jubelin C, Muñoz-Garcia J, Griscom L, 

Cochonneau D, Ollivier E, Heymann M-F, 

Vallette FM, Oliver L & Heymann D 

(2022) Cell Biosci 12, 155. 

10.1186/s13578-022-00887-3. 

11. Sachs N, de Ligt J, Kopper O, Gogola E, 

Bounova G, Weeber F, Balgobind AV, 

Wind K, Gracanin A, Begthel H, Korving J, 

van Boxtel R, Duarte AA, Lelieveld D, van 

Hoeck A, Ernst RF, Blokzijl F, Nijman IJ, 

Hoogstraat M, van de Ven M, Egan DA, 

Zinzalla V, Moll J, Boj SF, Voest EE, 

Wessels L, van Diest PJ, Rottenberg S, 

Vries RGJ, Cuppen E & Clevers H (2018) 

Cell 172, 373-386. 

10.1016/j.cell.2017.11.010. 

12. Caprio ND & Burdick JA (2023) Acta 

Biomater 165, 4-18. 

10.1016/j.actbio.2022.09.052. 

13. Gurumurthy B, Bierdeman PC & Janorkar 

AV (2017) J Biomed Mater Res A 105, 

1230-1236. 10.1002/jbm.a.35974. 

14. Curcio E, Salerno S, Barbieri G, De Bartolo 

L, Drioli E & Bader A (2007) Biomaterials 

28, 5487-5497. 

10.1016/j.biomaterials.2007.08.033. 

15. Murphy KC, Hung BP, Browne-Bourne S, 

Zhou D, Yeung J, Genetos DC & Leach JK 

(2017) J R Soc Interface 14, 20160851. 

10.1098/rsif.2016.0851. 

16. Abraham E, Bergeron A, King D, Sargent B 

& Sherman H (2020)  (eds) 3D Model 

Systems: Spheroids, Organoids and Tissue 

Models,  The Cell Culture Dish Inc.  

17. Deckers T, Hall GN, Papantoniou I, Aerts 

J-M & Bloemen V (2022) Front Bioeng 

Biotechnol 10, 946992. 

10.3389/fbioe.2022.946992. 

18. Zinn DA, Mehner C & Patel T (2023) STAR 

Protoc 4, 102264. 

10.1016/j.xpro.2023.102264. 

19. Gheytanchi E, Naseri M, Karimi-Busheri F, 

Atyabi F, Mirsharif ES, Bozorgmehr M, 

Ghods R & Madjd Z (2021) Cancer Cell Int 

21, 204. 10.1186/s12935-021-01898-9. 

20. Catterall R, Kurdieh R & McCaffrey L 

(2022) Methods in Molecular Biology 2438, 

455-466. 10.1007/978-1-0716-2035-9_26. 

21. Yamaguchi Y, Ohno J, Sato A, Kido H & 

Fukushima T (2014) BMC Biotech 14, 105. 

10.1186/s12896-014-0105-960.  

22. Nyberg SL, Hardin J, Amiot B, Argikar 

UA, Remmel RP & Rinaldo P (2005) Liver 

Transplantation 11, 901-910. 

10.1002/lt.2044661.  

23. Abu-Absi SF, Friend JR, Hansen LK & Hu 

WS (2002) Exp Cell Res 274, 56-67. 

10.1006/excr.2001.5467. 

24. Yen BL, Hsieh CC, Hsu PJ, Chang CC, 

Wang LT & Yen ML (2023) Stem Cells 

Transl Med 12, 235-244. 

10.1093/stcltm/szad011. 

25. Fontoura JC, Viezzer C, Dos Santos FG, 

Ligabue RA, Weinlich R, Puga RD, 

Antonow D, Severino P & Bonorino C 

(2020) Mater Sci Eng C Mater Biol Appl 

107, 110264. 10.1016/j.msec.2019.110264.  



11 

26. Kim W, Gwon Y, Park S, Kim H & Kim J 

(2022) Bioact Mater 19, 50-74. 

10.1016/j.bioactmat.2022.03.039.  

27. Maji S & Lee H (2022) Int J Mol Sci 23, 

2662. 10.3390/ijms23052662.  

28. Štampar M, Žabkar S, Filipič M & Žegura 

B (2022) Chemosphere 291, 132805. 

10.1016/j.chemosphere.2021.132805. 

29. Gaskell H, Sharma P, Colley HE, Murdoch 

C, Williams DP & Webb SD (2016) 

Toxicology Res 5, 1053-1065. DOI: 

10.1039/C6TX00101G.  

30. Zheng Y, Jiang LI, Yan M, Gosau M, 

Smeets R, Kluwe L & Friedrich RE (2021) 

In Vivo 35, 1965-1972. 

10.21873/invivo.12464.     

31. Tan Y, Richards D, Coyle RC, Yao J, Xu R, 

Gou W, Wang H, Menick DR, Tian B & 

Mei Y (2017) Acta Biomater 51, 495-504. 

10.1016/j.actbio.2017.01.029.  

32. Gordienko ОІ, Kovalenko IF, Kovalenko 

SYe, Kuleshova LG & Todrin AF (2021) 

Problems of Cryobiology and Cryomedicine 

31, 214-222. 10.15407/cryo31.03.214. 

33. Ryu NE, Lee SH & Park H (2019) Cells 8, 

1620. 10.3390/cells8121620. 

34. Moisieiev AI, Kovalenko IF, Bozhok GA & 

Gordiyenko OI (2021) Biophysical Bull 46, 

7-22. 10.26565/2075-3810-2021-46-01. 

35. Moisieiev A, Kovalenko I, Kovalenko S, 

Bozhok G & Gordienko O (2021) Problems 

of Cryobiology and Cryomedicine 31, 316-

325. 10.15407/cryo31.04.316. 

36. Hoch AI, Mittal V, Mitra D, Vollmer N, 

Zikry CA & Leach JK (2016) Biomaterials 

74, 178-187. 

10.1016/j.biomaterials.2015.10.003. 

37. Kovalenko GV, Kovalenko IF, & Linnik TP 

(2007) Problems of Cryobiology and 

Cryomedicine 17, 365-373.  

38. Han C, Takayama S & Park J (2015) Sci 

Rep 5, 11891. 10.1038/srep11891. 

39. Ferrari M, Cirisano F & Morán MC (2022) 

Molecules 27, 1247. 

10.3390/molecules27041247. 

40. Porter JM, Yitayew M & Tabrizian M 

(2023) J Diabetes Res 2023, 6610007. 

10.1155/2023/6610007. 

41. Brylka S & Böhrnsen F (2022) 

Biomedicines 10, 3283. 

10.3390/biomedicines10123283. 

42. Delarue M, Joanny J-F, Ju¨licher F & Prost 

J (2014) Interface Focus 4, 20140033. 

10.1098/rsfs.2014.0033. 

43. Cheng G, Tse J, Jain RK & Munn LL 

(2009) PLoS One 4, e4632. 

10.1371/journal.pone.0004632. 

44. Dolega M, Zurlo G, Goff ML, Greda M, 

Verdier C, Joanny JF, Cappello G & Recho 

P (2021) J Mechanics and Physics of Solids 

147, 104205. 10.1016/j.jmps.2020.104205. 

45. Delarue M, Montel F, Vignjevic D, Prost J, 

Joanny JF & Cappello G (2014) Biophys J 

107, 1821-1828. 10.1016/j.bpj.2014.08.031. 

46. Helmlinger G, Netti PA, Lichtenbeld HC, 

Melder RJ & Jain RK (1997) Nat 

Biotechnol 15, 778-783. 10.1038/nbt0897-

778.r. 

47. Van Liedekerke P, Neitsch J, Johann T, 

Alessandri K, Nassoy P & Drasdo D (2019)  

PLoS Comput Biol 15, e1006273. 

10.1371/journal.pcbi.1006273. 

48. Bresciani G, Hofland LJ, Dogan F, Giamas 

G, Gagliano T & Zatelli MC (2019) Front 

Endocrinol 10, 682. 

10.3389/fendo.2019.00682. 

49. Lee D & Cha C (2018) Pharmaceutics 10, 

229. 10.3390/pharmaceutics10040229. 

50. Qu F, Zhao S, Cheng G, Rahman H, Xiao 

Q, Chan RWY & Ho YP (2021) Microsyst 

Nanoeng 7, 38. 10.1038/s41378-021-

00267-w. 

51. Vadivelu RK, Kamble H, Shiddiky MJA & 

Nguyen NT (2017) Micromachines 8, 94. 

10.3390/mi804009453. 

52. Jensen C & Teng Y (2020) Frontiers Molec 

Biosci 7, 33. 10.3389/fmolb.2020.00033. 

53. Park JH, Lee JR, Park S, Kim YJ, Yoon JK, 

Park HS, Hyun J, Joung YK, Lee TI & 

Bhang SH (2023) Biomater Res 27, 51. 

10.1186/s40824-023-00383-w. 

54. Gao W, Wu D, Wang Y, Wang Z, Zou C, 

Dai Y, Ng CF, Teoh JY & Chan FL (2018) 

Stem Cell Res Ther 9, 243. 10.1186/s13287-

018-0987-x. 

55. Ryu S, Yoon SH, Song J, Choi Y, Lee S, 

Baek M, Lee HB, Jeon SY, Jon S, Lee D, 

Kim HS & Han W (2023) BMC Cancer 23, 

831. 10.1186/s12885-023-11185-7. 

56. Ootani A, Li X, Sangiorgi E, Ho QT, Ueno 

H, Toda S, Sugihara H, Fujimoto K, 

Weissman IL, Capecchi MR & Kuo CJ 

(2009) Nat Med 15, 701-706. 

10.1038/nm.1951. 

57. Sato T & Clevers H (2015) Cell 161, 1700-

1700. 10.1016/j.cell.2015.06.028.   

58. Lee GY, Kenny PA, Lee EH & Bissell MJ 

(2007) Nat Methods 4, 359-365. 

10.1038/nmeth1015.   



12 

59. Shaw KR, Wrobel CN & Brugge JS (2004) 

J Mammary Gland Biol Neoplasia 9, 297-

310. 10.1007/s10911-004-1402-z. 

60. Schmitz C, Potekhina E, Irianto T, 

Belousov VV & Lavrentieva A (2021) 

Front Bioeng Biotechnol 9, 611837. 

10.3389/fbioe.2021.611837. 

61. Moisieieva N, Moisieiev A, Gorina O & 

Akhatova Y (2023) IFMBE Proceedings 

89, 87-93. 10.1007/978-3-031-37132-5_12. 

62. Nicolas J, Magli S, Rabbachin L, 

Sampaolesi S, Nicotra F & Russo L (2020) 

Biomacromolecules 21, 1968-1994. 

10.1021/acs.biomac.0c0004592. 

63. Shajib MS, Futrega K, Davies AM, Franco 

RAG, McKenna E, Guillesser B, Klein TJ, 

Crawford RW & Doran MR (2023) J R Soc 

Interface 20, 20230468. 

10.1098/rsif.2023.0468. 

64. Park SJ, Kim H, Lee S, Kim J, Jung TH, 

Choi SW, Park BW, Kang SW, Elliott DA, 

Stanley EG, Elefanty AG, Ban K, Park HJ 

& Moon SH (2022) Clin Transl Med 12, 

e721. 10.1002/ctm2.721. 

65. Bozhok GA, Moisieiev AI, Gorina OL & 

Bondarenko TP (2019) Fiziol Zh 65, 34-40. 

10.15407/fz65.03.034. 

66. Decarli MC, Mizukami A, Azoubel RA, 

Neto PI, Mota C, Moraes ÂM, Silva JVL & 

Moroni L (2022) Biochem Engineer J 182, 

108414. 10.1016/j.bej.2022.108414. 

67. Wang J, Zhang X, Li X, Zhang Y, Hou T, 

Wei L, Qu L, Shi L, Liu Y, Zou L & Liang 

X (2016) Sci Rep 6, 24772. 

10.1038/srep24772. 

68. Lee JH, Jung DH, Lee DH, Park JK & Lee 

SK (2012) Transplant Proc 44, 1015–1017. 

10.1016/j.transproceed.2012.03.009. 

69. Ehrhart F, Schulz JC, Katsen-Globa A, 

Shirley SG, Reuter D, Bach F, 

Zimmermann U & Zimmermann H (2009) 

Cryobiology 58, 119-127. 

10.1016/j.cryobiol.2008.11.005.    

70. Novikova OYu, Sidorenko OS, Bozhok GA 

& Bondarenko TP (2019) Problems of 

Cryobiology and Cryomedicine 29, 344–

353. 10.15407/cryo29.04.344. 

71. Whaley D, Damyar K, Witek RP, Mendoza 

A, Alexander M & Lakey JRT (2021) Cell 

Transplantation 30, 1–12. 

10.1177/0963689721999617. 

72. Dludla PV, Jack B, Viraragavan A, Pheiffer 

C, Johnson R, Louw J & Muller CJF (2018) 

Toxicol Rep 5, 1014-1020. 

10.1016/j.toxrep.2018.10.002.  

73. Dong H, Li X, Chen K, Li N & Kagami H 

(2021) Tissue Eng Part C Methods 27, 253-

263. 10.1089/ten.TEC.2021.0001.  

74. Lee JH, Park HJ, Kim YA, Lee DH, Noh 

JK, Jung JG, Yoon HH, Lee SK & Lee S 

(2022) Bioengineering (Basel) 9, 738. 

10.3390/bioengineering9120738. 

75. Awan M, Buriak I, Fleck R, Fuller B, 

Goltsev A, Kerby J, Lowdell M, Mericka P, 

Petrenko A, Petrenko Y, Rogulska O, 

Stolzing A & Stacey GN (2020) Regen Med 

15, 1463-1491. 10.2217/rme-2019-0145. 

76. Petrenko YA, Rogulska OY, Mutsenko VV 

& Petrenko AY (2014) CryoLetters 35, 

239-246. 

77. Nurhayati RW, Pratama G & Dinastri M 

(2022) AIP Conf Proc 2537, 020006. 

10.1063/5.0107055.  

78. Ma XH, Shi Y, Hou Y, Liu Y, Zhang L, 

Fan WX, Ge D, Liu TQ & Cui ZF (2010) 

Cryobiology 60, 184-191. 

10.1016/j.cryobiol.2009.10.013. 

79. Daily MI, Whale TF, Partanen R, Harrison 

AD, Kilbride P, Lamb S, Morris GJ, Picton 

HM & Murray BJ (2020) Cryobiology 93, 

62-69. 10.1016/j.cryobiol.2020.02.008.       

80. Lauterboeck L, Hofmann N, Mueller T & 

Glasmacher B (2015) Cryobiology 71, 384-

390. 10.1016/j.cryobiol.2015.10.145. 

81. Gao Y, Bissoyi A, Kinney NLH, Whale TF, 

Guo Q & Gibson MI (2023) Chem Commun 

(Camb) 59, 9086-9089. 

10.1039/d3cc02252h.       

82. Murray KA, Gao Y, Griffiths CA, Kinney 

NLH, Guo Q, Gibson MI & Whale TF 

(2023) JACS Au 3, 1314-1320. 

10.1021/jacsau.3c00056. 

83. Bissoyi A, Tomás RMF, Gao Y, Guo Q & 

Gibson MI (2023) ACS Appl Mater 

Interfaces 15, 2630-2638. 

10.1021/acsami.2c18288. 

84. Matsumura K, Hayashi F, Nagashima T, 

Rajan R & Hyon S-H (2021) Commun 

Mater 2, 15. 10.1038/s43246-021-00118-1. 

85. Park JJ, Lee OH, Park JE & Cho J (2023) 

Biopreserv Biobank. 

10.1089/bio.2023.0057. 

86. Amereh M, Edwards R, Akbari M & Nadler 

B (2021) Micromachines 12, 749. 

10.3390/mi12070749. 

87. Anderson DM, Benson JD & Kearsley AJ 

(2020) Cryobiology 92, 34–46. 

10.1016/j.cryobiol.2019.09.013. 

88. Ruske LJ & Yeomans JM (2023) Soft 

Matter 19, 921-931. 10.1039/d2sm01239a. 



13 

89. Amereh M, Akbari M & Nadler B (2023) 

Sci Rep 13, 941. 10.1038/s41598-022-

26891-8. 

90. Benson JD (2021) Methods Mol Biol 2180, 

129-172. 10.1007/978-1-0716-0783-1_4. 

91. Xu F, Moon S, Zhang X, Shao L, Song YS 

& Demirci U (2010) Philos Trans A Math 

Phys Eng Sci 368, 561-583. 

10.1098/rsta.2009.0248. 

92. Gao DY, Liu J, Liu C, McGann LE, Watson 

PF, Kleinhans FW, Mazur P, Critser ES & 

Critser JK (1995) Hum Reprod 10, 1109-

1122. 

10.1093/oxfordjournals.humrep.a136103.               

93. Karlsson JO, Younis AI, Chan AW, Gould 

KG & Eroglu A (2009) Mol Reprod Dev 76, 

321-333. 10.1002/mrd.20956.       

94. Davidson AF, Glasscock C, McClanahan 

DR, Benson JD & Higgins AZ (2015) PLoS 

One 10, e0142828. 

10.1371/journal.pone.0142828. 

95. Warner RM & Higgins AZ (2021) Methods 

Mol Biol 2180, 173-188. 10.1007/978-1-

0716-0783-1_5. 

96. Benson JD, Benson CT & Critser JK (2014) 

Math Biosci 254, 64-75. 

10.1016/j.mbs.2014.06.003. 

97. Olver DJ, Heres P, Paredes E & Benson JD 

(2023) PeerJ 11, e15539. 

10.7717/peerj.15539. 

98. Tarusin DN, Kireyev VA, Kovalenko SYe, 

Kovalenko IF, Rozanov LF & Petrenko 

AYu (2016) Problems of Cryobiology and 

Cryomedicine 26, 133–144. 

10.15407/cryo26.02.133 93. 

99. Moisieiev АI & Bozhok GA (2022) Bulletin 

of Problems Biology and Medicine 2, 100-

108. 10.29254/2077-4214-2022-2-1-164-

100-108. 

100. Gordiyenko O, Kovalenko I, Rogulska O, 

Trufanova N, Mazur S & Petrenko O 

(2023) Cryobiology 113, 104673. 

10.1016/j.cryobiol.2023.104673. 

 

 

 


