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Abstract 

The process of freezing biological material at extremely low temperatures is known as cryopreservation. 

To ensure the preservation of cells and tissues over an extended period of time, low temperatures are 

applied since biological processes, including the biochemical ones, come to a halt under cryogenic 

conditions and thus it is possible to maintain their structural and functional integrity. The field of 

cryopreservation gained more prominence in the 20th century and emerged as an unavoidable 

technology for different applications such as cell therapy, tissue engineering, or assisted fertilization. In 

this work we provide an overview of various technologies in the field of cryotechnology with regard to 

the freezing, storage and thawing of living cells. The first part covers the freezing process, starting with 

cryoprotective agents regarding their protection mechanisms and compositions, passing by cryoimaging, 

micro-fluidic systems, and the currently available freezing and biobanking equipment. The second part 

focusses on the thawing process as well as the hypothermic preservation for the short-term storage of 

biological materials and constructs. 
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INTRODUCTION 

Kryos“ is the Greek word for (ice) cold and 

introduces the subject area of a research field that 

deals with the long-term preservation of different 

cell types or natural and artificially produced 

three-dimensional tissues at cryogenic 

temperatures (1). Cryogenic temperatures cover a 

range from -120°C to absolute zero (-273.15°C) 

(2). Peter Mazur pioneered the research field, by 

discovering that the result of cryopreservation 

depends on the cell type, as well as that the main 

parameters for freezing and thawing have to be 

optimised for each cell type and tissue (3). To 

achieve the best possible cell viability after 

thawing, existing techniques, e.g. for precise 

control of ice nucleation, are constantly being 

improved and new aspects related to cell-specific 

physical and biological parameters are being 

explored (1, 2). In the following, we provide an 

overview of possible technologies in 

cryotechnology with regard to the freezing, 
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thawing and storage of living cells. Thereby 

different methods and containers for the freezing 

of living cells as well as the necessary antifreeze 

agents with their respective advantages and 

disadvantages are presented. Finally, the topic of 

thawing with different methods and hypothermal 

storage is discussed. 

 

FREEZING 

Cryoprotective agents 

As a critical component of cryogenic 

storage, cryoprotective agents (CPAs) are 

necessary to freeze and recover the cells with high 

levels of integrity and functionality (4). CPAs are 

water-soluble molecules that are utilized in 

cryopreservation for their protective effect to 

greatly increase the survival rate of frozen cells 

and tissue. This occurs by inhibiting the growth 

of ice and reducing the dehydration of cells 

during the freezing and thawing process (5). 

CPAs are classified into two main catego- 

ries, namely: penetrating CPAs (pCPAs) and non-

penetrating CPAs (npCPAs). The pCPAs are non-

ionized molecules with a relatively low mo- 

lecular weight and small size, which enables them 

to cross the cell membrane and also diffuse into 

the cell interior. Because of these properties, they 

have been the most commonly used CPAs to date. 

The best known pCPAs are glycerol and dimethyl 

sulfoxide (DMSO) (6). In contrast, npCPAs are 

too large or too ionized to cross the cell mem- 

brane. Therefore, they are present only in the ex- 

tracellular space. npCPAs (e.g., sugars) are usu- 

ally less toxic than pCPAs and are often applied 

in addition to reduce the concentration of pCPAs 

used. However, the exact mechanisms of CPAs to 

protect cells during freezing and thawing have not 

been fully explored (7). 

When ice forms as temperatures drop below 

0°C, the solutes are excluded from the ice and 

concentrate in the remaining unfrozen solution. 

The cells are also located in the remaining spaces 

between the ice crystals. As the ice grows, these 

spaces become increasingly smaller. When the 

spaces become insufficiently small for the cells, 

the ice crystals also cause mechanical damage to 

the cells. CPAs inhibit ice growth and lower the 

melting point of water, resulting in less ice at any 

given temperature and larger areas for the cells to 

reside. Thus, larger areas enable reduced damage 

to cells from both types of freezing injury (8). 

Due to the concentration of solutes, osmotic 

processes take place, which are lethal to the cell. 

By adding CPAs, the concentration of 

electrolytes and salts decreases, mitigating the 

osmotic effects (6, 9). Additionally, formed ice 

concentrates the CPAs in the remaining solution 

and the increased concentration will increase this 

effect, but also the side effects of the CPAs. This 

increase in concentration must be considered in 

advance so that the cells are not exposed to toxic 

amounts of CPAs. In some cases, a mixture of 

several different CPAs is also applied to keep the 

toxicity of a single CPA lower (10, 11). 

In principle, npCPAs act in the same way as 

pCPAs, but they are only present in the 

extracellular space. As a result, they have the 

additional effect of promoting earlier water efflux 

out of the cells via osmosis, and the reduced 

amount of intracellular water decreases the 

likelihood of intracellular ice (8). There are two 

theories as to how sugars protect cells from death. 

The first is the water replacement hypothesis. 

According to this hypothesis, biological 

membranes and proteins are stabilized by 

disaccharides forming hydrogen bonds to the 

structures at risk. This direct interaction results in 

proteins and membranes retaining their physical 

state and not being deformed or destroyed. The 

second theory is that the disaccharides form a 

glass when dry, and thus have a protective effect. 

When the cell loses water by osmosis during 

freezing, this leads to a high molecular density and 

a reduction of molecular mobility. As a result, the 

cell is protected until water re-enters the cell 

interior (12, 13, 14) . The two theories are not 

mutually exclusive and Crowe et al. (14) assume 

that both described processes are necessary for 

the survival of organisms. However, for a 

protective effect of sucrose, the sugar must also 

be present in the cytoplasm of the cell. 

Today the gold standard in cryopreservation 

is the application of DMSO as a CPA with a 

concentration between 5% and 10% (4, 15). 

Using DMSO works perfectly in many 

cryopreservation applications but also presents a 

huge drawback. DMSO is highly cytotoxic at 

room temperature which demands one or several 

post-thawing washing steps to eliminate residual 

DMSO (16). Besides that, there were some 

reports about DMSO causing genetic and 

epigenetic alterations. This largely intensifies the 

search for alternatives in cryotechnology (17, 18, 

19). 

The alternatives to DMSO vary between 

syntactic materials, such as polymers, and natural 

substances like osmolytes. Sugars are often 

studied as alternatives to DMSO. But as 

previously mentioned, they lack the ability of 
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penetrating the cell membrane due to their large 

molecular size. This motivated investigations of 

enhancing the intra-cellular permeability of 

sugars. For example, some chemical approaches 

have been undertaken, such as conjugating 

trehalose with 2, 4 or 6 acetyl groups to improve 

its lipophilicity and thus its membrane 

permeability. Using six groups, it was possible to 

significantly enhance the intracellular trehalose 

delivery and no irreversible cellular damage was 

observed when examined on rat hepatocytes after 

14 days of incubation (20). Another work in this 

field investigated the delivery of esterified 

trehalose analogues, whether acelytated or 

propionylated (an easter with a longer chain), in a 

wider range of human cells. The results showed 

consistency with the last-mentioned study. The 

only drawback of this approach is the long 

incubation time required to deliver the sugars 

(21). Zhang et al. tried a different approach. They 

employed nanoparticles (NP) as sugar carriers 

into the cells. The utilized NPs were cold 

responsive, meaning that they disassembled after 

being exposed to cold temperature (0°C) (22). An 

alternative approach has applied electrical fields 

to reversibly or irreversibly create pores in the cell 

membrane, enabling an intracellular delivery of 

sugar. There have been many promising reports 

about electroporation being a successful 

substitute for DMSO (13, 23, 24). 

Pollock et al. investigated the use of multi-

component solutions including osmolytes to 

substitute cytotoxic CPAs. After computationally 

optimizing the composition of these solutions, 

with regard to the freezing rate and components, 

they used differential evolution (DE) algorithms 

(25). The group experimented with different 

solutions and incubation times on mesenchymal 

stem cells (MSCs). These solutions contained 

sugars (sucrose and glucose), sugar alcohols 

(mannitol and glycerol), and small molecule 

additives (creatine) in multiple concentrations. 

This work showed that the incubation time for the 

suggested DMSO- alternatives is high compared 

to DMSO or glyc- erol and might reach 90 min. 

Besides that, it could be shown that the osmolyte 

mixtures did not show a colligative effect as a 

protection mechanism but rather supposedly a 

biological one. This is based on the fact that there 

was no detected physical change in ice formation 

between these solutions but a variance in recovery 

rates. The authors hypothesized that there could 

be a favourable composition at which an optimal 

recovery can be reached. An explanation might be 

that the use of osmolytes offers protection to the 

membrane as well as to internal proteins (26). In 

the search of this composition Pi et al. tried to 

characterize the mechanisms of protection, 

offered by osmolyte mixtures as CPAs (diverse 

concentrations of sucrose glycerol and 

isoleucine), and applied them to Jukart cells. The 

results were consistent with the findings of 

Pollock et al. (27). The gathered data in this work 

was used to evaluate the effect of the control 

parameters as well as the model of the differential 

evolution algorithms on the prediction ability of a 

computational model to optimize the formula of 

multi-component DMSO-free CPAs (28). 

Parallelly, Gertrudes et al. reported the role 

of osmolytes as CPAs and suggested that a group 

of deep eutectic solvents (DES), called nat- ural 

DES or (NADES), might be a novel group of 

DMSO-free CPAs. This is based on the fact that 

NADES were detected in animals that survive 

extreme low temperature (29). In 2021 the group 

reported the potential of NADES as CPAs and 

their thermal behaviour in combination with 

water by preparing two mixtures (glu- 

cose:urea:proline) at a molar ratio of 1:1:1 and 

(proline:glucose) with a 5:3 ratio. They showed 

that a higher NADES concentration might lead to 

a total suppression of water crystallization. 

Additionally, reducing the concentration can alter 

the crystallization temperature as well as the 

number and shape of these crystals. Furthermore 

their results suggest a lower cytotoxicity of 

NADES compared to DMSO (30). The next step 

was to employ NADES as CPAs and there were 

multiple trials which showed promising results 

(31, 32, 33). 
 

Imaging 

Cryomicroscopy is one of the most 

important techniques for visualizing freezing and 

thawing processes. It enables an effective screen 

ing and identification of novel cryoprotectants 

(CPAs) for cells and tissue biobanking. 

Additionally, it allows the investigation of a 

variety of freezing processes under controlled 

thermal conditions. It is possible to assess the 

CPAs’ ice crystal growth velocity, ice 

recrystallization inhibition (IRI) activity, intra-

and extracellular ice formation and devitrification 

during slow freezing and vitrification (34, 35). 

Over the past two decades, cryomicroscopic 

methods have been improved. Developments 

have included the mounting of a cold stage on a 

microscope instead of cooling the entire 

microscope, the utilization of a digital control 

system instead of the less accurate analogue 
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control system, and the application of video 

recordings to record the freezing events. 

Cryomicroscopy also helps in characterizing 

intracellular ice formation (IIF) through the 

visual inspection of the blackening of cells due to 

light scattering by opaque ice inside the nucleated 

cells (36, 37). 

The study of crystallization is very important 

and complex. Prykhodko et. al have analysed 

microscopic images during freezing and thawing. 

Therefore, they used a semi-automated method 

(38). Here, the pre-filtering stage is not necessary 

and the application of threshold segmentation is 

not always possible. Thus, they applied the Otsu 

method in their study. Finally, the resulting image 

is morphologically processed using erosion and 

proliferation operations. The advantages of this 

method are: (a) it allows analysis of  

recrystallization during thawing and isothermal 

annealing, (b) it is possible to determine the 

efficiency of inhibition of ice recrystallization of 

novel and low-toxic cryoprotectants, (c) the 

tracking of certain ice crystals is possible. For 

complex crystal formation Tymkovych et. al have 

developed specialised software for the 

segmentation and analysis of microscopic ice 

images with active crystal contours (39). The 

following steps are required for segmentation of 

microscopic ice crystals: region of interest 

selection, preliminary segmentation, 

morphologic processing, seeding, active contour 

process, active contour simplification, contours 

intersection, contours combining, and seeds 

updating. The choice of the size of the initial 

contour depends on the scale of the image and the 

size of the recorded structures. Due to the absence 

of unified software for the automated analysis of 

ice recrystallization, Tymkovych et al. used a U-

Net deep neural network for the segmentation of 

ice crystals on cryomicroscopic images (40). On 

the basis of 100 images, as training set, the 

resulting accuracy was approximately 74% of the 

test sample (30 images). This result showed the 

possibility of segmentation considering the 

overlapping of intensity levels of an object and 

background. 

Cryomicroscopy methods have become 

widespread and effective tools for life scientists, 

pharmaceutical researchers, and more, to 

examine biological structures close to their native 

state. One of these techniques is the cryo-

correlative light and electron microscopy (cryo-

CLEM) (41). Cryo-EM uses extremely low, 

cryogenic temperatures to overcome the 

challenge of measuring biological specimens 

with high water content by utilizing electron 

beams in vacuum conditions. Cryo-CLEM brings 

the advantages of low temperature fluorescence 

together with cryo-EM, to increase the sensitivity 

for the detection of biological, chemical, and 

genetic processes inside living cells. Cryo-

CLEM enables direct fluorescent labelling and 

targeting of molecules or molecular assemblies. 
 

Microfluidic systems 

From the initial application area of 

producing microfluidic systems (MFS) for the 

manufacture of microsensors and microactuators 

to manipulate liquid or gaseous samples, a novel 

and widely used microtechnology has been 

developed. This technology allows the 

performance of precise laboratory work on only 

one system, lab-on-a-chip (42, 43). 

Consequently, material, time and laboratory costs 

can be minimized (44). MFS enable sensitive 

technical analyses, such as drug screening or 

material synthesis, and are often used for blood 

analysis, blood cell separation or characterisation 

(45, 46). They are produced in a size range of 

100 nm to 100 μm (47). More recently in 

microfluidic manufacturing, modular MFS have 

been established. These are individual modules 

which are connected via plug-in or clamp 

connections. They are also highly customizable 

and easy to use (42). In the field of 

cryotechnology, MFS can be used to automate the 

manual process of loading and unloading with the 

required concentration of CPAs followed by 

controlled freezing. With regards to cells, 

potential osmotic shock or dangerous ice crystal 

formation can be minimised. Controlled freezing 

also offers the advantage of enhanced regulation 

of the vitrification process and a significant 

increase in cell survival rate. The formation of 

cell-damaging intracellular ice is completely 

avoided (48, 49). 

In the early 1990s, the first microfluidic sys- 

tems were produced out of silicon. Silicon is easy 

to handle and very precise structures can be 

created, but it is quite expensive to use disposable 

systems (43). Today, microfluidic systems are 

made from a variety of materials, depending on 

the requirements of the application. These include 

polymers such as polydimethylsiloxane (PDMS), 

plastics such as polystyrene or polypropylene, and 

glass or ceramics (43, 44, 50). Probably the most 

widely used polymer is PDMS. It belongs to the 

siloxanes and is based on silicon atoms that are 

alternately connected with oxygen atoms. 

Advantages, apart from low cost, include high 
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transparency and stability to moisture and 

temperature stresses. Good gas permeability 

enables cell cultivation or cell-adhesive or -

repellent coatings (43, 50, 51). Since 2000, 

hydrogels have been increasingly used in 

microfluidic technology to optimise their 

respective advantages. Beebe et al. were the first 

to introduce a hydrogel microvalve that responds 

to stimuli to autonomously regulate flow in 

microfluidic channels (44). 

MFS can be produced very easily and cost- 

effectively. In current applications, 

manufacturing processes such as three-

dimensional (3D) printing, lithographic 

techniques or casting processes are used. MFS 

production can generally be divided into two 

categories: additive and subtractive 

manufacturing processes. In additive manu- 

facturing, MFSs are built through layer-by-layer 

application of the selected material. Some of the 

applied methods are: (a) fused deposition 

modelling (FDM)  - in this process, a 

thermoplastic filament is melted and pushed 

through a nozzle to build up the object layer by 

layer, (b) stereolithography (SLA)  -  a laser is 

used to cure a liquid that photopolymerises to 

build up the object, (c) the electron beam melting 

(EBM)  - this process uses an electron beam to 

melt and weld a powder material to create the 

object (44, 43, 51). Unlike additive processes in 

which material is added to create the desired 

shape, subtractive processes remove material 

from an initial piece using various techniques. 

These techniques stand out for their good 

structural accuracy and complexity using 

removable templates (52). Some widely used 

methods are laser ablation, microcutting 

including drilling and milling processes with a 

drill bit < 0.01 mm or ultrasonic machining. 

Ultrasonic machining (USM) uses ultrasonic 

waves in the kHz range to transfer patterns or 

templates to the surface of the workpiece. 

Abrasive particles are used to create the desired 

structure. The particles consist of tough 

substances, including boron carbide, aluminium 

oxide, as well as silicon carbide and enable a high 

level of hardness (51, 52). For the production of 

very complex microfluidic systems, both 

processes can be combined (53). 
 

Slow freezing and vitrification 

Designing a  cryopreservation protocol  

begins with the CPAs selection. Additionally, 

other parameters such as loading time, freezing 

method, and storage temperature have to be 

selected appropriately. The most common 

freezing methods are slow freezing and 

vitrification, both aiming to avoid the ice crystal 

formation that causes cell damage and tissue 

rupture. A major requirement in the case of slow 

freezing is to find an optimal cooling rate related 

to the specific cell type (2). Additionally, the 

technology plays an important role in slow 

freezing, as controlled freezers are required for 

cooling rates between 0.2 and 50 K/min. The slow 

cooling associated with the technique of replacing 

water with pCPAs facilitates the intracellular 

water efflux from cells which allows the 

elimination of supercooling (2, 54, 55). 

Previously, this was the preferable method for 

long-term storage of germinal cells, but 

nowadays, it is being replaced by vitrification 

(56). 

By applying vitrification, ice crystal 

formation is avoided due to the rapid cooling of 

samples in direct contact with liquid nitrogen 

(LN2) and an amorphous state is formed. This 

technique requires an increased viscosity in the 

cryoprotective solution. However, an increase in 

the CPA concentration can affect cell viability 

(57). Also, maintaining an extremely high 

cooling/warming rate is essential to avoid ice 

recrystallization and devitrification. Thus, the 

critical warming rate is usually several orders of 

magnitude higher than the critical cooling rate 

and therefore represent huge challenges (58). A 

current focus of research is the mixture of magnetic 

or metallic nanoparticles with CPAs to improve 

the heat transfer during cooling and reducing the 

CPA concentration. Further this approach can 

improve the distribution of heating during 

thawing by utilizing warming techniques such as 

nanowarming (59) or joule induction (60). 
 

Commercial freezing devices 

Commercial freezing devices can roughly be 

divided into the two groups: passive freezing 

devices (insulated freezing containers), and con- 

trolled rate freezers (CRF). The first group is 

limited to one cooling rate close to 1 K/min while 

the CRFs provide a range of cooling rates 

from 0.2 K/min up to 50 K/min. 

Freezing containers such as Biocision®Cool 

Cell®, FreezerCell™ and Nalgene® Mr.Frosty™ 

are comparatively cheap and can be placed into a  

-80°C freezer for the cryopreservation of around 

12 to 30 samples in 2 mL cryo vials. Containers 

for bigger vials are also available. One concern is 

that the cooling rate of 1 K/min is defined 

differently between manufacturers, for example 
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by Mr.Frosty™ and CoolCell® (61, 62). When 

changing from one system to the other an 

adjustment of the freezing protocol might be 

necessary. 

Controlled rate freezers use active cooling 

by injection of nitrogen steam (Planer Cryo Se- 

ries, Thermo Scientific™ CryoMed™, SY-LAB 

IceCube, CustomBioGenic) or by utilization of 

the Stirling process with helium as the working 

gas (Cytiva, STREX, Grant Instruments). LN2-

based systems provide cooling rates up to 50 

K/min whereas the Stirling based systems usually 

provide cooling rates up to 2 K/min (in some 

cases up to 10 K/min). Another system is a 

combination of a cryo workbench for sample 

handling in a -130°C environment. It is combined 

with an integrated freezing system using a metal 

basket above a pool of LN2 (Askion C-Line® 

Workbench). During the cooling process the 

basket moves downwards to the LN2 pool to 

reduce the sample temperature. It should be noted 

that the highest cooling rates specified by the 

manufacturer can often only be achieved with 

very small sample volumes and thin-walled 

sample containers. Modern controlled rate 

freezers often provide a function for induced 

nucleation, i.e., latent heat compensation by an 

increase of sample cooling performance (63, 64).  

 

Heat transfer 

Cooling or thawing rates and the related heat 

transfer play a critical role in the freezing and 

thawing of cells and tissues. Knowing and 

controlling the cooling rate is essential for cell 

survival. The freezing container used further 

influences the cooling rate. Small volumes can be 

frozen in cryovials. The geometry of the vial is 

not optimal for heat transfer. Whilst small sample 

volumes remain unproblematic, the cylindrical 

geometry is not optimal for larger sample volumes 

(64). Due to the low surface-to-volume ratio, 

temperature layers can form as a result of heat 

conduction, leading to different local cooling 

rates. The latent heat released in the outermost 

layer impedes freezing in interior layers. This 

obstruction causes a delayed temperature drop, 

deviating the cooling rate (65, 66). 

Various sample holding devices are 

available for freezing multiple sample vessels 

simultaneously. The CoolCell® and Mr FrostyTM 

products are cylindrical with cut-outs for the 

vials. The temperature profile of the vials within 

these passive cooling devices (PCDs) depends on 

their positioning (Figure 1). According to Hunt 

(67), the temperature profile within the CoolCell® 

is only associated with a small deviation between 

the vials due to the uniform distribution of the 

vials. In Mr FrostyTM's PCD, the distribution is 

given by an inner and an outer ring in which the 

vials can be positioned. Hunt undertook 

temperature measurements in two different 

locations. However, compared to the temperature 

trace from the Cool-Cell® these two traces have 

a larger deviation from each other of about 5 K. 

The cooling rate for both was 1 K/min. In 

comparison, the CoolCell FTS30 was studied 

with a cooling rate of 0.64 K/min. The deviation 

is negligible here due to the position of the vials. 

The mean cooling rates were determined between 

-10°C and -40°C (67). 
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Biobanking devices 

Storage temperatures below the glass 

transition temperature of -135°C are 

recommended for the long-term storage of living 

biological material to prevent devitrification and 

recrystallisation within the valuable samples. 

Mechanical -150°C freezers are advantageous, 

since they can be installed in every room with 

power sockets as long as the heat released by the 

device can be dissipated. However, a failure of 

the freezer or the power supply requires 

immediate action to save the samples from 

reaching normothermal temperatures. Sample 

storage in LN2 cooled devices is more fail-safe 

since the LN2 usually lasts for many days up to 

several weeks. Besides storing directly in LN2, 

storage in the gas phase above a pool of LN2 is 

commonly applied. This reduces the probability 

of contamination of the samples by LN2 

penetrating the sample container. In some devices 

dry storage is used. Here the LN2 is located in the 

sidewalls and the bottom wall of the device. The 

samples are not in direct contact with the LN2 or 

nitrogen vapor, decreasing the chance of sample 

contamination even more. Automated storage 

systems like Azenta Life Sciences Biostore™ II, 

Hamilton BiOS and Askion C-Line® HS are used 

to handle and manage a large number of samples 

efficiently. They can be equipped with 

automated scanning and sorting systems and a 

sample data logging. Depending on the system, 

storage temperatures between -80°C down to 

below -150°C can be provided. The downside of 

some devices is that certain areas are kept at 

temperatures up to -20°C to assure sufficient 

function of moving parts. This may result in a 

potentially critical warming of the samples (67, 

68, 69). 

 

 

THAWING 

 

The simplest way to thaw samples is to use a 

water bath, usually at body temperature. How- 

ever, here the thawing rates cannot be precisely 

adjusted and controlled. Some of the freezing 

devices mentioned before, such as the Planer 

Cryo Series and the SY-LAB IceCube Series, 

provide a heating function with programmable 

heating rates up to 15 K/min depending on the 

device specification. Much higher heating rates 

can be achieved by the following methods 

described (69). 
 

Nanowarming 

In the case of vitrification, it is necessary to 

exceed the critical warming rate to prevent 

devitrification (70). This can be obtained by 

mixing magnetic nanoparticles with CPAs for 

nanowarming and to improve the heat transfer. 

During thawing, the magnetic nanoparticles are 

excited with radiofrequency waves. Due to the 

uniformity of the generated field, small organs 

can be thawed without the challenges of heat 

distribution (71) and thawing rates of > 300 K/min 

can be reached (72). From a technological point 

of view this technique requires high power 

radiofrequency generators, a minimum power of 

15 kW and a frequency of 100 kHz (73, 74, 71). 

Similar parameters are commonly used in other 

fields for melting materials. 
 

Joule heating 

Joule heating is the conversion of electric 

energy into heat energy through the incorporated 

resistance in an electric circuit (75). This is 

methodologically easier to implement in 

comparison to nanowarming and increases the 

thawing rates from 5000 K/min to 60000 K/min. 

It is a novel way of thawing biological materials, 

proving to be effective for adherent cells to organ 

slices (60). 

HYPOTHERMAL STORAGE 

Hypothermic preservation 

Cell and gene therapies have grown 

significantly over the past decades due to their 

unrivalled potential to improve the treatment 

landscape for a wide variety of diseases (76). The 

applied processes for storage and transportation 

must ensure that the cell product is consistently 

GMP (good manufacturing practice)-compliant 

and safe to maintain cell viability as well as 

potency during the time window that separates 

the release of the product from a GMP facility to 

the clinical trial centre or therapeutic facility (77). 

Cell suspensions are usually slowly  frozen in the 

presence of DMSO in concentrations of 1.5 M 

(78). Recent studies have demonstrated the 

successful cryopreservation of mesenchymal 

stem cells (MSCs) within a 3D medium, made up 

of alginate microspheres (AMS) with DMSO in 

the same concentration range (79). However, due 

to the toxic nature of DMSO and the requirement 

for its removal prior to use post- thaw, the 

development of alternative cryopreservation 

protocols has become a pertinent research topic. 
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Hypothermic preservation is practical and 

adaptable method for storing viable cells at 

refrigerated temperatures, which is particularly 

valuable for cell diagnosis and transportation. On 

the other hand under hypothermic conditions, 

cellular swelling occurs due to a disruption in 

metabolic and ionic homeostasis. This can result 

in the accumulation of reactive oxygen species 

that can lead to the activation of apoptosis and 

cause structural damage to the cells (80). 

Specialized solutions have been developed to 

prevent cell swelling, and effectively reduce 

cellular damage. Petrenko et al. (81) presents a 

clinically relevant solution for the preservation of 

human multipotent mesenchymal stromal cells 

(hMSCs) for transportation and storage. The use 

of cryoprotective agents, such as trehalose, was 

shown to enhance the survival and functional 

properties of hMSCs during hypothermic storage. 

Additionally, careful temperature and oxygen 

control during hypothermic storage was crucial 

for preventing cellular damage and maintaining 

cell viability (81). 

Correia et al. (82) presents an innovative 

method for hypothermic storage of human 

pluripotent stem cell-derived cardiomyocytes. 

The study was  conducted to assess the viability 

and functionality of 2D monolayers and 3D 

aggregates after being stored at low temperatures 

for long periods. The research involved the 

utilization of cardiomyocytes, which were stored 

in a hypothermic solution at 4°C for up to 7 days. 

The cells were then analysed to determine their 

viability, proliferation, and functionality. The 

results showed that the cells remained viable and 

functional after hypothermic storage, with no 

significant differences observed compared to 

cells that were not stored (82). 

A well-known method for preserving and 

transporting cells safely using hypothermic 

storage involves the use of various natural and 

synthetic polymers for cell encapsulation (79). 

Currently, alginate appears to be the most 

suitable material for producing hydrogel 

microspheres that can effectively contain viable 

cells. This is due to the fact that alginate has no 

adverse effects on cells (83), and its 

physicochemical properties are similar to those 

of the extracellular matrix (84). Furthermore, 

the process of gel formation can occur under 

physiological conditions. When cells are 

enclosed within AMS, the hydrogel serves as a 

barrier against molecules with a mass greater than 

100 kDa, but still allows diffusion of oxygen and 

nutrients (85). 

Chen et al. (86) successfully stored human 

MSCs and mouse embryonic stem cells (ESCs) in 

alginate hydrogel for 5 days at room temperature 

(18 - 22°C) in sealed conditions. After release 

from the hydrogel, the viability of human MSCs 

and mouse ESCs was 74% and 80% respectively. 

What is important is that the level of proliferation 

and the main markers of stem cells in both human 

MSCs and mouse ESCs released from alginate 

hydrogel were equivalent to those in 

cryopreserved cells. Encapsulation of cells in 

alginate was found to be effective in preserving 

cell viability during 72 hours of hypothermic 

storage, with the optimal temperature being 

15°C. This approach helped in maintaining the 

adhesive characteristics of cells even after they 

were returned to conditions of monolayer 

cultivation. Furthermore, the cells exhibited a 

normal phenotype, characteristic growth 

kinetics, and retained their ability to induce 

differentiation after attachment. Swioklo et al. 

(87) conducted a study on hypothermic storage of 

MSCs obtained from adipose tissue of an adult. 

The study involved storing the cells at 

temperatures ranging from 4 - 23°C, provided 

they are encapsulated in 1.2% alginate. This 

approach gave good results during 72 hours of 

storage, while the preservation of cells largely  

depended  on  the  optimum temperature being 

15°C. At this temperature, encapsulation in 

alginate contributed to the preservation viability 

of cells and their adhesive characteristics after 

returning to conditions of monolayer cultivation. 

After attachment, the cells remained normal in 

phenotype, demonstrated characteristic growth 

kinetics and capacity to induce differentiation. It 

was shown that after encapsulation of MSCs of 

adipose tissue origin and their storage for 5 and 

12 days, after recovery, the cells demonstrated a 

strong differentiation potential, expression of 

immunomodulatory molecules and maintained 

viability at the level of 77 ± 6% (77). 
 

Hypothermic preservation solutions 

The hypothermic preservation of cells, tissues and 

organs as well as tissue engineered constructs 

takes place at temperatures above 0°C.  

Unlike during cryopreservation where the 

metabolic activity almost comes to a halt, it is 

reduced at hypothermic temperatures. Hence, 

cells still require nutrients to stay metabolically 

active at hypothermic temperatures and produce 

waste products (88, 89, 90, 91, 92). 

 



322  

According to Arrhenius, the metabolic 

activity is coupled to the temperature. Thus, a 

decreased temperature influences cellular 

transport processes. In the case of hypothermic 

preservation, this effects the ionic transport via 

Na+/K+ pumps, causing alterations in Na+/K+ 

ATPase and leading to cell oedema, the depletion 

of ATP reserves combined with rising ADP 

levels, and reactive oxygen species (ROS) (81, 

88, 89, 90, 91, 93, 94, 95, 96, 97). Kerkweg et al. 

have also reported the impact of ROS on 

temperature- induced apoptosis (91, 98). 

Additionally, cell swelling also effects 

intracellular pH (90, 99). 

Therefore, special preservation solutions are 

required in order to protect the cells against cell 

injury during and post-preservation. Belzer et al. 

(100) have previously defined five properties that 

hypothermic preservation solutions have to fulfil, 

these are: 

1. minimize cell swelling 

2. inhibit intracellular acidosis 

3. preserve interstitial space 

4. prevent ROS-related injury 

5. provide energy-compounds for reperfusion. 

One of the first solutions, dating back to the 

1960s, was the Collins solution (Table 1), later 

modified to todays Euro-Collins solution (91, 93, 

94). Develped in 1988, the University of 

Wisconsin (UW) solution is the current ‘gold 

standard’ (93, 94, 81, 97) and is used for various 

organ preservations such as heart, lung, liver, 

kidney or pancreas (101–104). 

Over time, this solution has been modified 

(99, 101, 105, 106) and other solutions have been 

developed, aiming to enhance post-preservation 

outcomes. Known and widely applied solutions 

are Celsior, Histidine-Tryptophan-Ketoglutarate 

(HTK), and HypoThermosol (HTS). 

Generally, in order to protect cells during 

hypothermic storage, the preservation solutions 

include different substances, supporting specific 

parameters during preservation. 

Key components of all solutions are Na+ and 

K+, since these ions are of upmost importance for 

cellular metabolic activity and need to 

compensate reduced ionic transport upon 

preservation (92, 96). 

Buffers, such as phosphates, bicarbonate, 

histidine or HEPES are applied to stabilize pH 

Table 1. Composition of different hypothermic preservation solutions. The abbreviations of the solutions 

are University of Wisconsin solution (UW), Euro-Collins (EC), Celsior (CS), Histidine-Tryptophan-
Ketoglutarate (HTK), HypoThermosol (HTS),  Institut Georges Lopez-1 (IGL-1),  BES-gluconate-sucrose 

(BGS),  sucrose-based solution (SBS), Marshall’s Solution (MS). BGS was developed by  Mandolino et 

al. The abbreviations of the components are phosphate (Phos), bicarbonate (HCO3), histidine (His), N, 
N-bis (2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), lactobionate (Lac), hydroxyethyl starch (HES), 
raffinose (Raf), mannitol (Man), glucose (Glc), dextran (Dex), sucrose (Suc), polyethylene glycol (PEG), 
adenosine (ADN), glutathione (GSH), allopurinol (AP), dexamethasone (DXM), gluconate (Glu), 
tryptophan (TRP), ketoglutarate (KG) and bovine serum albumin (BSA). (73–99). 

 

 Components  UW EC CS HTK HTS IGL-1 BGS SBS MS 

 Electrolytes Na+ 30 10 100 15 100 125 - <15 <95 

K+ 125 115 15 <93 42.5 30 25 <30 <84 

Buffers  Phos Phos 
HCO3 

His His HEPES Phos Phos BES Phos - 

Impermeants
/ 
Colloids 

  
Lac 
HES 
Raf 

 
Man 
Glc 

 
Lac 
Man 

 
Man 

(Sugars) 

Lac 
Man 
Dex 
Suc 
Glc 

 
Lac 
Raf 

PEG 

 
Glu 

PEG 
(Sugars) 

 
Suc 
PEG 

 
Man 

Pharmalogical 
agents 

ADN 
GSH 
AP 

DXM 
Insulin 

 
 
- 

 
GSH 
Glu 

 
TRP 
KG 

 
ADN 
GSH 

 
ADN 
GSH 
AP 

 
ADN 
GSH 
AP 

 
BSA 

 
 
- 

Osmolality*  320 340 360 310 350 320 335 310 300 
pH  7.4 7.3 7.3 7.2 7.6 7.4 7.4 7.4 7.1 

All units in mmol/L unless indicated otherwise. 
* Osmolarity in mOsm/kg. 



323  

values and thus to supress metabolic acidosis (90, 

92, 93, 96, 107). 

The addition of impermeant but osmoti- 

cally active substances or colloids, shall 

counteract osmotic stress and therefore prevent 

cellular oedema. Widely utilized impermeants are 

lactobionate, mannitol, sugars (such as sucrose 

and raffinose), and polyethylene glycol (PEG). 

Colloids, added as oncotic  support  also 

include hydroxyethyl starch (HES) or dextran (81, 

90, 92, 93, 94, 95, 96, 108). 

Pharmalogical agents are widely added to 

hypothermic preservation solutions. For example,  

supplementation with the ATP-precursor 

adenosine functions as an energy resource upon 

rewarming. Antioxidants, such as allopurinol, 

glutathione (GSH), tryptophan or mannitol help  

prevent the cells from harmful ROS-related ef 

fects (92, 93, 94, 96, 105, 109). 

According to Southard et al. not all compo- 

nents of the preservation solutions are known to 

be vitally essential and to induce the required pre- 

servative effect (94, 105). 

Comparably new solutions are sucrose- 

based solutions (SBS). SBS show a low ionic 

strength. Somov et al. demonstrated the success- 

ful preservation of cellular bioenergetics (97). 

Also, Kravchenko et al. (110) as well as Tarusin 

et al. (111) reported the alternative utilization of 

SBS with hepatocytes and MSCs, respectively, 

compared to UW. Additionally, the protective 

application of other sugars, such as trehalose has 

been reported (112). 

Studies comparing the effectiveness of 

different hypothermic preservation solutions have 

shown different outcomes. This is majorly 

governed by the set parameters, such as 

storage temperature and duration. For example, 

Mathew et al. (113) have analysed different cell 

types with UW and HTS. They showed that the 

cells react differently to the applied solutions. 

Thus, there is no universal hypothermic 

preservation solution but individual, specialised 

solutions with correlating preservation 

parameters. In general, the preservation of MSCs 

(81, 111, 112, 114, 115, 116, 117), HUVEC (118) 

and hepatocytes (98, 99, 106, 110, 119, 120, 121, 

122) is possible with the respective storage 

solution. 
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