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MSCs must express CD105, CD73 and CD90, and not 
express CD45, CD34, CD14 or CD11b, CD79a or CD19 
or HLA-DR surface molecules; and thirdly, MSCs must 
differentiate in vitro into osteoblasts, adipocytes and 
chondroblasts [6] (Fig. 1).

Therapeutic therapy extensively employs MSCs in the 
management of hematological diseases [7], plastic repair 
[8], and even COVID-19 [9] due to their potent immuno-
suppressive and immunomodulatory properties, as well 
as their capacity to differentiate into a variety of distinct 
cell types. To obtain the necessary quantity required for 
therapeutic applications, it is essential to either increase 
and cultivate MSCs or source them from a variety of 
donors. Future utilization of off-the-shelf cells necessi-
tates long-term storage, with cryopreservation being the 
only technique that can successfully maintain cells over 
an extended period [10]. Cryopreservation can maintain 
the bulk of cells needed for therapeutic applications while 
preserving their properties [11]. Without cryopreserva-
tion, cells must undergo continuous passage, which could 

Background
Friedenstein’s research team recovered mesenchymal 
stem cells (MSCs), a subset of non-hematopoietic stem 
cells, from mouse bone marrow [1]. The source of MSCs 
is no longer restricted to bone marrow with the advance-
ment of technology. Nowadays, researchers can extract 
MSCs from a variety of tissues such as bone marrow [2], 
adipose tissue [3], amnion [4] and umbilical cord [5]. 
The requirements for MSC identification are becoming 
clearer with the expansion of their sources. In 2006, the 
International Society for Cellular Therapy’s Mesenchy-
mal and Tissue Stem Cell Committee proposed a set of 
minimal requirements to characterise human mesenchy-
mal stem cells (hMSCs): firstly, MSCs must be plastic-
adherent under standard culture conditions; secondly, 
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potentially lower DNA methylation levels, alter epigene-
tic modifications such as telomere shortening, and result 
in random loss of genomic regions [12]. Therefore, in 
order to protect the cells from the trouble of continual 
passage, cryopreserving the cells in liquid nitrogen at a 

temperature of minus 196 degrees Celsius represents the 
optimal approach.

Liquid nitrogen preservation confers cells with resis-
tance to infection and eliminates their need for metabo-
lism [13]. Consequently, cells with certain genetic traits 
and full functionalities are made available for therapeutic 

Fig. 1   Sources of MSCs and minimal criteria for defining human MSCs. The figure (left) shows the different sources of MSCs including bone marrow, 
adipose tissue, amnion and umbilical cord. The figure (right) depicts the minimal criteria to define human MSCs. First, MSCs are plastic-adherent and 
spindle-shaped morphology. Second, they must express CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 
and HLA-DR surface molecules. Last, they must differentiate to osteoblasts, adipocytes and chondroblasts in vitro
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study through cryopreservation. The use of liquid nitro-
gen storage is simple and easy to operate, and has gained 
widespread adoption. Modern cryopreservation tech-
nology enables the long-term preservation of living cells 
and tissues, providing a cellular resource for therapeu-
tic applications such bone marrow transplantation [14], 
blood transfusion [15] and in vitro fertilization [16, 17]. 
In addition, cryopreserved MSCs can be used to treat 
other diseases. While cryopreserved MSCs have been 
shown potential benefits in the treatment of liver [18] 
and diabetes [19], further research is required to confirm 
their true therapeutic usefulness efficacy.

MSCs can now be cryopreserved using a variety of 
techniques, including vitrification and slow freezing, 
although each technique has limitations [20]. In this 
paper, the advantages of these two approaches will be dis-
cussed. For example, cryoprotective agents (CPAs), such 
as dimethyl sulfoxide (DMSO), have the potential to pose 
hazards to cells when used to shield them against freezing 
damage [21]. Replacing dimethyl sulfoxide with dimethyl 
sulfoxide-free CPAs is a desirable option in order to min-
imize damage to the cells, but this necessitates the devel-
opment of CPAs and cryopreservation procedures. In 
addition to a discussion of the effects of cryopreservation 
on MSCs and the challenges encountered in their clini-
cal use, this study offers a comprehensive overview of the 
techniques for cryopreservation of MSCs.

Cryopreservation methods for MSCs
The two primary techniques, slow freezing and vitrifi-
cation, are used to cryopreserve MSCs. Slow freezing 
is the cryopreservation of cells at a rate slow enough to 
dehydrate the cells sufficiently while minimizing the for-
mation of ice crystals within the cells [22]. Vitrification 
allows cells and their extracellular environment to solid-
ify into a glassy shape without forming ice [22]. Although 
there are many methods of MSCs cryopreservation, the 
method of thawing is the same. Cryopreserved MSCs 
are often thawed by quickly heating them in a water bath 
at 37 °C (at a rate of more than 100 °C/min) until all ice 
crystals are dissolved [23]. To enhance safety during cell 
thawing, it could be preferable to use drying heating 
equipment instead of a water bath because the water may 
be contaminated with microorganisms [24]. Centrifuging 
MSCs after thawing is necessary to eliminate CPAs, espe-
cially hazardous ones like DMSO. Developing new tech-
niques for eliminating CPAs is crucial to reduce cell loss, 
as the current approach results in a considerable percent-
age of cell loss. Currently, there is room for improvement 
in the freezing and thawing processes used for MSCs.

Slow freezing
The mechanisms of slow freeing mainly include gradual 
dehydration, using CPAs and controlling the cooling rate. 

Gradual dehydration means that during the preserva-
tion process, the water inside the cell gradually exudes 
out through the cell membrane, reducing the formation 
of ice crystals inside the cell [17]. This is usually achieved 
by placing the cells in the temperature which is gradually 
reduced, such as at 4 ° C for a period of time, then grad-
ually cooled to -80 ° C, and finally transferred to liquid 
nitrogen (-196 ° C) for long-term preservation. Adding 
low concentration penetrants such as DMSO or non-
permeating agents (NPAs) like sucrose or trehalose, these 
small molecules can penetrate the cell membrane, reduce 
the freezing point of water, and improve the permeability 
of the cell membrane to water, thereby reducing the dam-
age of ice crystals to cells [17]. The cooling rate needs to 
be strictly controlled, usually kept within − 3 ° C /min, to 
ensure that the cells have enough time to dehydrate and 
reduce the formation of ice crystals.

The steps of slow freezing involve mixing the MSCs 
with the CPAs and placing them in the cryopreserved 
tubes. Then, store them in a freezer or other freez-
ing apparatus at temperature of -20  °C. Subsequently, 
the cells are cooled down to -80  °C and stored in liquid 
nitrogen at -196 °C until their utilization is required [25] 
(Fig.  2). Approximately 70–80% of cells survive when 
employing this gradual freezing procedure [26]. Slow 
freezing is the recommended technique for clinical and 
laboratory MSC cryopreservation because of its ease 
of operation and minimal risk of contamination [27]. 
Because of its great effectiveness in cryopreservation, 
slow freezing remains the preferred method for MSC 
cryopreservation to this day.

However, optimizing the use of CPAs is required in 
order to make better use of the slow freezing approach 
for MSC cryopreservation. The reason why CPAs can 
protect cells in the cryopreservation is that CPAs can 
instantly pass through the plasma membrane, because of 
plasma membrane far lower permeability to CPAs than 
to water [28]. Thus, the difference between the osmotic 
pressure inside and outside the cell is reduced, which 
can reduce the cell damage caused by a large number of 
water molecules flowing out of the cell during the freez-
ing process. Improper addition or removal of CPAs can 
potentially harm cells due to their intrinsic toxicity [29]. 
For example, the concentration of CPAs is too high or 
added or removed too quickly. Therefore, the conditions 
for the addition and removal of CPA should be strictly 
controlled to ensure the safe and effective preservation of 
MSCs.

The process of removing CPAs is reversed with the 
addition situation. Rinsing CPAs during thawing rapidly 
reduces their external concentration, leading to excessive 
cell expansion, cell damage, and cell lysis [30]. As a result, 
techniques for cleaning CPAs must guarantee that cells 
can withstand volume fluctuations and prevent harm 
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from osmotic pressure. Cleaning DMSO in particular is 
crucial due to its potential hazards, even at room tem-
perature. The study has shown that transfusion of stem 
cells containing DMSO can trigger allergic responses 
in individuals requiring hematopoietic stem cells [31]. 
Additionally, Bombard’s research concludes that among 
the four CPAs (glycerol, DMSO, ethylene glycol (EG), 
propylene glycol (PG)), PG has the worst cryopreserva-
tion effect, while EG and PG exhibit similar cell toxicity, 
which is lower than DMSO, and glycerol has the lowest 
cell toxicity but results in the worst cryopreservation 
effect [32]. Although there are many different CPAs, peo-
ple need to consider whether to focus on safety or effi-
cacy when cryopreserving MSCs.

Vitrification
The main mechanisms of vitrification include the use of 
high concentrations of cryoprotectants and high cooling 
rates. High concentration CPAs are combined to form 

the vitrification freezing solution. These protectants 
increase the viscosity of the solution by strongly hydrat-
ing with water molecules, thereby preventing the for-
mation of ice crystals during rapid cooling [33, 34]. This 
method uses low-temperature liquid nitrogen to quickly 
freeze the viscous liquid resulting from a high concen-
tration of CPAs into a glassy state [35]. Sufficient CPA 
concentration or rapid cooling can increase viscosity and 
prevent the formation of ice crystals [36]thereby protect-
ing the structure and function of the cells.

There are two methods to accomplish vitrification. 
The first is the equilibrium vitrification approach, which 
involves a balance between the cells and the specific 
formulation of CPAs [33]. By controlling the concentra-
tion and penetration time of the CPAs, the cells are fully 
dehydrated before freezing and reach osmotic equilib-
rium with the cryoprotectant. Then cells are quickly 
put into liquid nitrogen for vitrification. This method 
aims to reduce the formation of ice crystals during 

Fig. 2   The major steps of the slow freezing and thawing for MSCs. Step 1 to 4 is the part of cryopreservation, and step 5 to 6 is the part of thawing. Major 
steps of slow freezing procedure include CPAs addition, step freezing from room temperature to -196℃ with different freezing equipment, and storage 
in liquid nitrogen. Major steps of thawing procedure are using the water-bath to warm and adding new medium to recover cells
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cryopreservation, thereby protecting cells from mechani-
cal damage. The alternative technique is non-equilib-
rium vitrification, which pays more attention to cooling 
rate and high concentration of CPAs [33]. It uses a high 
concentration of CPAs to rapidly penetrate the cells and 
immediately put the cells into liquid nitrogen, so that the 
cells reach the vitrification state in a very short time. This 
method inhibits the formation of ice crystals by increas-
ing the cooling rate and the concentration of cryoprotec-
tants. These two methods can better protect cells from 
freezing damage, so they are suitable for situations that 
require high cell survival and functional recovery, such as 
the cryopreservation of embryonic stem cells and repro-
ductive stem cells.

In the process of vitrification, it is crucial to select 
CPAs carefully due to their varying critical temperatures 
and cooling rates, which are crucial for preventing ice 
formation and considering their toxicity across different 
cell types [37]. In vitrification, EG, sucrose, DMSO, and 
fetal bovine serum (FBS) solutions are frequently utilized 
[38]. Researchers have effectively used different combi-
nations of these CPAs, particularly EG and DMSO, on 
a variety of tissues and cells, including amnion-derived 
MSCs [39], cord blood [40], and embryos [41]. High con-
centrations of CPAs are necessary for the equilibrium 
vitrification process, which can potentially be detrimen-
tal to cells [42]. Consequently, the vitrification freezing 
method often requires both careful preparation of the 
CPA mixture and the gradual injection of the CPA at 
lower temperatures to ensure maximum safety. However, 
this approach often poses a risk of toxicity or osmotic 
damage to the cells, as lower temperature exacerbates 
osmotic injury [43]. By employing very quick cooling 
rates, non-equilibrium vitrification prevents the for-
mation of ice crystals [17]. During the thawing process, 
when the system moves between the ice nucleation and 
crystal development zones, it changes into a metastable 

vitrified state. The rate of warming becomes very crucial 
in maintaining an ice-free state of the system [44]. If the 
warming rate is too slow, devitrification will occur at this 
point, causing the development of ice crystals [44]. Thus, 
when thawing cells, it is essential to operate quickly.

Apart from the issues related to osmotic shock and 
toxicity, vitrification offers several advantages. Firstly, it 
prevents the formation of intracellular ice crystals, pro-
tecting the cells from the potential harm [33]. Compared 
to conventional cryopreservation techniques, cells can be 
exposed to a solution containing fewer cryoprotectants 
for a shorter duration throughout the freezing process. 
Finally, vitrification can lead to cost saving by eliminating 
the need for sophisticated and expensive equipment such 
as programmed freezers. Human embryonic stem cells 
(hESCs) [45], human umbilical cord MSCs (hUCMSCs) 
[46], and human bone marrow MSCs (hBMSCs) [47] are 
increasingly using vitrification for cryopreservation in 
current research practices. The Table 1 provides a com-
prehensive comparison of the two methods - slow freez-
ing and vitrification and shows that these two methods 
both have advantages and disadvantages. Vitrification 
can save time and cost, however, slow freezing is the best 
method for MSCs cryopreservation, because it is simple 
and easy to operate in different laboratories. When cryo-
preserving MSCs, people can choose the corresponding 
method according to their own needs.

Effects for cryopreservation on MSCs
Compared to other cell types, such as tumor cells, MSCs 
require the detection of additional characteristics in 
order to assess the impact of cryopreservation. In addi-
tion to the standard evaluation of cell phenotypic and 
survival, it is imperative to analyze MSCs’ capacity for 
multilineage differentiation and immunomodulation fol-
lowing cryopreservation [48]. If cryopreservation com-
promises their immunomodulatory and differentiation 
processes, MSCs may be unable to prevent transplant 
rejection or differentiate into various types of cells to aid 
in the regeneration and repair of damaged organs [49].

The biosafety of cryopreservation on MSCs requires 
thorough assessment. During cryopreservation, stem 
cells may be vulnerable to genomic instability, poten-
tially affecting cell division and proliferation, as well as 
leading to epigenetic modifications. According to Kang’s 
study, DMSO affects histone acetylation, which disrupts 
the transcriptional program for the mother-to-embry-
onic transition. Therefore, it is crucial to exercise cau-
tion when using DMSO as the CPA [50]. In addition, it is 
essential to assess the genetic stability of cryopreserved 
MSCs prior to therapeutic use. Testing the homing 
capacity of cryopreserved MSCs is also necessary since 
it is crucial to determine if MSCs can be homed to the 
intended locations when reinjected into the body [51].

Table 1  Comparison of slow freezing and vitrification methods
Characteristics Slow freezing Vitrification
Time More than 3 h Less than 10 min
Speed of freezing Slow Fast
Sample volume 100–250µL 1–2µL
Cost Expensive, freezing 

machine needed
Inexpensive, no 
special machine 
needed

Ice crystal formation Yes No
Post thaw viability High High
Concentration of CPA Low High
Risk of CPA toxicity Low High
Potential pathogen 
contamination

Low High

Procedure Simple Complex
This table compares some characteristics between slow freezing and 
vitrification, and shows the difference in the two methods
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Cell viability
Essentially, the assessment of cell viability is crucial dur-
ing cryopreservation, as only live cells can be used for 
additional research or applications. Therefore, the iden-
tification of cell activity is critical. A variety of tech-
niques, such as trypan blue exclusion, the MTT test, and 
annexin V-propidium iodide (annexin V-PI) [52], can 
be employed to evaluate the viability of MSCs following 
cryopreservation. When keeping cells in liquid nitrogen 
at a temperature of around − 196  °C, CPAs are neces-
sary to preserve cell viability [53]. During cryopreserva-
tion, the various kinds and concentrations of CPAs have a 
major impact on cell viability [54]. Cryopreserved hBM-
SCs exhibit greater cell survival rates when DMSO doses 
below 10% are used in these CPAs, according to Chen’s 
research [55]. In comparison to the 10% DMSO + 90% 
FBS treatment, Zhang’s team discovered that the 1.0  M 
trehalose (Tre) + 20% glycerol (Gly) treatment demon-
strated a significantly higher efficiency in preserving 
human adipose-derived MSCs (hADSCs) activities after 
thawing, resulting in enhanced outcomes in both cell 
viability and proliferation capacity [56]. Therefore, it is 
necessary to select suitable CPAs and concentration for 
different MSCs to ensure that they still maintain cell via-
bility after cryopreservation.

Cell phenotype and proliferation capacity
The International Society for Cellular Therapy’s Mesen-
chymal and Tissue Stem Cell Committee has established 
specific minimal requirements for human MSCs, which 
include adherence to plastic under standard culture con-
ditions and expression CD105, CD73, and CD90. They 
also need to lack expression of CD45, CD34, CD14 or 
CD11b, CD79a or CD19, and HLA-DR surface molecules 
[6]. It is therefore necessary to identify the morphol-
ogy and characteristics of MSCs during cryopreserva-
tion. Numerous investigations have demonstrated that 
MSC morphology and characteristics remain unchanged 

during cryopreservation, whether they are hBMSCs [57] 
or hADSCs [58]. The above information fully meets the 
minimum human requirements for MSCs.

The population doubling time (PDT) of cells, which 
refers to the time it takes for the number of cells to dou-
ble, utilized to investigate cell growth dynamics, and 
serves as a measure for assessing MSCs’ proliferative 
capacity [59]. The shorter the population doubling time, 
the stronger the proliferative capacity of the cells. Table 2 
demonstrates that several studies have found that cryo-
preservation does not affect the PDT of various MSCs. 
These findings suggest that MSCs can maintain their 
ability to proliferate following cryopreservation.

Details on the population doubling time in differ-
ent MSCs after cryopreservation by different research 
groups. This table aims to provide the PDT of different 
MSCs remains unchanged after cryopreservation, and 
specific cell types and time for cryopreservation.

Immunomodulatory ability
Multiple studies have shown that MSCs can attenuate 
immune responses and autoimmune activity by releasing 
chemicals like interleukin-10 (IL-10) and interleukin-4 
(IL-4), which stop the activation of immune cells [69]. 
The implantation of MSCs benefits from the reduced 
immune response. And MSCs’ ability to regulate the 
immune system is dependent on how well they inhibit 
lymphocytes or peripheral blood mononuclear cells 
(PBMCs) [70]. Inhibiting lymphocytes and PBMCs can 
significantly mitigate tissue damage caused by an exag-
gerated immune response. Alhamwe’s research shows 
that exosomes derived from hBMSCs can boost the pro-
duction of TGF-β1 and IL-10 from the peripheral blood 
monolayers of asthmatic patients thereby promoting the 
expansion of regulatory T cells grow and dampening the 
immune system [71]. In general, reducing the immune 
response in various ways can improve MSC viability 
within the implant recipient’s body. Research has shown 

Table 2  Studies reporting the population doubling time in different MSCs after cryopreservation
Study Species Source The time of 

cryopreservation
The population 
doubling time after 
cryopreservation

Gamble et al. [60] Human Adipose tissue - No change
Ngeun et al. [61] Rabbit Adipose tissue, Bone marrow 4 Weeks No change
Wiese et al. [62] Human Umbilical cord, Bone marrow - No change
Bella et al. [63] Canine Adipose tissue 7 Years No change
Schmelzer et al. [64] Human Adipose tissue, Amniotic tissue, Bone 

marrow, Chorionic tissue, Liver, and 
Umbilical cord

- No change

Yalvaç et al. [65] Human Tooth germs 6 months No change
Nguyen et al. [66] Human Umbilical cord - No change
Navakauskienė et al. [67] Human Placenta Long-term storage No change
Fu et al. [51] Human Umbilical cord 24 h No change
Hennes et al. [68] Human Amniotic fluid 1 week to 6 weeks No change
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that cryopreservation moderately reduces the immuno-
modulatory potential of MSCs compared to fresh MSCs, 
but does not significantly alter it [72, 73]. However, the 
immunosuppressive impact of cryopreserved MSCs on 
lymphocytes or PBMCs can recover to a level compara-
ble to that of fresh MSCs within a short period follow-
ing recovery, typically less than 7 days [74]. According to 
these studies, cryopreservation affects MSCs’ ability to 
modulate immunity, but this effect is reversible. Prior to 
therapeutic use, cultivate cryopreserved MSCs for a brief 
duration may enhance their immunoregulatory capacity 
and restore their immunomodulatory potential.

Cell differentiation capacity
Based on the established minimum standards by the 
International Society for Cellular Therapy’s Mesenchy-
mal and Tissue Stem Cell Committee [6], MSCs must 
differentiate into osteoblasts, adipocytes, and chondro-
blasts under laboratory conditions. Therefore, it is cru-
cial to assess the MSCs’ differentiation capacity after 
cryopreservation using histochemical staining [75]. Von 
Kossa or Alizarin Red can stain MSCs red or black when 
they develop calcium deposits during osteogenic stimula-
tion [75, 76], indicating the capacity to differentiate into 
osteocytes of the MSCs. Similarly, Oil Red O staining can 
be utilized to detect round lipid droplets characteristic 
of adipocytes following induction [75, 77], while Alcian 
blue staining of the proteoglycans in the induced carti-
lage blue reveals if MSCs have the capacity to develop 
into chondrocytes [75, 78]. According to recent research, 
cryopreservation has no appreciable impact on MSCs’ 
capacity for differentiation, particularly in the areas of 
osteogenic, lipogenic, and chondrogenic differentiation 
[79, 80].

Biosafety
Conducting MSC characterization studies, animal tests, 
and clinical safety evaluations is critical to forecasting 
potential risks and ensuring the safety of MSCs in ther-
apeutic applications [81]. Considering the significant 
correlation between gene mutations and cancer, MSCs 
used in therapeutic settings should not possess genomic 
alterations linked to cancer. This necessitates a careful 
examination of the MSCs’ genetic makeup. In extreme 
circumstances, an inadequate safety evaluation may 
result in immune rejection during the treatment of allo-
geneic donor MSCs [82].

According to some research, cryopreservation with 
DMSO may change the stem cells’ chromosomal stabil-
ity and cell cycle [83, 84]. Prior to clinical application, it 
is critical to analyze the total chromosomal content of 
MSCs by karyotype, as chromosome alterations are one 
of cancer’s features [85]. Kyrotype analysis can identify 
aneuploidy and chromosomal abnormalities, such as 

inversion, deletion, translocation, and duplication, com-
monly observed in genetic illnesses [86]. According to 
Zhang’s research, MSC chromosomal makeup and num-
ber remain unchanged after cryopreservation [87]. On 
the other hand, DMSO may induce epigenetic modifi-
cations in MSCs, including telomere shortening and the 
random loss of genomic regions [12], mediated by path-
ways involving histone modification and DNA methyla-
tion. Pollock’s research through the genomic analysis has 
confirmed that the different freezing media evaluated 
have different effects on the levels of DNA hydroxy meth-
ylation in MSCs [88]. To find the best CPAs for clinical 
use, more comparative research on the biological safety 
of other CPAs is required.

Homing potential
“Homing of MSCs” refers to the process by which foreign 
MSCs implant, move to a specific tissue or organ, and 
carry out their biological tasks [89]. For instance, MSCs 
migrate to the wounded location upon receiving an injury 
signal, where they impede the inflammatory process that 
facilitates healing [90]. Numerous variables, including 
chemokines, adhesion molecules, growth factors, and 
inflammatory factors, control the homing of MSCs [91]. 
Certain investigations have shown that cryopreserva-
tion has no influence on MSCs’ homing potential (Paul 
Köhli [92] and Morgana T. L. Castelo-Branco [93]). How-
ever, other research has suggested that cryopreservation 
diminishes MSCs’ homing potential [94]. Therefore, the 
effects of cryopreservation on the homing potential of 
MSCs still require further investigation.

Limits for cryopreservation on MSCs
Several challenges remain to be addressed before the clin-
ical application of MSCs, including concerns related to 
immunogenicity, donor heterogeneity, in vitro expansion, 
and cryopreservation [95]. Cryopreservation remains a 
critical issue that requires resolution. For example, how 
to select suitable CPAs to avoid intracellular ice crystal 
formation and how to avoid epigenetic modification of 
MSCs after cryopreservation [96].

The choice of CPAs for MSCs is an important issue, 
because some CPAs may lead to cryopreserved MSCs 
encountering challenges related to genetic stability, 
including chromosome abnormalities, genetic muta-
tions, and epigenetic alterations [12]. The traditional CPA 
is DMSO, but recently more clinical research has begun 
to use CPAs without DMSO to preserve the genetic 
integrity of MSCs, since some studies have revealed 
that DMSO may induce genetic alterations in MSCs 
[83, 84]. It is imperative to emphasize strict control the 
development and research of CPAs and the evaluation 
of the optimal dose of CPAs such as DMSO in order to 
mitigate genetic instability in cryopreserved MSCs and 
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retain their superior biological characteristics. In addi-
tion, it is also necessary to distinguish between CPAs 
used in experimental research and clinical application, 
because CPAs used in the former also need to be paired 
with serum, which is from animal and easy to produce 
non-human virus contamination risk, such as prions [97]. 
However, most clinical ready-to-use MSCs preparations 
contain DMSO, which has certain vascular and liver tox-
icity, so further optimization of CPAs is also required. 
Therefore, select appropriate CPAs to protect MSCs from 
these problems, and the safety and efficacy of MSCs in 
clinical applications can only be guaranteed in this way.

Furthermore, the identification of markers and bio-
logical traits of MSCs remains a challenging task [98]. 
Depending on the tissue source, MSCs have diverse phe-
notypes, differentiation potential, and expansion poten-
tial [99]. The International Society for Cellular Therapy’s 
Mesenchymal and Tissue Stem Cell Committee proposed 
minimal criteria in 2006 to define human MSCs. These 
criteria included adherence to plastic under standard 
culture conditions; expression of CD105, CD73, and 
CD90 but not CD45, CD34, CD14 or CD11b, CD79a or 
CD19, or HLA-DR surface molecules; and the ability to 
differentiate into osteoblasts, adipocytes, or chondro-
blasts in vitro [6]. This offered an unambiguous standard 

for distinguishing hMSCs from various sources. Subse-
quently, in 2013, the committee revised these criteria to 
incorporate the identification of MSCs’ immunological 
[100]. In 2015, the committee decided that three types 
of analysis—quantitative RNA analysis of specific gene 
products, flow cytometry analysis of functionally signifi-
cant surface indicators, and protein-based assay of the 
secretome—would help them make the best matrix assay 
approach [101]. As these criteria continue to evolve and 
expand in number over time, the process of identifying 
MSCs is expected to become more straightforward and 
transparent.

However, there is no standard procedure for evaluating 
the effectiveness of MSCs upon thawing, leading to vary-
ing techniques being employed across different labora-
tories for this purpose [102]. Modifications to the whole 
cryopreservation procedure, including the CPAs, the 
length of storage, and the cell concentration, are under 
investigation [103]. While numerous research has shown 
that MSCs’ cell shape [57, 58], marker expression [57, 
58], proliferative potential [59], and ability to differentiate 
into three different types of cells [79, 80] remain stable 
following cryopreservation. However, variations have 
been observed in terms of immunomodulatory capac-
ity [72, 73], cell viability [54, 55], and genetic stability 

Fig. 3  Composition and function of mesenchymal stem cells (MSCs) derived exosomes. MSCs derived exosomes are small lipid bilayer vesicles with the 
diameter of 30–150 nm, which can contain proteins, lipids and nucleic acids and can be used as carriers for material exchange and information transfer 
between cells. They also have the same function as MSCs, including immunomodulation, anti-inflammatory and anti-apoptotic effects
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[12] of cryopreserved MSCs. And some researches have 
indicated that cryopreservation can lead to delay cell 
death, resulting in loss of viability and function, without 
immediate manifestation of cellular damage symptoms 
[104]. Further research is warranted to investigate the 
implications of injecting MSCs into patients immedi-
ately after thawing, as apoptotic cell injection may poten-
tially impede the clinical therapeutic efficacy of MSCs 
[105]. Additionally, it is crucial for cryopreserved MSCs 
to endure and thrive in injured tissues, where they will 
be exposed to challenging conditions such as hypoxia, 
nutritional stress, and host immune responses [106]. 
These factors can significantly impact the survival and 
implantation performance of transplanted MSCs [107]. 
It is anticipated that advancements in technology will 
contribute to the development of improved strategies for 
preparing clinical-grade MSCs with enhanced biosafe, 
survival and regenerative potential.

What’s more, MSCs help create an anti-inflammatory 
environment by suppressing pro-inflammatory cells and 
fostering anti-inflammatory cells at the site of injury 
[108]. Interactions between cells and intercellular com-
munication via certain cellular secretions may enable the 
regulation of the immune system [109]. MSCs secrete 
growth factors and cytokines enclosed within extracel-
lular vesicles, like exosomes [110], which are tiny lipid 
bilayer vesicles with a diameter of around 30–150  nm. 
These exosomes can encircle proteins, lipids, and nucleic 
acids, serving as carriers for material exchange and infor-
mation transmission between cells [110]. MSCs release 
exosomes (MSCs-Exo) that exhibit immunomodulatory 
effects and influence immune cell activity in various ways 
[111, 112] (Fig.  3). For example, MSCs-Exo have been 
shown to attenuate immune and inflammatory responses 
while inhibiting the activation of different immune cells, 
including T, B, and NK cells [113]. Despite its diverse 
applications, few studies have explored the multiple roles 
of MSCS-Exo in MSCs during cryopreservation. Future 
research is expected to focus on further understanding 
the immunomodulatory properties of MSCS-EXO in 
MSCs cryopreservation along with developing analytical 
techniques for assessing these properties.

Conclusion
It is important to develop a well-thought-out cryopreser-
vation plan that can protect MSCs’ functional proper-
ties, like their ability to differentiate and survive, thereby 
enabling their effective utilization in clinical settings 
[114]. Since MSCs with complete biological functions are 
essential for effective clinical practice, particularly in the 
treatment of conditions like diabetes, it is critical to opti-
mize cryopreservation procedures. This includes careful 
selection of CPA types and concentrations, to reduce the 
potential adverse effects on MSCs. Tailoring CPAs and 

concentrations to specific types of MSCs is also impor-
tant. While some clinical studies have reported promising 
outcomes using freezing MSCs with DMSO-free cryo-
preservation solutions, further comprehensive explo-
ration into their safety and efficacy will be necessary in 
future investigations. Additionally, prior to clinical appli-
cation, a thorough assessment of the biological properties 
of cryopreserved MSCs is essential to ensure their safe 
and effective use. Safety remains the foremost priority in 
clinical application. If MSCs show rejection, toxicity, and 
other phenomena, they should be stopped immediately, 
or the most serious even lead to the death of the patient. 
Therefore, MSCs must be strictly tested and the implant 
must be carefully observed during the implantation 
process to ensure favorable responses. Apart from that, 
regular follow-ups and medical examinations are a neces-
sity for MSC transplant recipients, with prompt hospital 
visits advised if any discomfort arises. In the future, it is 
possible to create a high-throughput, completely auto-
mated, and sterile system for MSC cryopreservation tai-
lored specifically for clinical settings. It will significantly 
promote the utilization of cryopreserved MSCs in the 
clinical phase and enable clinicians to more efficiently 
prepare MSCs for their patients. We must overcome the 
challenges outlined in the review to establish a standard-
ized process for the cryopreservation of human MSCs for 
clinical applications.

Abbreviations
MSCs	� Mesenchymal stem cells
hMSCs	� human mesenchymal stem cells
CPAs	� Cryoprotective agents
DMSO	� Dimethyl sulfoxide
NPAs	� Non-permeating agents
EG	� Ethylene glycol
PG	� Propylene glycol
FBS	� Fetal bovine serum
hESCs	� human embryonic stem cells
hUCMSCs	� human umbilical cord MSCs
hBMSCs	� human bone marrow MSCs
annexin V-PI	� annexin V-propidium iodide
Tre	� Trehalose
Gly	� Glycerol
hADSCs	� human adipose-derived MSCs
PDT	� the population doubling time
IL-10	� Interleukin-10
IL-4	� Interleukin-4
PBMCs	� Peripheral blood mononuclear cells
MSCs-Exo	� MSCs release exosomes

Acknowledgements
Not applicable. The authors declare that they have not used Artificial 
Intelligence in this study.

Author contributions
JLW drafted the manuscript and figures. RL edited, revised, and approved the 
final version of this manuscript.

Funding
Not applicable.

Data availability
Not applicable.



Page 10 of 12Wang and Li Stem Cell Research & Therapy          (2024) 15:337 

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author(s) declared no potential conflicts of interest with respect to the 
research, authorship, and/or publication of this article.

Received: 19 June 2024 / Accepted: 22 September 2024

References
1.	 Friedenstein A J, Chailakhyan R K, Latsinik NV, et al. Stromal cells responsible 

for transferring the microenvironment of the hemopoietic tissues. Cloning in 
vitro and retransplantation in vivo [J]. Transplantation. 1974;17(4):331–40.

2.	 Handke M, Rakow A, Singer D, et al. Bone marrow from periacetabular oste-
otomies as a novel source for human mesenchymal stromal cells [J]. Stem 
Cell Res Ther. 2023;14(1):315.

3.	 Shi Y, Yang X. Advancements in culture technology of adipose-derived 
stromal/stem cells: implications for diabetes and its complications [J]. Front 
Endocrinol (Lausanne). 2024;15:1343255.

4.	 Bian A, Ye X, Wang J, et al. Therapeutic effects and mechanism of human 
amnion-derived mesenchymal stem cells on hypercoagulability in a uremic 
calciphylaxis patient [J]. Ren Fail. 2023;45(1):2218483.

5.	 Rajput S N, Naeem B K, Ali A, et al. Expansion of human umbilical cord 
derived mesenchymal stem cells in regenerative medicine [J]. World J Stem 
Cells. 2024;16(4):410–33.

6.	 Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining multipo-
tent mesenchymal stromal cells. The International Society for Cellular Therapy 
position statement [J]. Cytotherapy. 2006;8(4):315–7.

7.	 Wang X A, Li J P, Wu K H et al. Mesenchymal stem cells in acquired aplastic 
Anemia: the Spectrum from Basic to Clinical Utility [J]. Int J Mol Sci, 2023, 
24(5).

8.	 El-Sayed M E, Atwa A, Sofy A R, et al. Mesenchymal stem cell transplantation 
in burn wound healing: uncovering the mechanisms of local regeneration 
and tissue repair [J]. Histochem Cell Biol. 2024;161(2):165–81.

9.	 Rossello-Gelabert M, Gonzalez-Pujana A, Igartua M, et al. Clinical progress in 
MSC-based therapies for the management of severe COVID-19 [J]. Cytokine 
Growth Factor Rev. 2022;68:25–36.

10.	 Davies O G, Smith A J, Cooper P R, et al. The effects of cryopreservation on 
cells isolated from adipose, bone marrow and dental pulp tissues [J]. Cryobi-
ology. 2014;69(2):342–7.

11.	 Wang X, Wang E. Advanced cryopreservation engineering strategies: the 
critical step to utilize stem cell products [J]. Cell Regen. 2023;12(1):28.

12.	 Redaelli S, Bentivegna A, Foudah D, et al. From cytogenomic to epigenomic 
profiles: monitoring the biologic behavior of in vitro cultured human bone 
marrow mesenchymal stem cells [J]. Stem Cell Res Ther. 2012;3(6):47.

13.	 Felix O, Tunes G. The influence of cell concentration at cryopreservation on 
neutrophil engraftment after autologous peripheral blood stem cell trans-
plantation [J]. Hematol Transfus Cell Ther. 2018;40(3):233–9.

14.	 Connelly-Smith L, Gooley T, Roberts L, Cryopreservation of growth 
factor-mobilized peripheral blood stem cells does not compromise major 
outcomes after allogeneic hematopoietic cell transplantation: a single-center 
experience [J]. Transpl Cell Ther, 2023, 29(11): 700 e1- e8.

15.	 Qin X, Chen Z. Core-Shell Microfiber Encapsulation enables glycerol-
free cryopreservation of RBCs with high hematocrit [J]. Nanomicro Lett. 
2023;16(1):3.

16.	 Pier B D, Roshong A, Santoro N, et al. Association of duration of embryo cul-
ture with risk of large for gestational age delivery in cryopreserved embryo 
transfer cycles [J]. Fertil Steril. 2024;121(5):814–23.

17.	 Whaley D, Damyar K, Witek RP, et al. Cryopreservation: an over-
view of principles and cell-specific considerations [J]. Cell Transpl. 
2021;30:963689721999617.

18.	 Murata M, Terakura S, Wake A, et al. Off-the-shelf bone marrow-derived mes-
enchymal stem cell treatment for acute graft-versus-host disease: real-world 
evidence [J]. Bone Marrow Transpl. 2021;56(10):2355–66.

19.	 Kikuchi T, Nishimura M, Komori N, et al. Development and characterization of 
islet-derived mesenchymal stem cells from clinical grade neonatal porcine 
cryopreserved islets [J]. Xenotransplantation. 2024;31(1):e12831.

20.	 Yong K W, Wan Safwani W K, Xu F, et al. Cryopreservation of human mesen-
chymal stem cells for clinical applications: current methods and challenges 
[J]. Biopreserv Biobank. 2015;13(4):231–9.

21.	 Bennett B, Hanotaux J, Pasala A R, et al. Impact of lower concentrations of 
dimethyl sulfoxide on cryopreservation of autologous hematopoietic stem 
cells: a systematic review and meta-analysis of controlled clinical studies [J]. 
Cytotherapy. 2024;26(5):482–9.

22.	 Rienzi L, Gracia C, Maggiulli R, et al. Oocyte, embryo and blastocyst 
cryopreservation in ART: systematic review and meta-analysis comparing 
slow-freezing versus vitrification to produce evidence for the development of 
global guidance [J]. Hum Reprod Update. 2017;23(2):139–55.

23.	 Noh J E, Oh S H, Park I H, et al. Intracerebral transplants of GMP-Grade 
Human umbilical cord-derived mesenchymal stromal cells effectively treat 
subacute-phase ischemic stroke in a Rodent model [J]. Front Cell Neurosci. 
2020;14:546659.

24.	 Mfarrej B, Vicari O. Sepax-2 cell processing device: a study assessing reproduc-
ibility of concentrating thawed hematopoietic progenitor cells [J]. J Transl 
Med. 2022;20(1):503.

25.	 Oh SJ, Jo C H, Kim TS et al. Sphingosine-1-phosphate treatment improves 
Cryopreservation Efficiency in Human mesenchymal stem cells [J]. Life 
(Basel), 2023, 13(6).

26.	 Yoshida H, Lareau C A, Ramirez R N, et al. The cis-Regulatory Atlas of the 
mouse Immune System [J]. Cell. 2019;176(4):897–912. e20.

27.	 Yong K W, Pingguan-Murphy B, Xu F, et al. Phenotypic and functional charac-
terization of long-term cryopreserved human adipose-derived stem cells [J]. 
Sci Rep. 2015;5:9596.

28.	 Garcia-Martinez T, Martinez-Rodero I, Roncero-Carol J et al. The role of Aqua-
porin 7 in the Movement of Water and Cryoprotectants in bovine in Vitro 
matured oocytes [J]. Anim (Basel), 2022, 12(4).

29.	 Liang X, Hu X. Recovery and functionality of cryopreserved peripheral blood 
mononuclear cells using five different xeno-free cryoprotective solutions [J]. 
Cryobiology. 2019;86:25–32.

30.	 Ribeiro JC, Carrageta D F, Bernardino RL et al. Aquaporins and animal Gamete 
Cryopreservation: advances and Future challenges [J]. Anim (Basel), 2022, 
12(3).

31.	 Marcantonini G, Bartolini D, Zatini L, Natural cryoprotective and Cytoprotec-
tive agents in Cryopreservation: a focus on melatonin [J]. Molecules, 2022, 
27(10).

32.	 Von Bomhard A, Elsasser A, Ritschl L M, et al. Cryopreservation of endothelial 
cells in various Cryoprotective agents and media - vitrification versus slow 
freezing methods [J]. PLoS ONE. 2016;11(2):e0149660.

33.	 Huang H, He X, Yarmush ML. Advanced technologies for the preservation of 
mammalian biospecimens [J]. Nat Biomed Eng. 2021;5(8):793–804.

34.	 Adami R, Scesa G. Stem cell transplantation in neurological diseases: improv-
ing effectiveness in animal models [J]. Front Cell Dev Biol. 2014;2:17.

35.	 Ojovan M I. The Flow of glasses and Glass-Liquid transition under Electron 
irradiation [J]. Int J Mol Sci, 2023, 24(15).

36.	 Dias C, Commin L, Bonnefont-Rebeix C et al. Comparative evaluation of the 
in vitro cytotoxicity of a series of chitosans and chitooligosaccharides Water-
Soluble at physiological pH [J]. Polym (Basel), 2023, 15(18).

37.	 Barbosa B B, Evangelista I T A, Soares A R B, et al. Kinetic vitrification: concepts 
and perspectives in animal sperm cryopreservation [J]. Anim Reprod. 
2023;20(2):e20220096.

38.	 Huebinger J, Han H M, Grabenbauer M. Reversible cryopreservation of Living 
Cells Using an Electron Microscopy Cryo-fixation method [J]. PLoS ONE. 
2016;11(10):e0164270.

39.	 Moon JH, Lee J R, Jee B C, et al. Successful vitrification of human amnion-
derived mesenchymal stem cells [J]. Hum Reprod. 2008;23(8):1760–70.

40.	 Zhan L, Guo S Z, Kangas J, et al. Conduction cooling and Plasmonic Heating 
dramatically increase droplet vitrification volumes for cell cryopreservation 
[J]. Adv Sci (Weinh). 2021;8(11):2004605.

41.	 Zhang C, Yang D, Ding D et al. Melatonin application during cryopreservation 
improves the development and clinical outcomes of human vitrified-warmed 
oocytes [J]. Cryobiology, 2024: 104902.

42.	 Han Z, Rao J S, Ramesh S, et al. Model-guided design and optimization of CPA 
perfusion protocols for whole organ cryopreservation [J]. Ann Biomed Eng. 
2023;51(10):2216–28.



Page 11 of 12Wang and Li Stem Cell Research & Therapy          (2024) 15:337 

43.	 Ma Y, Liu X, Shi G, et al. Storage Time of Cryopreserved embryos and 
pregnancy outcomes: a dose-response Meta-analysis [J]. Geburtshilfe 
Frauenheilkd. 2021;81(3):311–20.

44.	 Roque M, Geraldes D, Da Silva C et al. Long-circulating and Fusogenic lipo-
somes loaded with Paclitaxel and Doxorubicin: Effect of Excipient, freezing, 
and freeze-drying on Quality attributes [J]. Pharmaceutics, 2022, 15(1).

45.	 Ventruba P, Zakova J, Jeseta M, et al. Aspects of embryo selection and their 
preparation for the formation of human embryonic stem cells intended for 
human therapy [J]. Ceska Gynekol. 2021;86(1):5–10.

46.	 Mallis P, Boulari D. Michalopoulos E, Evaluation of HLA-G Expression in 
Multipotent Mesenchymal Stromal Cells Derived from Vitrified Wharton’s Jelly 
Tissue [J]. Bioeng (Basel), 2018, 5(4).

47.	 Dou M, Lu C, Liu J et al. Liquid helium enhanced vitrification efficiency of 
human bone-derived mesenchymal stem cells and human embryonic stem 
cells [J]. Bioeng (Basel), 2021, 8(11).

48.	 Merimi M, El-Majzoub R, Lagneaux L, et al. The therapeutic potential of mes-
enchymal stromal cells for Regenerative Medicine: current knowledge and 
future understandings [J]. Front Cell Dev Biol. 2021;9:661532.

49.	 Zhao X, Hu Y. Efficacy of mesenchymal stromal cells in the treatment of unex-
plained recurrent spontaneous abortion in mice: an analytical and systematic 
review of meta-analyses [J]. PLoS ONE. 2023;18(11):e0294855.

50.	 Kang M H, You S Y, Hong K, et al. DMSO impairs the transcriptional program 
for maternal-to-embryonic transition by altering histone acetylation [J]. 
Biomaterials. 2020;230:119604.

51.	 Fu X, Xu B, Jiang J, et al. Effects of cryopreservation and long-term culture on 
biological characteristics and proteomic profiles of human umbilical cord-
derived mesenchymal stem cells [J]. Clin Proteom. 2020;17:15.

52.	 Wang W, Liu X, Wang W, et al. The effects of Indoxyl Sulfate on Human umbili-
cal cord-derived mesenchymal stem cells in Vitro [J]. Cell Physiol Biochem. 
2016;38(1):401–14.

53.	 Ishizaki T, Takeuchi Y, Ishibashi K, et al. Cryopreservation of tissues by 
slow-freezing using an emerging zwitterionic cryoprotectant [J]. Sci Rep. 
2023;13(1):37.

54.	 Lopez A, Betancourt M, Ducolomb Y, et al. DNA damage in cumulus cells 
generated after the vitrification of in vitro matured porcine oocytes and its 
impact on fertilization and embryo development [J]. Porcine Health Manag. 
2021;7(1):56.

55.	 Chen X, Foote A G, Thibeault SL. Cell density, dimethylsulfoxide concentra-
tion and needle gauge affect hydrogel-induced bone marrow mesenchymal 
stromal cell viability [J]. Cytotherapy. 2017;19(12):1522–8.

56.	 Zhang T Y, Tan P C, Xie Y, et al. The combination of trehalose and glycerol: 
an effective and non-toxic recipe for cryopreservation of human adipose-
derived stem cells [J]. Stem Cell Res Ther. 2020;11(1):460.

57.	 Bahsoun S, Brown M J, Coopman K, et al. Cryopreservation of human bone 
marrow derived mesenchymal stem cells at high concentration is feasible [J]. 
Biopreserv Biobank. 2023;21(5):450–7.

58.	 Conde-Green A, Sherman LS, Naaldijk Y et al. An Enzyme-free Method for 
Isolation and Expansion of Human Adipose-derived Mesenchymal Stem Cells 
[J]. J Vis Exp, 2019, (154).

59.	 Bhat S, Viswanathan P. Expansion and characterization of bone marrow 
derived human mesenchymal stromal cells in serum-free conditions [J]. Sci 
Rep. 2021;11(1):3403.

60.	 Gamble A, Pawlick R, Pepper A R, et al. Improved islet recovery and efficacy 
through co-culture and co-transplantation of islets with human adipose-
derived mesenchymal stem cells [J]. PLoS ONE. 2018;13(11):e0206449.

61.	 Koung Ngeun S, Shimizu M, Kaneda M. Characterization of rabbit mesen-
chymal Stem/Stromal cells after cryopreservation [J]. Biology (Basel), 2023, 
12(10).

62.	 Wiese D M, Wood C A, Ford B N, et al. Cytokine activation reveals tissue-
imprinted gene profiles of mesenchymal stromal cells [J]. Front Immunol. 
2022;13:917790.

63.	 Di Bella S, Cannella V, Mira F, The Effect of a 7 year-long cryopreservation on 
stemness features of Canine adipose-derived mesenchymal stem cells (cAD-
MSC) [J]. Anim (Basel), 2021, 11(6).

64.	 Schmelzer E, Mckeel D T, Gerlach JC. Characterization of Human Mesen-
chymal Stem Cells from Different Tissues and Their Membrane Encasement 
for Prospective Transplantation Therapies [J]. Biomed Res Int, 2019, 2019: 
6376271.

65.	 Yalvac M E, Ramazanoglu M, Tekguc M, et al. Human tooth germ stem cells 
preserve neuro-protective effects after long-term cryo-preservation [J]. Curr 
Neurovasc Res. 2010;7(1):49–58.

66.	 Nguyen M, Q, Bui H T H, Tuyet A N T, et al. Comparative Bioactivity analysis 
for off-the-Shelf and Culture-rescued umbilical cord-derived mesenchymal 
Stem/Stromal cells in a Xeno- and serum-free culture system [J]. Cell Transpl. 
2021;30:9636897211039441.

67.	 Navakauskiene R, Zukauskaite D. Effects of human placenta cryopreservation 
on molecular characteristics of placental mesenchymal stromal cells [J]. Front 
Bioeng Biotechnol. 2023;11:1140781.

68.	 Hennes A, Gucciardo L, Zia S, et al. Safe and effective cryopreservation 
methods for long-term storage of human-amniotic-fluid-derived stem cells 
[J]. Prenat Diagn. 2015;35(5):456–62.

69.	 Xie Q, Liu R, Jiang J, et al. What is the impact of human umbilical cord mes-
enchymal stem cell transplantation on clinical treatment? [J]. Stem Cell Res 
Ther. 2020;11(1):519.

70.	 Yang Y, He X, Zhao R, et al. Serum IFN-gamma levels predict the therapeutic 
effect of mesenchymal stem cell transplantation in active rheumatoid arthri-
tis [J]. J Transl Med. 2018;16(1):165.

71.	 Alashkar Alhamwe B, Potaczek D P, Miethe S et al. Extracellular vesicles and 
asthma-more than just a co-existence [J]. Int J Mol Sci, 2021, 22(9).

72.	 Wang L, Zhang H, Guan L, et al. Mesenchymal stem cells provide prophylaxis 
against acute graft-versus-host disease following allogeneic hematopoietic 
stem cell transplantation: a meta-analysis of animal models [J]. Oncotarget. 
2016;7(38):61764–74.

73.	 Mendt M, Daher M, Basar R, et al. Metabolic reprogramming of GMP Grade 
Cord tissue derived mesenchymal stem cells enhances their suppressive 
potential in GVHD [J]. Front Immunol. 2021;12:631353.

74.	 Sanz-Nogues C, O’Brien T. Current good manufacturing practice consider-
ations for mesenchymal stromal cells as therapeutic agents [J]. Biomater 
Biosyst. 2021;2:100018.

75.	 Pineiro-Ramil M, Sanjurjo-Rodriguez C, Castro-Vinuelas R et al. Usefulness of 
mesenchymal cell lines for bone and cartilage regeneration research [J]. Int J 
Mol Sci, 2019, 20(24).

76.	 Salgado C L, Mansur A A P, Mansur H S et al. Bioengineered fluorescent nano-
probe conjugates for Tracking Human Bone cells: in Vitro Biocompatibility 
analysis [J]. Mater (Basel), 2021, 14(16).

77.	 Ranjbaran M, Kianian F, Kadkhodaee M, et al. Mesenchymal stem cells and 
their conditioned medium as potential therapeutic strategies in managing 
comorbid anxiety in rat sepsis induced by cecal ligation and puncture [J]. 
Iran J Basic Med Sci. 2022;25(6):690–7.

78.	 Yi Y, Wu M, Zhou X, et al. Ascorbic acid 2-glucoside preconditioning enhances 
the ability of bone marrow mesenchymal stem cells in promoting wound 
healing [J]. Stem Cell Res Ther. 2022;13(1):119.

79.	 Lee T, Hwang S, Seo D, Comparative analysis of Biological signatures between 
freshly preserved and Cryo-preserved bone marrow mesenchymal stem cells 
[J]. Cells, 2023, 12(19).

80.	 Park B W, Jang S J, Byun J H, et al. Cryopreservation of human dental follicle 
tissue for use as a resource of autologous mesenchymal stem cells [J]. J Tis-
sue Eng Regen Med. 2017;11(2):489–500.

81.	 Fields L, Ito T, Kobayashi K, et al. Epicardial placement of human MSC-loaded 
fibrin sealant films for heart failure: preclinical efficacy and mechanistic data 
[J]. Mol Ther. 2021;29(8):2554–70.

82.	 Chen JM, Huang Q Y, Zhao Y X, et al. The latest developments in Immu-
nomodulation of Mesenchymal Stem cells in the Treatment of Intra-
uterine Adhesions, both allogeneic and autologous [J]. Front Immunol. 
2021;12:785717.

83.	 Shafa M, Walsh T, Panchalingam K M et al. Long-Term Stability and dif-
ferentiation potential of Cryopreserved cGMP-Compliant Human Induced 
Pluripotent Stem cells [J]. Int J Mol Sci, 2019, 21(1).

84.	 Li R, Hornberger K, Dutton JR, et al. Cryopreservation of Human iPS Cell 
aggregates in a DMSO-Free Solution-An optimization and comparative study 
[J]. Front Bioeng Biotechnol. 2020;8:1.

85.	 Ueyama H, Horibe T. Chromosomal variability of human mesenchymal stem 
cells cultured under hypoxic conditions [J]. J Cell Mol Med. 2012;16(1):72–82.

86.	 Tsai H H, Kao H J, Kuo M W, et al. Whole genomic analysis reveals atypical 
non-homologous off-target large structural variants induced by CRISPR-Cas9-
mediated genome editing [J]. Nat Commun. 2023;14(1):5183.

87.	 Zhang M, Zhao Y, Wang L, et al. Study of the biological characteristics of 
human umbilical cord mesenchymal stem cells after long-time cryopreserva-
tion [J]. Cell Tissue Bank. 2022;23(4):739–52.

88.	 Pollock K, Samsonraj R M, Dudakovic A et al. Improved post-thaw function 
and epigenetic changes in mesenchymal stromal cells cryopreserved using 
Multicomponent Osmolyte solutions [J]. 2017: 828 – 42.



Page 12 of 12Wang and Li Stem Cell Research & Therapy          (2024) 15:337 

89.	 Chen L, Luo W, Wang Y, et al. Directional homing of glycosylation-modified 
bone marrow mesenchymal stem cells for bone defect repair [J]. J Nanobio-
technol. 2021;19(1):228.

90.	 Dos Santos A, Balayan A, Funderburgh M L, et al. Differentiation capacity of 
human mesenchymal stem cells into Keratocyte lineage [J]. Invest Ophthal-
mol Vis Sci. 2019;60(8):3013–23.

91.	 Dubois N, Crompot E, Meuleman N, et al. Importance of Crosstalk between 
Chronic lymphocytic leukemia cells and the Stromal Microenvironment: 
direct contact, soluble factors, and Extracellular vesicles [J]. Front Oncol. 
2020;10:1422.

92.	 Kohli P, Otto E. Jahn D, Future perspectives in spinal cord repair: brain as 
Saviour? TSCI with concurrent TBI: Pathophysiological Interaction and Impact 
on MSC treatment [J]. Cells, 2021, 10(11).

93.	 Castelo-Branco M T, Soares I D, Lopes D V, et al. Intraperitoneal but not 
intravenous cryopreserved mesenchymal stromal cells home to the inflamed 
colon and ameliorate experimental colitis [J]. PLoS One. 2012;7(3):e33360.

94.	 Chinnadurai R, Garcia M A, Sakurai Y, et al. Actin cytoskeletal disruption fol-
lowing cryopreservation alters the biodistribution of human mesenchymal 
stromal cells in vivo [J]. Stem Cell Rep. 2014;3(1):60–72.

95.	 Huang R, Chen J, Guo B, et al. Diabetes-induced male infertility: potential 
mechanisms and treatment options [J]. Mol Med. 2024;30(1):11.

96.	 Mukai M, Uchida K, Hirosawa N, et al. Frozen vein wrapping for chronic nerve 
constriction injury reduces sciatic nerve allodynia in a rat model [J]. BMC 
Neurosci. 2022;23(1):37.

97.	 Doucet E J, Cortez Ghio S, Barbier M A, et al. Production of tissue-Engineered 
skin substitutes for clinical applications: elimination of serum [J]. Int J Mol Sci, 
2023, 24(16).

98.	 Tao X, Wang J, Liu B, et al. Plasticity and crosstalk of mesenchymal stem 
cells and macrophages in immunomodulation in sepsis [J]. Front Immunol. 
2024;15:1338744.

99.	 Li N, Gao J, Mi L, et al. Synovial membrane mesenchymal stem cells: past life, 
current situation, and application in bone and joint diseases [J]. Stem Cell Res 
Ther. 2020;11(1):381.

100.	 Krampera M, Galipeau J, Shi Y, et al. Immunological characterization of 
multipotent mesenchymal stromal cells–the International Society for Cellular 
Therapy (ISCT) working proposal [J]. Cytotherapy. 2013;15(9):1054–61.

101.	 Galipeau J, Krampera M, Barrett J, et al. International Society for Cellular 
Therapy perspective on immune functional assays for mesenchymal stromal 
cells as potency release criterion for advanced phase clinical trials [J]. Cyto-
therapy. 2016;18(2):151–9.

102.	 Miceli V, Bulati M, Iannolo G et al. Therapeutic properties of mesenchymal 
Stromal/Stem cells: the need of cell priming for cell-free therapies in Regen-
erative Medicine [J]. Int J Mol Sci, 2021, 22(2).

103.	 Cherian D S, Bhuvan T, Meagher L, et al. Biological considerations in scaling 
up Therapeutic Cell Manufacturing [J]. Front Pharmacol. 2020;11:654.

104.	 Bahsoun S, Coopman K, Akam E C. The impact of cryopreservation on bone 
marrow-derived mesenchymal stem cells: a systematic review [J]. J Transl 
Med. 2019;17(1):397.

105.	 Fu Y, Sui B. Emerging understanding of apoptosis in mediating mesenchymal 
stem cell therapy [J]. Cell Death Dis. 2021;12(6):596.

106.	 Sun Z, Cai Y, Chen Y, et al. Ultrasound-targeted microbubble destruction 
promotes PDGF-primed bone mesenchymal stem cell transplantation for 
myocardial protection in acute myocardial infarction in rats [J]. J Nanobio-
technol. 2023;21(1):481.

107.	 Nie W B, Zhang D, Wang LS. Growth factor gene-modified mesenchymal 
stem cells in tissue regeneration [J]. Drug Des Devel Ther. 2020;14:1241–56.

108.	 Chung J J Kimd, Jung Y, et al. The effect of Substance P/Heparin conjugated 
PLCL polymer coating of bioinert ePTFE vascular grafts on the recruitment of 
both ECs and SMCs for accelerated regeneration [J]. Sci Rep. 2019;9(1):17083.

109.	 Liu Y, Ma Y, Zhang J, et al. Exosomes: a Novel Therapeutic Agent 
for cartilage and bone tissue regeneration [J]. Dose Response. 
2019;17(4):1559325819892702.

110.	 Shieh JS, Chin Y T, Chiu H C et al. Bio-pulsed Stimulation effectively improves 
the production of avian mesenchymal stem cell-derived extracellular vesicles 
that enhance the Bioactivity of skin fibroblasts and hair follicle cells [J]. Int J 
Mol Sci, 2022, 23(23).

111.	 Wei J, Zhang Y, Chen C, et al. Efficacy and safety of allogeneic umbilical cord-
derived mesenchymal stem cells for the treatment of complex perianal fistula 
in Crohn’s disease: a pilot study [J]. Stem Cell Res Ther. 2023;14(1):311.

112.	 Zhong Y, Zhang Y, Yu A, et al. Therapeutic role of exosomes and conditioned 
medium in keloid and hypertrophic scar and possible mechanisms [J]. Front 
Physiol. 2023;14:1247734.

113.	 Varkouhi A K, Monteiro A P T, Tsoporis J N, et al. Genetically modified mesen-
chymal Stromal/Stem cells: application in critical illness [J]. Stem Cell Rev Rep. 
2020;16(5):812–27.

114.	 Zhou L, Zhu H, Bai X, et al. Potential mechanisms and therapeutic targets of 
mesenchymal stem cell transplantation for ischemic stroke [J]. Stem Cell Res 
Ther. 2022;13(1):195.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Effects, methods and limits of the cryopreservation on mesenchymal stem cells
	﻿Abstract
	﻿Background
	﻿Cryopreservation methods for MSCs
	﻿﻿Slow freezing﻿
	﻿﻿Vitrification﻿

	﻿Effects for cryopreservation on MSCs
	﻿Cell viability
	﻿Cell phenotype and proliferation capacity
	﻿﻿Immunomodulatory ability﻿
	﻿﻿Cell differentiation capacity﻿
	﻿﻿Biosafety﻿
	﻿﻿Homing potential﻿

	﻿Limits for cryopreservation on MSCs
	﻿Conclusion
	﻿References


