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Multipotent mesenchymal stromal 
cells (MSCs) are characterized by unique 
properties and high therapeutic potential. 
For effective application of MSCs it is 
necessary to develop the conditions of their 
storage and transportation ensuring the 
preservation of the viability and functional 
activity. A common method for cell storage is 
cryopreservation [1, 2]. It allows the storage 
of biological material during unlimited period 
of time, however, requires the use of special 
equipment and cryoprotectants which are as a 
rule of toxic effect [3].

 For a short-term storage and transportation 
of cells as a cheap and technically simple 
alternative to deep cold (–196 C) there are 
widely used the positive temperatures which 
are below of the physiological values inherent 
to homoiotherms. When developing the 
hypothermic storage conditions the major 
attention is concentrated to optimizing the 
composition of media [4, 5, 6], leaving out 

of the focus the spatial arrangement of cells 
in a liquid medium during storage. Natural 
sedimentation in the dispersion over time leads 
to a situation when individual cells occur to be 
in different conditions. The last circumstance 
can be avoided by continuously stirring the 
cell suspension, increasing the viscosity of 
the medium or formation of a specific cell 
environment with their entrapment in the 
hydrogel, for example alginate microspheres 
(AMSs).

 The advantages of cell entrapment in 
hydrogel AMSs as a technological method 
which provides an increase in cell viability 
during storage have been previously identified 
when we studied the correlation of MSCs 
hypothermic storage on the compositions of 
the used media [7]. In present paper we set out 
to determine if this effect occurs without using 
the special media for hypothermic storage.

 The aim of the work was a comparative 
study of the structural and functional 
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The research aim work was a comparative study of structural and functional state and capacity for 
differentiation of multipotent mesenchymal stromal cells, stored  at various temperatures either as 
cell suspensions or within alginate microspheres. Storage was carried out in a culture medium based 
on -MEM at temperatures of 4, 22 and 37 C in sealed cryovials. After 1, 2 and 3 days the alginate 
microspheres were dissolved and viability (MTT test), the attachment properties and metabolic 
activity (AB test) were evaluated in monolayer cell culture. It has been shown that the storage of the 
mesenchymal stromal cells in suspension for 3 days at the indicated temperatures resulted in a 
decrease of the studied parameters. Mesenchymal stromal cells after storage within alginate 
microspheres at 22 and 37 C showed a high viability (78 and 87%, respectively), kept the attachment 
properties (62 and 70%), metabolic activity (79 and 75%) and ability to differentiation. The results 
indicate that the mesenchymal stromal cells entrapped in alginate microspheres are more resistant to 
storage conditions than a suspension of mesenchymal stromal cells. Entrapment in alginate 
microspheres is a promising technological approach for a short-term storage of mesenchymal stromal 
cells at positive temperatures.
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condition and ability to induce differentiation 
of MSCs stored at positive temperatures either 
in the form of cell suspensions or entrapped in 
alginate hydrogel microspheres.

Materials and Methods

 Experiments were performed in human 
adult dermal MSCs, procured in accordance 
with the recommendations of the WMA 
Association of Helsinki, and the requirements 
of Bioethics Committee of the Institute for 
Problems of Cryobiology and Cryomedicine of 
NAS of Ukraine.

 The monolayer of dermal MCSs was 
cultured in the culture medium (CM) of -MEM 
(PAA, Austria) supplemented with 10% fetal 
bovine serum (FBS), 50 IU/ml of penicillin 
and 50 μg/ml streptomycin, at 37 C, 5% CO2 
and 95% humidity. When the cells reached 
a 70% monolayer, they were then passaged 
by the standard technique using Trypsin/
Versene mixture at 1:4 ratio and plated with 
5,000 cells/cm2 reseeding coefficient [9]. The 
MSCs cultures which underwent 4–8 passages 
were used for study.

 Experiments on cell viability during 
storage in CM were performed using MSCs 
in suspension and entrapped in AMSs. For 
entrapment in AMSs the cells were suspended 
in 1.2% sodium alginate solution (Sigma-
Aldrich, USA), prepared with Hank’s solution 
(pH 7.4). The resulting mixture was then 
placed into a 1 ml syringe with a 0.33 mm 
needle diameter and added dropwise into 2% 
CaCl2 solution, where it was left for 10 min to 
polymerize. The obtained AMSs, containing 
MSCs, were stepwise washed from an excess of 
calcium ions by buffer solution (0.15 M NaCl, 
25 mM HEPES, pH 7,4) and placed in CM. The 
AMSs diameter made was 2.0±0.1 mm.

 For the purpose of storage the MSCs in 
suspension of single cells or within AMSs was 
placed into 2 ml cryovials with a semicircular 
bottom (NUNC, USA). The dose of cells placed 
into a cryovial either as the suspension or 
entrapped in AMSs was about 100,000, total 
volume of medium made 1 ml. The sealed 
cryovials with samples were incubated at 
4, 22 and 37 C during 1, 2 or 3 days in the 
upright position. At each time point the 
experimental material in cryovials was a 
visually assessed. To evaluate MSCs survival 
was determined cell viability after washing 
of storage medium and dissolving the AMSs, 
and cell attachment, metabolic activity and 
ability to induce differentiation, after placing 
them under culture conditions. As the control 

MSCs in suspension and entrapped in AMSs 
were not subjected to storage (zero time point 
of storage).

 For extraction of the cells from AMSs was 
added 1 ml of 50 mM sodium citrate, resulting 
in a gel depolymerization. Cells were washed 
with a buffer solution, centrifuged for 7 min at 
150 g and resuspended in 1 ml of CM. Stored in 
suspension MSCs was also washed with buffer 
solution and suspended in a fresh portion of 
the CM.

 The MSCs viability was assessed by MTT 
test. With this aim the 0.5 ml cell suspension 
was supplemented with 50 μl of a redox 
indicator MTT [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium] bromide (Sigma-
Aldrich) in 5 mg/ml concentration. After 
2 hrs’ incubation at 37 C the samples were 
centrifuged, the sediment was suspended in 
saline and a number of cells was calculated in a 
Goryaev’s chamber according to the standard 
technique [10]. The viability was determined 
as the ratio of MSCs accumulated formazan 
to the total number of cells and expressed as a 
percentage.

 Cell attachment was assessed by the ability 
of MSCs to attach to the culture plastic. On 1 
day after MSCs placement under cell culture 
conditions there was counted a number of non-
attached cells according to total amount of the 
cells and the level of attachment was calculated 
by the following formula:

where A — number of cells before plating (by 
MTT test);
       В — number of not attached cells.

Metabolic activity of MSCs was evaluated 
by the cell ability to reduce the redox 
indicator AlamarBlue (AB) after 1 day of 
culturing. For this purpose, in the wells of 
the culture plate was added 0.5 ml of fresh 
CM containing 10% AB and fluorescence 
was measured at excitation wavelength 
550 nm and emission 590 nm using a 
spectrofluorometer Tecan Genios (Australia) 
after 2 hours of incubation at 37 C with 5% 
CO2. The data were processed with program 
XFLUOR4 v/4/50 software (Tecan GENios) 
and expressed in relative fluorescence units 
(RFU). The calculation was performed using 
the formula: 
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where Sx — fluorescence of the sample;
Sb — fluorescence of the blank test (10% 

AB solution in CM without cells).
Adipogenic differentiation of MSCs was 

induced by culturing in -MEM medium, 
containing 10% FBS, 0.5 mM 3-isobutyl-
1-methylxanthine (Sigma-Aldrich), 1 μM 
dexamethasone (Sigma-Aldrich), 10 μg/ml 
insulin (Sigma-Aldrich), 100 μM indomethacin 
(Sigma-Aldrich). To consider a spontaneous 
differentiation the cells were cultured in 
-MEM medium with 10% FBS without 
inducers. Media were changed 2–3 times per 
week. After 21 days the cell cultures were fixed 
for 30 min at 4 C with 10% formalin, prepared 
on Hanks solution. To confirm adipogenic 
differentiation of MSCs the neutral lipids were 
stained by Oil Red O (Sigma-Aldrich). Fixed 
preparations of cell cultures were washed with 
60% isopropyl alcohol (Macrochem, Russia) 
and kept in a freshly prepared solution of Oil 
Red O (30 mg/ml in 60% isopropanol) for 1 h at 
room temperature, then washed with distilled 
water [11].

 Osteogenic differentiation of MSCs 
was induced following culture in -MEM 
medium, containing 10% FBS, 100 nM 
dexamethasone (Sigma-Aldrich), 10 mM 
-glycerophosphate (Sigma-Aldrich), 0.2 mM 
L-ascorbic acid-2-phosphate (Sigma -Aldrich) 
for 21 days. Calcium accumulation, assessed 
morphologically by staining using Alizarin 
Red S (Sigma-Aldrich), was considered 
as the confirmation of differentiation in 
this direction [12]. For this aim the fixed 
preparations of MSCs cultures were incubated 
for 2 min in a 1% Alizarin Red S dye solution 
at room temperature, and then thoroughly 
washed with distilled water.

 Morphological studies of stained 
preparations were carried out by light inverted 
microscope CETI Inverso (CETI, Belgium).

 The results were statistically processed 
using Excel (Microsoft, USA) and Past 
Statistic v/3/01 (Sweden). Depending on the 
pattern of data distribution the significance 
of differences between the indices was 
evaluated using either a parametric Student’s 
t-test or nonparametric Mann-Whitney 
test. Differences between the samples were 
considered as significant at Р  0,05.

Results and Discussion

 Human dermal MSCs in the form of 
suspension and entrapped in AMSs were kept 
in normo- and hypothermic conditions for 
1–3 days in sealed vials with medium, which 

is common environment for their culture and 
maximally supporting their vital functions. 

At the first stage of the study the 
suspensions of isolated MSCs during their 
storage at positive temperatures were visually 
controlled. At 4 C after the first day the cells 
were sedimented with the formation flexible 
loose residue. On 3rd day of storage the sediment 
density was increased, but when gently shaking 
the vial a homogeneous cell suspension was 
formed. CM colour, reflecting the pH, did not 
change within 3 days of storage at 4 C.

 Exposure of MSCs suspension for 3 days 
under mild hypothermia conditions at 22 C 
also resulted in the sediment formation of cells 
without changing the medium pH. However 
turning it to a suspended state did not allow 
the obtaining of homogeneous suspension. In 
cell suspension there were observed small sized 
cell aggregates.

 Cell suspensions storage in normothermic 
conditions at 37 C to day 1 formed relatively 
dense sediment. For turning MSCs into 
a suspension form required some effort. 
Obtained after sediment suspending the 
suspension consisted mainly of cell aggregates 
and non-cellular strands. There were observed 
the more dense and large-sized aggregates 
versus those at 22 C. Furthermore by 2nd day 
of storage an acidification of the CM occurred.

 When observing the state of AMSs with 
the MSCs stored at 4, 22 and 37 C showed no 
changes in their integrity and CM up to the 3 
days of the study: the entrapped in AMSs cells 
remained distinct, cell aggregates were not 
observed and colour of the storage CM did not 
differ if compared to control.

 Assessment of the cell viability reflecting 
the general characteristics of their survival 
and morphological and functional status of 
MSC as attachment and metabolic activity 
confirmed the differences in cell state after 
storage, due to the features of their spatial 
arrangement, i.e. they have been in suspension 
or entrapped in the hydrogel AMSs.

 Initial viability of human dermal MSCs in 
suspension estimated by MTT test made 97 ± 
2%. MSCs within AMSs maintained viability 
at the same level.

 The Fig. 1 has shown that MSCs storage 
in suspension at all the temperatures lead 
to gradual decrease in cell viability and 
significant differences were observed after 
1 day. After 3 days of MSCs storage in 
suspension at 22 and 37 C the viability was 
about 50%. In the case of hypothermic storage 
at 4 C decrease in this parameter was more 
pronounced — 30%.
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Entrapped in AMSs MSCs was more 
tolerated to storage. After the 1st day a 
significant decrease in viability was observed 
only in the case of cells stored in AMSs 
in hypothermic conditions at 4 C. Use 
of the temperatures 22 and 37 C allowed 
maintaining a level of MSCs viability close 
to the initial. A significant reduction in the 
viability of MSCs within AMSs during storage 
in mild hypothermic conditions at 22 C was 
observed only on final periods of storage, but 
the percentage of cells accumulating formazan 
remained relatively high, in particular 78± 
4%, that was significantly higher compare to 
viability of the MSCs in suspension. Storage 
of the MSCs in AMSs at 37 C not resulted 
in reducing the viability up to three days 
resulting in a difference between the rates of 
MTT test for MSCs in suspension and within 
AMSs about 40% (87 ± 9% and 49 ± 10%, 
respectively).

 Hypothermic storage of MSCs within 
AMSs at 4 C resulted in a gradual decrease of 
viability during the observation period and at 
the end of this period the differences between 
cells in the suspension and AMSs were not 
observed. Advantage of MSCs storage within 
AMSs was revealed after two days when the 
viability of MSCs was about 20% higher if 
compared to viability of the cells in suspension 
(Fig. 1).

The ability of MSCs to attach to the 
culture plastic is one of the determining 
characteristics of these cells, which 
implemented by a complex cascade of 

responses and generally reflect the cell 
survival rate. MSCs storage in suspension 
at all the studied temperatures led to a 
gradual reduction in their attaching ability 
(Fig. 2). As a result by 3rd day only 20% of 
the cell suspension exposed at 4 and 37 C 
were able to attach to the plastic. The use of 
mild hypothermia (22 C) to a lesser extent 
influenced this parameter, more than 40% of 
cells kept the attachability (Р  0.05).

In general, changes in attachment of MSCs 
within AMSs during storage were similar to 
the changes’ dynamic of viability obtained 
by MTT assay. The ability to attachment 
of the MSCs within AMSs stored at 22 and 
37 C significantly differs if compared to 
MSCs in suspension. Despite this parameter 
was lower than initial reference level after two 
days of storage, to the end of the experiment 
the percentage of capable to attachment 
MSCs was 62 ± 10% (22 C) and 69 ± 7% 
(37 C), which was significantly higher than 
the results obtained for MSCs in AMSs stored 
at 4 C. Ability to attachment of MSCs in 
AMSs after hypothermic storage (4 C) did not 
differ versus the MSCs stored in suspension. 

Attached to the plastic MSCs were 
subjected to monolayer culture to confirm 
their morphological and functional integrity. 
In culture these cells was flattened, acquired 
fibroblast-like morphology, actively 
proliferated and thereafter could form a 
monolayer. 

For integral evaluation of the MSCs state 
in culture was used AB test which reflects a 

Fig. 1. Comparison of multipotent mesenchymal stromal cells viability during storage in suspension (A) 
and within alginate microspheres (B) at 4 (), 22 () и 37 () С using MTT assay

Hereinafter: Р  0.05 compared to the control (*) and to MSCs suspension (#)

A B
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metabolic activity of cells. Evaluations were 
made after first day of monolayer culture 
(Fig. 3). MSCs culture obtained after hypothermic 
storage at 4 C in suspension and within AMSs 
was able much less to recover AB than the control. 
For MSCs cultures stored for three days the 
parameters were characterized at 0.99 ± 0.42 and 
1.86 ± 0.55 RFU, while for the control they were 
5.28 ± 0.69 and 5.4 RFU ± 0.79, respectively. Cell 
cultures obtained after MSCs storage at 22 and 
37 C in suspension were characterized by low 
levels of the AB test significantly different if 
compared to the control to day 2 of storage. Only 
for MSCs cultures which were stored within AMSs 
at 22 and 37 C AB test parameters were on the 
level of control and were 4.04 ± 0.56 and 4.24 ± 
0.52 RFU after three days.

A distinctive feature of MSCs is their 
ability to induced multilineage differentiation. 
Conditions of MSCs storage may be considered 
as satisfactory only if this ability is confirmed. 
For this MSCs after three days of storage 
within AMSs at 4, 22 and 37 C were induced 
to differentiate into osteogenic and adipogenic 
directions. As you can see in Fig. 4 during 
culture in adipogenic medium the cells 
acquired a circular shape and accumulated 
intracellular lipid in the form of typical 
vacuoles that stained with Oil Red O dye in 
the red-pink colour. In shape and intensity of 
staining cells within AMSs subjected to storage 
did not differ versus the control.

Also, the ability of the MSCs to 
differentiate into osteogenic direction was 

confirmed (Fig. 5). After of the effect of 
appropriate inducers in cultures accumulated 
calcium resulting in specimens staining with 
Alizarin Red S in red.

The cells cultured in medium without 
inducers the accumulation of differentiation 
product was not observed. The ability of cells 
to the directed differentiation in monolayer 
culture conditions favours its functional utility.

The results show that entrapment in AMSs 
which provides a separate location and uniform 
cell distribution can prolong the safe storage of 
MSCs at positive temperatures. During storage 
within AMSs the cells largely remained viable, 
kept attachment properties, metabolic activity 
and differentiation potential versus those cells 
stored in suspension.

Uniform distribution of cells in the medium 
depth provides equal conditions of nutrient 
and oxygen intake and the removal of waste 
products. These conditions can significantly 
affect the survival of the cells during 
storage. One promising approach for uniform 
distribution of cells is their entrapment in 
microspheres made of natural and synthetic 
hydrogels. This approach is also being more 
widely used in biotechnology. For a material 
of natural origin used for the entrapment of 
living cells the one of the foremost is alginate, 
a linear polysaccharide composed of 1–4 
beta-linked residues of beta-D-mannuronic 
and alpha-L-guluronic acids. Alginate is 
low toxic, under physiological conditions it 
can form a gel, capable of providing the cell 

Fig. 2. Comparison of attachment ability of multipotent mesenchymal stromal cells after storage in suspen-
sion (A) and alginate microspheres (B) at 4 (), 22 () и 37 () С

A B
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Fig. 3. Comparison of metabolic activity of multipotent mesenchymal stromal cells after storage in suspen-
sion (A) and alginate microspheres (B) 4 (), 22 () и 37 () С after one day of culture using AB test

Fig. 4. Adipogenesis in vitro of multipotent mesenchymal stromal cells in medium without (A) 
and with adipogenic inducers of differentiation before (B) 

and after three days of storage at 37 (C), 22 (D) and 4 (E) С: Oil Red O staining

A

ED
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immobilization, transporting the nutrients 
thereto and removing decomposition 
products and immunoisolating the cells at 
transplantation. These properties allow 
to successfully use alginate hydrogels for 
entrapment of MSCs [13], pancreatic beta-cells 
[14], hepatocytes [15], genetically modified 
fibroblasts [16], embryonic stem cells [17] 
with the perspective of their subsequent 
transplantation. 

The development of cell transplantation 
requires an improvement of various 
technological stages of this complex 
process. Mandatory step is the short-term 
storage and/or transportation. A common 
approach is the maintaining of MSCs 
suspension at described above conditions in 
a liquid medium, i.e. based on exposure of 
cell pellets, the density of which is storage 
temperature dependent. This leads to 
problems with the availability of nutrients 
for the cells under storage and maintaining 
an adequate gas exchange. We have 
previously studied the effect of the ionic 
composition of the medium at hypothermic 
storage of MSCs at 4 C [7]. These results 
showed the importance of the maintenance 
of osmotic equilibrium in the “cell-its 
microenvironment” system to preserve 
viability. Sedimentation of the cells leads 

to virtually uncontrollable changes in the 
microenvironment of the system cellular 
elements. Entrapment of the MSCs in AMSs 
allows the isolation of the cell elements 
from each other by means of the alginate 
hydrogel that eliminated the mechanical 
contact and the formation of cell pellets. 
Here the storage conditions of individual 
cell components are likely getting more 
standardized and controlled. The result is an 
increase in survival of entrapped in AMSs 
MSCs compared to the cells in suspension. 

Hypothermic temperatures (4 C) should 
be noted to decrease the viability of MSCs 
and this was more pronounced than at mild 
hypothermia and normothermia. It reflects 
the development of the system further, 
destabilizing the state processes caused 
by this temperature control, the most 
important of which is probably the decrease 
in the ability of the cell to maintain ionic 
homeostasis [7].

Thus, an entrapment in alginate 
microspheres allows higher survival of 
MSCs during short-term storage at positive 
temperatures in comparison with the storage 
in the form of cell suspension. Entrapment in 
alginate microspheres can be considered in a 
new way, in particular, a technological method 
for storage and transportation of MSCs.

Fig. 5. Osteogenesis in vitro of multipotent mesenchymal stromal cells in medium without inducers (A) 
and in the presence of osteogenic inducers of differentiation before (B) 

and after three days of storage at 37 (C), 22 (D) and 4 (E) С: Alizarin Red S staining

D

CBA
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Метою роботи було порівняльне вивчення 
структурно-функціонального стану і здатності 
до диференціювання мультипотентних мезен-
хімальних стромальних клітин, що їх зберіга-
ли за різних температур у вигляді клітинних 
суспензій або у складі альгінатних мікросфер. 
Зберігання проводили в культуральному се-
редовищі на основі -МЕМ за температур 4, 
22 і 37  С у герметично закритих кріопробір-
ках. Через 1, 2 і 3 доби альгінатні мікросфе-
ри розчиняли, і життєздатність (МТТ-тест), 
адгезивні властивості та метаболічну актив-
ність (АВ-тест) клітин оцінювали у моноша-
ровій культурі. Показано, що зберігання ме-
зенхімальних стромальних клітин у вигляді 
суспензії протягом 3 діб за даних температур 
призводило до зниження досліджуваних по-
казників. Мезенхімальні стромальні клітини 
після зберігання в альгінатних мікросферах 
при 22 C і 37 C виявляли високу життєздат-
ність (78 і 87%, відповідно), збереження адге-
зивних властивостей (62 і 70%), метаболічну 
активність (79 і 75%) і здатність до диферен-
ціювання. Результати свідчать, що мезенхі-
мальні стромальні клітини, інкапсульовані в 
альгінатні мікросфери, стійкіші до умов збе-
рігання, ніж суспензія мезенхімальних стро-
мальних клітин. Інкапсуляція в альгінатні 
мікросфери є перспективним технологічним 
прийомом для короткострокового зберігання 
мезенхімальних стромальних клітин за пози-
тивних температур.

Ключові слова: мультипотентні мезенхімальні 
стромальні клітини, альгінатні мікросфери, 
метаболічна активність, індуковане 
диференціювання.
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Целью работы было сравнительное изуче-
ние структурно-функционального состояния 
и способности к дифференцировке мультипо-
тентных мезенхимальных стромальных кле-
ток, хранившихся при разных температурах 
в виде клеточных суспензий или в составе аль-
гинатных микросфер. Хранение проводили 
в культуральной среде на основе -МЕМ при 
температурах 4, 22 и 37 С в герметически за-
крытых криопробирках. Через 1, 2 и 3 суток 
альгинатные микросферы растворяли, и жиз-
неспособность (МТТ-тест), адгезивные свойства 
и метаболическую активность (АВ-тест) клеток 
оценивали в монослойной культуре. Показано, 
что хранение мезенхимальных стромальных 
клеток в виде суспензии в течение 3 суток при 
указанных температурах приводило к сниже-
нию изучаемых показателей. Мезенхимальные 
стромальные клетки после хранения в альги-
натных микросферах при 22 C и 37 C прояв-
ляли высокую жизнеспособность (78 и 87%, со-
ответственно), сохранность адгезивных свойств 
(62 и 70%), метаболическую активность (79 и 
75%) и способность к дифференцировке. Ре-
зультаты показывают, что мезенхимальные 
стромальные клетки, инкапсулированные в 
альгинатные микросферы, более устойчивы к 
условиям хранения, чем суспензия мезенхи-
мальных стромальных клеток. Инкапсуляция 
в альгинатные микросферы является перспек-
тивным технологическим приемом для кратко-
срочного хранения мезенхимальных стромаль-
ных клеток при положительных температурах.

Ключевые слова: мультипотентные мезенхи-
мальные стромальные клетки, альгинатные 
микросферы, метаболическая активность, 
индуцированная дифференцировка.




