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Abstract New cryopreservation approaches for medically

applicable cells are of great importance in clinical medi-

cine. Current protocols employ the use of dimethyl sul-

foxide (DMSO), which is toxic to cells and causes

undesirable side effects in patients, such as cardiac

arrhythmias, neurological events, and others. Trehalose, a

nontoxic disaccharide, has been already studied as a cry-

oprotectant. However, an efficient approach for loading

this impermeable sugar into mammalian cells is missing. In

our study, we assessed the efficiency of combining rever-

sible electroporation and trehalose for cryopreservation of

human adipose-derived stem cells. First, we determined

reversible electroporation threshold by loading of propid-

ium iodide into cells. The highest permeabilization while

maintaining high cell viability was reached at 1.5 kV/cm,

at 8 pulses, 100 ls, and 1 Hz. Second, cells were incubated

in 250 or 400 mM trehalose and electroporated before

cryopreservation. After thawing, 83.8 ± 1.8 % (mean ±

SE) cell recovery was obtained at 250 mM trehalose. By

using a standard freezing protocol (10 % DMSO in 90 %

fetal bovine serum), cell survival after thawing was about

91.5 ± 1.6 %. We also evaluated possible effects of elec-

troporation on cells’ functionality before and after thawing.

Successful cell growth and efficient adipogenic and

osteogenic differentiation were achieved. In conclusion,

electroporation seems to be an efficient method for loading

nonpermeable trehalose into human adipose-derived stem

cells, allowing long-term cryopreservation in DMSO-free

and xeno-free conditions.
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Introduction

Human mesenchymal stem/progenitor cells (MSCs) from

bone marrow, adipose tissue, placenta, umbilical cord, and

other tissues are currently being administered to large

number of patients in different clinical trials (Syed and

Evans 2013; Fang et al. 2007; Lendeckel et al. 2004;

Puissant et al. 2005; Rada et al. 2009). For stem cell-based

therapies to be used routinely in a clinical setting, these

cells must be stored. The most widely used method for

long-term storage of cells and tissues at subzero tempera-

tures, while preserving their vital function after thawing, is

cryopreservation. Since 1949, when Polge and coworkers

published an article describing a method for successful

freezing and thawing of mammalian spermatozoa (Polge

et al. 1949), cryopreservation methods began to develop

extensively (Mazur 1984; Crowe and Crowe 2000; Eroglu

et al. 2000). Cryopreservation seeks to reach low temper-

atures while protecting cellular structures from damage

caused by formation of ice crystals during freezing and

thawing. The most traditional approach relies on protocols

that include addition of cell membrane penetrating cry-

oprotectants such as dimethyl sulfoxide (DMSO) (Mazur

1984). DMSO is a small amphiphilic molecule with a

hydrophilic sulfoxide group and two hydrophobic methyl

groups. Due to its properties, DMSO can readily penetrate

cell membranes. It acts as a solvent, which loosens cell
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membrane and generates ‘‘pores’’ through which it enters

into the cell (Gurtovenko and Anwar 2007) and at the same

time increases the intracellular concentration of solutes

(Karlsson and Toner 1996). However, despite its efficiency

in cryopreservation, DMSO is toxic to cells at room tem-

perature (Katkov et al. 2006; Wang et al. 2011). The tox-

icity of DMSO is even more damaging in clinical settings

when stem cells are thawed and infused directly into

patients. In these cases, DMSO can cause serious side

effects or can be even fatal (Zenhausern et al. 2000; Grigg

et al. 2000; Higman et al. 2000; Syme et al. 2004; Sharp

et al. 2013; Cox et al. 2012).

In nature, a wide variety of organisms and animals are

able to tolerate low temperatures or dehydration stress by

accumulation of large amounts of disaccharides, like tre-

halose and sucrose. These include plant seeds, bacteria,

insects, yeast, crustaceans, and also vertebrates (Crowe and

Crowe 2000; Brockbank et al. 2010; Larson et al. 2014;

Tsujimoto et al. 2016). These sugars are believed to protect

cells in two ways. The first proposed mechanism is ‘‘the

water replacement hypothesis’’ or stabilization of biologi-

cal membranes and proteins by direct interaction of sugars

with polar residues through hydrogen bonding. Addition of

disaccharides, especially trehalose, depresses phase tran-

sition temperature (Tm) so that the membrane remains in

the liquid crystalline state even when dried. Upon rehy-

dration, no phase transition takes place and no leaking of

cytoplasmic contents occurs (Crowe et al. 1988, 1989;

Konov et al. 2015). The second proposed mechanism

includes the ability of sugars to form a stable glass (vitri-

fication) upon loss of water. Loss of water within cells

results in high molecular packing and slowing of molecular

mobility, providing protection of cells until water is

available (Kanias and Acker 2006).

To be effective as a cryoprotectant, trehalose has to be

present on both sides of the membrane (Eroglu et al.

2000). Therefore, its use in mammalian cells has been

limited because these cells do not metabolize trehalose,

and their cell membranes are almost impermeable to

disaccharides or larger sugars (Campbell and Brockbank

2012; Brockbank et al. 2010). To circumvent this obsta-

cle, various experimental approaches have been tested to

introduce trehalose into mammalian cells. Some of these

techniques make use of the leakiness of cell membranes

during phase transition (Beattie et al. 1997), the fluid-

phase endocytosis (Wolkers et al. 2001), or with a

genetically engineered mutant of pore forming toxin

(Eroglu et al. 2000). In a different approach, mammalian

cells were transfected with genes for trehalose synthesis

using viral vectors (Guo et al. 2000). Another possibility

to increase intracellular trehalose concentration seems to

be culturing cells in vitro in the presence of trehalose

(Campbell and Brockbank 2012; Petrenko et al. 2014).

Despite a variety of described approaches, these methods

exhibit low efficiency and poor control of trehalose

loading into cells.

An alternative approach for introducing trehalose into

cells is electroporation (Shayanfan et al. 2013; Phoon et al.

2008; Zhou et al. 2010). The principles of electroporation

are known since more than 40 years. The method is based

on temporary increase in the electrical conductance and

permeability of biological membranes for various mole-

cules upon application of external electric fields of suffi-

cient strength and duration (Neumann and Rosenheck

1972; Kotnik et al. 2012; Rems and Miklavčič 2016). The

technique has gained common acceptance because it is

more controllable, reproducible, and efficient than other

methods for intracellular delivery of xenomolecules (such

as drugs, plasmids, and proteins) (Delteil et al. 2000;

Miklavčič et al. 2000, 2014; Spiller et al. 1998; Yarmush

et al. 2014; Haberl et al. 2013; Mahnič-Kalamiza et al.

2014; Golberg et al. 2016). Electroporation has also been

used as a tool for introducing impermeable saccharides,

however, mostly in plant cells (Shayanfan et al. 2013;

Dymek et al. 2014; Phoon et al. 2008).

To avoid the use of toxic DMSO, we investigated the

possibility of combining reversible electroporation with

trehalose for cryopreservation of clinically relevant cell

type—human adipose-derived stem cells (ASC). ASCs

were electroporated in the presence of trehalose, cryopre-

served, and recovered. The efficiency of our procedure was

assessed by the evaluation of cell survival, viability, and

differentiation potential in vitro. The results indicate that

high number of functionally intact cells can be obtained by

DMSO-free cryopreservation protocol. The new approach

of cryopreservation might lead to safer stem cell therapies

for patients.

Materials and Methods

Cell Culture

Adipose tissue of a single donor scheduled for elective

lipoaspiration was obtained with informed consent and in

accordance with the ethical guidelines of the National

Medical Ethics Committee (code 21/09/07). ASCs were

isolated as described previously (Zuk et al. 2001). Cells

were cultured in DMEM/F-12 media with 10 % fetal

bovine serum (FBS), 50 lg/mL gentamicin (all Gibco), and

1 ng/mL bFGF (Peprotech), in a humidified incubator at

37 �C and 5 % CO2. Media were changed twice per week.

When about 80 % confluency was obtained, cells were

detached by 0.05 % trypsin-EDTA solution (Sigma

Aldrich) and replated. For experiments, cells of the third

(P3) or fourth passage (P4) were used.
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Permeabilization Assay

Cell suspension was prepared at a density of 1 9 106 cells

per 100 lL of low-conductive electroporation buffer

(10 mM K2HPO4 (Merck), 10 mM KH2PO4, 1 mM MgCl2
250 mM trehalose (osmolality *290 mOsm/kg), all

obtained from Sigma Aldrich) containing 0.15 mM pro-

pidium iodide (PI) (Gibco). Cells were transferred to 2 mm

electroporation cuvettes (Peqlab), and 8 pulses of 100 ls at
1 Hz were delivered at 0, 100, 200, 300, 400, 500, 600, and

680 V (which corresponds to 0–3.4 kV/cm electric filed),

i.e., voltage divided with electrode distance in cuvette, with

electroporator (Jouan GHT 1287 B). Pulses were measured

with oscilloscope (Tektronix TDS 3012). After 2 min, cells

were transferred to microcentrifuge tubes, and nonloaded

PI was removed by centrifugation. ASC pellet was resus-

pended in DMEM/F-12, seeded in 96-well plate at a den-

sity of 260.000 cells/well, and PI fluorescence was

measured at 530/615 nm using multilabel plate reader

(Chameleon, Hidex). Experiment was performed in four

independent repetitions.

Trehalose Uptake by Electroporation

Cell suspension was prepared at a cell density 1 9 106

cells per 100 lL of low-conductive electroporation buffer

(10 mM K2HPO4, 10 mM KH2PO4, 1 mM MgCl2) con-

taining 250 mM (osmolality *290 mOsm/kg) or 400 mM

(osmolality *410 mOsm/kg) trehalose (Sigma Aldrich).

Osmolality was measured by freezing point depression

with Knauer cryoscopic unit (model 7312400000, Knauer,

Germany). Cell suspension was transferred to 2 mm elec-

troporation cuvettes, and 8 pulses of 100 ls were delivered
at 1 Hz of 0, 300 V amplitude (which represents 0 or

1.5 kV/cm electric field). After 2-min incubation at room

temperature, 80 lL of cell suspensions was transferred to

cryovials. Cells were incubated for additional 15 min at

37 �C to allow the cell membranes to reseal. As a positive

control, standard cryopreservation protocol with 10 %

DMSO (Wak Chemie) in 90 % FBS was used. Experiment

was performed in three independent repetitions.

Cryopreservation and Thawing

Cryopreservation of cell suspension was initiated in a

controlled rate container (freezing rate -1 �C/min) (Mr.

Frosty, Nalgene) to achieve -80 �C. The next day cells

were transferred into liquid nitrogen containers (-196 �C)
for at least 1 week. Thawing was performed at 37 �C with

20 % FBS (standard protocol) or 250 mM trehalose in

DMEM/F-12 for control and experimental protocol,

respectively. Experiment was performed in three indepen-

dent repetitions.

Cell Viability

Cell Survival and Recovery were assessed before and after

Treatment by Trypan blue dye exclusion method and MTT

Assay.

Trypan blue dye exclusion method: 1:1 dilution of the

suspension was prepared using 0.4 % Trypan blue solution

(Fluka), and staining was observed under inverted micro-

scope (Nikon, Eclipse TS100). Viability was expressed as

the percentage of viable unstained cells relative to the total

number of cells counted in a hemocytometer counting

chamber. Counts were done in duplicates.

MTT assay was assessed as described by Mossman with

some modifications (Mosmann 1983). ASCs were seeded

in 96-well plates at 50.000 cells/well with addition of cell

culturing medium (DMEM/F-12, 10 % FBS, 50 lg/mL

gentamicin) and incubated overnight at 37 �C and 5 %

CO2. The next day, medium was removed from each well

and replaced with MTT solution (final concentration

0.5 mg/ml), Sigma Aldrich). After at least 6 h of incuba-

tion at 37 �C, a purple-colored formazan product has been

developed. MTT solution was removed, and formazan

crystals were dissolved in acidified isopropanol (0.04 M

HCl in isopropanol, both obtained from Sigma Aldrich).

Afterward, absorbance at 570 nm was measured by

microplate reader (Chameleon, Hidex). Experiment was

performed in at least three independent repetitions.

Cell Differentiation Assays

To induce adipogenic differentiation, ASCs at 70–80 %

confluence were treated with adipogenic medium: DMEM/

F-12, 5 % FBS, 50 lg/mL gentamicin (all Gibco), 10 lg/
mL insulin, 1 lM dexamethasone, 200 lM indomethacin,

and 500 lM 3-isobutyl-1-methylxanthine (all obtained

from Sigma Aldrich), for 2 weeks. Medium changes were

carried out twice per week. The presence of intracellular

lipid droplets, indicative of adipocyte differentiation, was

assessed by Oil Red O (Sigma Aldrich) staining.

To induce osteogenic differentiation, ASCs at 70–80 %

confluence were cultured in osteogenic medium: Advanced

DMEM/F-12, 5 % FBS, 50 lg/mL gentamicin, 200 mM

GlutaMAX (all Gibco), 0.1 mM ascorbic acid, 0.1 lM
dexamethasone, and 10 mM b-glycerophosphate (all

obtained from Sigma Aldrich), for 4 weeks. The medium

was changed twice per week. The osteogenic differentia-

tion was evaluated by quantification of Ca2? deposits by

Calcium LiquiColor test (StanBio Laboratory).

Statistical Analysis

The results are represented as mean ± standard error (SE)

of the mean. The statistical significance of differences
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between the groups was evaluated by one-way, parametric

ANOVA test (NS not significant; *p\ 0.05; **p\ 0.01;

***p\ 0.001; ****p\ 0.0001). Statistical analysis was

performed using GraphPad Prism, version 6.01 (GraphPad

Software, Inc).

Results and Discussion

Selection of Optimal Electroporation Parameters

for Cell Permeability and Recovery

In the first set of experiments, we evaluated the uptake of

propidium iodide (PI) into human adipose-derived stem

cells (ASC). We also evaluated the influence of electro-

poration on ASCs’ viability. Therefore, in parallel, we

tested the recovery of ASC after exposure to increasing

electric field in the presence of PI (Fig. 1). To avoid

osmotic stress, experiments were performed in isotonic

media. With increasing electric field, fluorescence intensity

was increasing, indicating higher PI uptake. The highest

uptake was detected between 0.5 and 1.5 kV/cm. At about

2 kV/cm permeability of PI reached a plateau, meaning

that by increasing electric field above this value, no more

PI could penetrate into cells. On the contrary, by aug-

menting electric field, the recovery of cells was decreasing.

At electric field between 1 and 1.5 kV/cm (i.e. 200 and

300 V), fluorescence of PI uptake and MTT absorbance

measurement intercepted, and thus, this value was con-

sidered an optimal value between cell recovery and PI

uptake for all further experiments. Despite trehalose and PI

vary greatly in charge and structure, they have similar

molecular weight (Mohr et al. 2006).

Cryopreservation by Electroporation Combined

with Trehalose

Various approaches have been studied for trehalose deliv-

ery into mammalian cells; however, these methods were

not efficient or were demanding to perform (Beattie et al.

1997; Wolkers et al. 2001; Eroglu et al. 2000; Guo et al.

2000). However, Shirakashi et al. (2002) have shown that

by electroporation, comparable amounts of trehalose can be

loaded into murine cell line. In human cells, combination

of electroporation and trehalose was already tested for

freeze-drying of red blood cells (Zhou et al. 2010). To date,

we could not find any reports describing cryopreservation

of human stem cells by electroporation-mediated trehalose

loading. Cryopreservation of human umbilical cord mes-

enchymal stem cells intended for humans’ therapy without

the use of toxic DMSO was recently proposed (Dovgan

et al. 2015).

In the first set of experiments, the electric field of

1.5 kV/cm was determined as an optimum between effi-

cient cell permeabilization and still high cell viability

(Fig. 1). Therefore, before cryopreservation cells were

electroporated at 1.5 kV/cm in the presence of trehalose at

two different concentrations, 250 and 400 mM (Fig. 2).

250 mM trehalose in electroporation buffer (*290 mOsm/

kg) was chosen to prevent osmotic shock in cells. For a

comparison hypertonic buffer with 400 mM trehalose

(*410 mOsm/kg) was used. To see the effect of electro-

poration on trehalose loading into the cells, nonelectropo-

rated samples (denoted in Fig. 2 as 0 kV/cm) in the

presence of trehalose were cryopreserved following exactly

the same protocol. As a positive control, standard cryop-

reservation protocol containing 10 % DMSO in FBS was

used.

Figure 2a presents cells’ survival rate before and after

cryopreservation. Before cryopreservation almost all cells

were alive, having a survival rate around 100 % at all

measured parameters, control (before adding DMSO), and

250 and 400 mM with and without electroporation. Elec-

troporation did not have any negative effect on cell sur-

vival. After thawing, survival rates of about 66 % were

observed in nonelectroporated cells in the presence of

trehalose at both concentrations. Electroporation in com-

bination with trehalose yielded higher survival rates,

83.8 ± 1.8 and 78.4 ± 1.5 % with 250 and 400 mM tre-

halose, respectively. Using electroporation in the presence

of trehalose allowed us to achieve high survival rate

approaching the values obtained with standard DMSO

protocol (91.5 ± 1.6 %). No statistically significant dif-

ference between DMSO and 250 mM trehalose treated

with electroporation was observed, with only slight dif-

ference (*p\ 0.05) between DMSO and 400 mM tre-

halose with electroporation. Using higher trehalose

Fig. 1 PI uptake and recovery of ASC after electroporation at

100 ls, 1 Hz, and 8 pulses. Permeabilization of PI increased with

higher voltages and reached a plateau at about 2 kV/cm. Cell

recovery was decreasing with increasing electric field. Mean values

with SE of four independent experiments are presented
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concentration in electroporation medium did not increase

postthaw recovery, probably due to hypertonic conditions

during electroporation and freeze/thaw procedure. Deter-

mination of intracellular trehalose was not in the scope of

this study; however, in the study of Zhou et al. (2010), a

positive correlation between higher extracellular and

intracellular trehalose on recovery rate was observed. Yet,

in Zhou’s study, red blood cells were used. Ergolu et al.

(2000) also reported that at least 200 mM intracellular

trehalose concentration is necessary for high postthaw

survival (70–80 %) of frozen human fibroblasts and ker-

atinocytes. It appears that membranes of adipose-derived

stem cells enable for some loading of trehalose into cytosol

(Fig. 2a), probably by fluid-phase endocytotic mechanism

as already observed in human mesenchymal stem cells

(Oliver et al. 2004) and mouse fibroblasts (Zhang et al.

2016). Using electroporation, we achieved additional 15 %

increase in survival rate. As a logical step following this

study, we planned to determine intracellular trehalose

concentration in electroporated cells and their counter

controls. It needs to be noted though that when cells were

cryopreserved without cryoprotectant, without trehalose

and without electroporation, the survival after freeze/thaw

was about 5 % (data not shown).

Figure 2b presents recovery rate measured with MTT

assay. Before cryopreservation the MTT absorbance value

was comparable to control (prior addition of DMSO) at all

parameters, almost all cells were alive. After thawing, there

was however no difference between electroporated and

nonelectroporated cells; even more, both treatments resul-

ted in similar decrease of recovery rate in comparison to

DMSO. These results are not correlated with results

obtained by Trypan blue exclusion method. We are

assuming that MTT assay is not the most adequate method

to assess these differences. MTT assay was performed just

after cell morphology pictures were taken in the same

seeding plate (Fig. 3). In Fig. 3, obvious differences

between nonelectroporated and electroporated cells after

thawing exist; at nonelectroporated cells (Fig. 3e) after

thawing, more round, dead cells appeared in comparison to

electroporated cells (Fig. 3f) and also in comparison to

control DMSO (Fig. 3d) can be observed. However, MTT

assay did not confirm these observations. When performing

MTT assay on individual biological samples some differ-

ences were observed (data not shown), but when we pooled

the results for statistical analysis, the differences were not

evident. The reason for this inconsistency in results might

be in low seeding densities which lead to inaccurate cell

numbers. Another possible explanation is also that MTT

assay which is based on metabolic cell activity is not

directly related to cell viability. It was previously sug-

gested by Jakštys et al. (2015), MTT is not the most suit-

able assay for determining cell viability after

electroporation. Also in our study, we have not observed

any differences, thus confirming unsuitability of MTT

assay for evaluation of viability after combination of

electroporation and cryopreservation. For future experi-

ments, other viability assays will be tested.

Fig. 2 a Survival rate before and after cryopreservation was

measured with Trypan blue exclusion method. Before cryopreserva-

tion the survival rate is around 100 %, almost all cells were alive.

After thawing, cells’ survival rate was lower in nonelectroporated

cells in comparison to control protocol using DMSO. Using

electroporation, the survival rate was almost as high as in the DMSO.

p values: NS control versus 250 mM trehalose; p\ 0.0001 control

versus 400 mM trehalose. Similar results were obtained with 250 mM

and 400 mM trehalose. Mean values with SE of three independent

experiments are presented. Here NS not significant; *p\ 0.05;

**p\ 0.01; ***p\ 0.001; ****p\ 0.0001. b Recovery rate before

and after cryopreservation was measured with MTT assay. Before

cryopreservation the recovery rate is comparable to control (prior

addition of DMSO), almost all cells were alive. After thawing, no

difference between electroporated and nonelectroporated cells is seen;

however, the values are lower than DMSO. Mean values with SE of

three independent experiments are presented. Here NS not significant;

*p\ 0.05; **p\ 0.01; ***p\ 0.001; ****p\ 0.0001
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Cell Morphology and Multilineage Differentiation

Capacity After Electroporation

and Cryopreservation

Morphology of ASC before and after cryopreservation is

presented in Fig. 3. Samples of cells were electroporated

(c, f) or nonelectroporated (b, e) in the presence of 400 mM

trehalose and seeded into tissue culture wells. As hyper-

tonic media (400 mM trehalose) are more critical for cell

survival and proliferation, only these results are presented

in Fig. 3. Cells’ morphology is comparable to nontreated

control cells (prior addition of DMSO) (a, d). After cry-

opreservation and thawing (d–f), control cells cryopre-

served with DMSO exhibit the same morphology as before

cryopreservation (a–c). In electroporated sample (f), more

round, dead cells were observed after thawing. In non-

electroporated sample (e), the highest amount of round,

dead cells was observed in comparison to electroporated

(f) and DMSO (d) cryopreserved cells. Similar results were

obtained using 250 mM trehalose (data not shown). These

results are in agreement with cell survival before and after

cryopreservation presented in Fig. 2a.

Differentiation of adipose-derived stem cells under

appropriate culture conditions into osteoblasts, adipocytes,

and chondrocytes has been described before (Ryden et al.

2003; Wagner et al. 2005). Since trehalose is not a common

molecule in human cells’ metabolism (Campbell and

Brockbank 2012, Crowe and Crowe 2000), we assessed its

potential influence on ASCs’ differentiation capacity. It

was also published that electroporation induces stress in

human cells, which results in the expression of stress

response mechanism (Mlakar et al. 2009; Todorovic et al.

2011). Therefore, by differentiation studies, we also eval-

uated the effect of electroporation on cells’ functionality.

Before and after electroporation and cryopreservation

cells were seeded for induction of adipogenic and osteo-

genic differentiation. Figure 4 presents adipogenic differ-

entiation after cryopreservation for electroporated and

nonelectroporated samples in the presence of hypertonic

media (400 mM trehalose). The first row (a–c) shows

nondifferentiated cells cultured in noninduction control

medium. In the second row (d–f), cells were cultivated in

adipogenic medium. All tested samples were capable of

adipogenesis, as seen from red-colored lipid vacuoles.

Similar results were obtained in samples before cryop-

reservation and also when 250 mM trehalose was used

(data not shown).

Figure 5 presents osteogenic differentiation after cry-

opreservation for electroporated and nonelectroporated

samples in the presence of 400 mM trehalose. Noninduced

cells did not differentiate. Cells, cultivated in osteogenic

medium, produced high amount of Ca2? deposits, indi-

cating efficient osteogenic differentiation. If cells would

lose differential ability, they would not produce any Ca2?

and measured Ca2? concentration would be around non-

induced DMSO. At the end of cultivation, Ca2?

Fig. 3 Cell morphology before (a-c) and after (d-f) cryopreservation.
Samples of cells were electroporated or nonelectroporated in the

presence of 400 mM trehalose. After the treatment, half of the cells

were seeded into 96-well plate, and the other half were cryopreserved.

Before cryopreservation, all treated cells have the same morphology

as the control cells (prior addition of DMSO). After thawing there are

more round (dead) cells in electroporated (f) sample in comparison to

control cells cryopreserved using DMSO (d). Nonelectroporated

(e) sample has more dead cells than electroporated (f) sample.

(Photographs were taken with the use of inverted microscope Nikon;

scale bar represents 100 lm)
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concentration was measured. For the three tested cryop-

reservation protocols, i.e., DMSO, 400 mM trehalose with

electroporation and 400 mM trehalose without

electroporation, no significant biological differences were

observed, although induced electroporated cells produced

slightly lower Ca2? concentration. Similar results were

obtained before cryopreservation and also using 250 mM

trehalose (data not shown).

According to our results, electroporation in combination

of 250 or 400 mM trehalose does not impair the func-

tionality of adipose-derived stem cells.

Conclusion

In certain clinical therapies, cell products (e.g., cord blood

and bone marrow) are used directly after thawing, without

removing DMSO (Syme et al. 2004). Cytotoxicity of

DMSO in clinical settings is associated with the occurrence

of serious or fatal side effects (Zenhausern et al. 2000,

Grigg et al. 2000; Higman et al. 2000; Sharp et al. 2013). In

our study, we propose an approach for cryopreservation of

clinically applicable cell type while avoiding the use of

toxic DMSO. As by electroporation cell membrane per-

meability is temporary increased, we assume we loaded

trehalose into adipose-derived stem cells, although we did

not measure intracellular trehalose concentration. Opti-

mized parameters of electroporation protocol ensured

resealing of the membrane, thus preserving high cell via-

bility. After cryopreservation and thawing, we were able to

achieve high yield of viable and functionally intact cells

using the nontoxic cryopreservant.

Fig. 4 Adipogenic differentiation of ASC after cryopreservation.

Before cryopreservation cells were treated with and without electro-

poration in the presence of 400 mM trehalose. In a control sample,

cells were cryopreserved using DMSO. After thawing cells were

seeded into culture wells for adipogenic differentiation. a–c

noninduced cells, d–f induced cells in adipogenic medium. After

10 days, cells were fixed and stained with oil red O. Red colorization

presents lipid vacuoles of adipogenically differentiated cells. (Pho-

tographs were taken with the use of inverted microscope Nikon; scale

bar represents 100 lm)

Fig. 5 Osteogenic differentiation of ASC after cryopreservation.

Before cryopreservation cells were treated with and without electro-

poration in the presence of 400 mM trehalose. In a control sample,

cells were cryopreserved using DMSO. After thawing cells were

seeded into culture wells for osteogenic differentiation. Noninduced

cells (in nonosteogenic medium) and induced cells (in osteogenic

medium) were sampled after 4 weeks and Ca2? concentration was

measured. In nonosteogenic medium, cell did not produce Ca2?;

however, in osteogenic medium, all cells produced Ca2? in high

amounts. Mean values with SE of three technical repetition are

presented. All p values are compared to noninduced DMSO,

excluding comparison between induced DMSO and electroporated

cells. Here NS not significant; *p\ 0.05; ****p\ 0.0001
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To conclude, our pilot study shows that by electropo-

ration and trehalose, cryopreservation of clinically relevant

cell types in the absence of toxic DMSO is feasible.
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