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SUMMARY

Mouse embryonic stem cells are widely used as a promising material for producing of new cellular systems with desired properties in cellular and molecular biology,
pharmacology, virology, medicine, veterinary medicine and biotechnology. Each type of cells requires different electroporation conditions that are determined
experimentally. Therefore, the main goal was to optimize conditions of electroporation with Neon® Transfection System, a new-generation device, by selecting
and changing of various parameters (voltage, impulse width and number of impulses) to maximize efficiency of D3 embryonic stem cell line transfection and to
maintain cell viability. The following parameters were found to be the most optimal for the said cells: impulse voltage— 1200V, impulse width — 10 ms, number of im-
pulses — 3. Under given conditions, viability of the cells after electroporation was 91%, and transient transfection efficiency (24 hours after electroporation) assessed
based on bacterial f-galactosidase production was 88%. It was shown that with higher cell density any electroporation condition tested yielded higher transfection
efficiency ranging between 34 and 88%. It was demonstrated that only 5 out of 12 tested protocols with different parameters could be successfully used for insertion
of DNA plasmid carrying lacZ Escherichia coli gene into D3 cell line. Thus, the experiment results show the more optimal conditions can be selected experimentally
taking into account available information on electroporation protocols for similar cell types recommended by the device manufacturer. Electroporation of mouse
embryonic stem cells with the new-generation device can be an effective method for in vitro insertion of nucleic acids into the cells of interest to the researcher.
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PE3IOME

3M6p|/|0Hal'|bele (TBOJIOBbIE KNETKI MbILLIN LLPOKO UCMONb3YIOTCA B Ka4eCTBe NEPCNEKTUBHOIO MaTepuana ind co3aHnA HOBbIX KNETOYHbIX CUCTEM C3aAaHHbIMU
CBOVICTBAMM B KNETOYHOIA 1 MOHeKyﬂﬂpHOI?I buonoruu, ¢apmaK0norvw|, Bupyconoruun, meaulHe, BETEpUHapun u 6broTexHoNOrIM. [Ina kaxgoro Tuna Knetok
Tpe6y|0Tcn Pa3Hble yCNoBKA SNEKTPONOPALIK, KOTOPbIE JOJIKHDI 6bITb onpeneneHbl 3KCNepUMeHTaIbHO, NO3TOMY 6bina nocTaBneHa Lenb nytem nonﬁopa nun3-
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MeHeHUA Pa3NnyHbIX NapaMeTpoB (HaNPAXKeEHMA, LIMPUHbI MIMNYAbCa U KONMYeCTBA MMMYNIbCOB) ONTUMIU3MPOBAT YCNOBIA 3N1EKTPONOPALIAM NPU UCMIONb30BAHMM
neKTponopatopa HoBoro nokonexna Neon® Transfection System, obecneunBatoLuye BbICOKYI0 3QdeKTUBHOCT TpaHCdeKLIMM SMOPUOHANBHBIX CTBOMOBbIX KNETOK
NHUM D3 1 X KU3HECN0COBHOCTb. YCTaHOBNEHO, UTO Hanbonee NOAXOAALMMY NapamMeTPami ANA AaHHbIX KNETOK ABNAKTCA: UMNYNbCHOe HanpsaxeHue — 1200V,
LMpMHa uMAyNbca — 10 ms, KoNYECTBO UMAYNLCOB — 3. NPy AaHHBIX YCTIOBIAX XKU3HECMOCOBHOCTb KNETOK Nocre dneKTponopaLyy coctauna 91%, a 3dpdeTms-
HOCTb BpemeHHoIi TpaHcdekLm (24 4 nocne 3neKTponopaLm), oLeHMBaeMas no NpoAYKLMN 6akTepuanbHoii f-ranaktosuaasbl, socturana 88%. Mokasawo, uto
npy 6onee BbICOKOI KNETOUHOI KOHLLeHTpaLmi Ntobble MCNbITaHHble pexuMbl IneKTponopaumn obecneunsatot bonee BbICOKYH IOPEKTUBHOCTL TpaHCPeKLMM
B A1anasoHe ot 34 o 88%. lpopeMoHcTpupoBaHo, uto And BBeaeHua JHK nnazmupbl c reom lacZ Escherichia coli B kneTkn ankni D3 13 12 n3yyeHHbIX NpoToKoNoB
( pa3HbIMY NapaMeTPaMK MOXHO yCMeLLIHO MCMoNb30BaTh 5. Takim 06pa3om, NoyyeHHbIe B IKCNEPUMEHTE pe3ynbTaTbl MOKa3blBaIOT, YTo, UMeA NPeABaPUTENbHYH
MHOOPMALIVH 0 PeXMMaXx 3NeKTPONOPALIMY aHANOTNYHOTO TUNA KNETOK, KOTOPYIo PeKoMEeHZYeT NPoI3BoAMTeNb Npubopa, MOXHO Nos06paTh IKCNEepUMEHTANIbHBIM
nyTem 6onee ONTUMaNbHbIe YCI0BIA. INEKTPONOpaLIAA SMOPIOHaNbHBIX CTBONOBbIX KNETOK MbILLIA € CTIONIb30BAHUEM JIEKTPONOPATOpa HOBOFO MOKOMEHNSA MOXET
6bITb IOGEKTUBHBIM METOZOM BBE/IEHIA HYKNEUHOBbIX KUCIOT B NPeCTaBAAloLLYe MHTEPeC ANA UCCIef0BaTeNa KNeTKu in vitro.

KntoueBble cnioBa: SMOpHoHanbHble CTBONOBbIE KNeTKH, BBeAeHIe 3k3oreHHoii JHK nnazmupbl, snektponopatop Neon, rew lacZ Escherichia coli, 5pdektuBHocTd
TpaHcheKLmI, XKU3HeCN0CobHOCTb
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INTRODUCTION

Since their discovery in 1981 [1, 2] mouse embryonic
stem cells (ESCs) have been widely used as a promising
material for the creation of new cellular systems with de-
sired properties in cellular and molecular biology, phar-
macology, virology, medicine, veterinary medicine and
biotechnology. These cells have following features: high
rate of doubling, specific marker gene expression con-
firming their origin, ability to respond to growth factors,
causing morphological and biochemical changes leading
to the ESCs differentiation into cells with a phenotype si-
milar to more than 225 cell types in culture, and retention
of early pre-implantation embryo properties both in vitro
and in vivo.

The introduction of exogenous DNA into mouse ESCs
enables genetic modification of their genomes, but also
use of such cells for gene-edited animal creation [3].
Methods of recombinant molecule introduction into
ESCs require careful selection due to their morphologi-
cal features: small cells with a large nucleus and a narrow
cytoplasm rim that grow in dense colonies, usually on
a fibroblast monolayer. Electroporation is considered as
the most acceptable way of highly efficient introduction
of exogenous DNA into these cells without cellular chan-
ges and with retained differentiation capacity [4]. During
such transfection, cells are exposed to a high-voltage im-
pulse in the presence of exogenous nucleic acid. High vol-
tage causes short-term permeability of the cell membrane,
which allows foreign nucleic acids to enter the cell [5, 6].
Each type of cells requires different electroporation con-
ditions that are determined experimentally. Intensity of

the electric field and the impulse duration shall be taken

into account, as they are key parameters for achieving

maximum transfection efficiency and maintaining cell vi-
ability after the procedure. The impulse applied to the cells

can be generated in two different waveforms: rectangular
and exponential decay. Rectangular waveforms rely on

a constant charge being applied to the cells for a set time.
The use of rectangular signals allows applying multiple im-
pulses. During the exponential decay waveform, the initial

voltage is set, and the attenuation duration (time con-
stant) is the product of capacitance setting and resistance

of the circuit including the sample. Since the sample resis-
tance mainly depends on the ionic strength of the electro-
poration buffer, while the resistance is constant, effect
of capacitance setting changing on the impulse can be

determined empirically [7]. Buffer solution components

are also have an impact on transfection efficiency and cell

viability. Earlier, buffer solution with high ionic strength

(low resistance), such as phosphate-buffered saline (PBS)
or serum-free growth medium, was adapted to for mouse

ESC-D3 electroporation with high capacitance [8].

The goal was to optimize the electroporation condi-
tions providing high efficiency of mouse ESCs transfec-
tion and viability due to purchasing of Neon® Transfer
System (Invitrogen, Thermo Fisher Scientific, USA), new
generation electroporator. Unlike previously systems used
for electroporation, for example Gene Pulser (Bio-Rad),
unique 100 or 10 L tips are used as an electroporation
chamber for electrical impulse exposure instead of cu-
vettes. It was demonstrated that the above-said device
could be used for successful transfection of the foreign
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DNA incorporation-incompetent cells, primary and im-
mortalized hematopoietic cells, as well as stem cells and
cells of various tissues [9-11].

MATERIALS AND METHODS

Mouse embryonic stem cells (D3 line) were tested.
The mouse ESCs were cultivated in DMEM containing
4.5 g/L of glucose, 10% fetal bovine serum (HyClone,
USA), essential amino acid solution, 2 MM a-glutamine,
0,1 MM B-mercaptoethanol and antibiotics: penicillin
and streptomycin at final concentration of 50 U/mL and
50 pg/mL, respectively (NPP “PanEco’, Russia). The ESCs
were cultivated in monolayer of mouse diploid embryonic
fibroblasts pre-treated with mitomycin C (final concentra-
tion: 30 pg/mL for 3 hours) to block mitosis.

pcDNATM3.1/His/lacZ plasmid comprising nucleo-
tide sequence of lacZ Escherichia coli marker gene is used
for transfection. Foreign DNA was re-precipitated with eth-
anol (70%) and dissolved in sterile buffer (0.1 mM EDTA,
1 MM Tris-HCl, pH 8.0) before transfection.

Transfection was performed by electroporation using
Neon® Transfection System device and starter kit of re-
agents according to the manufacturer’s instructions (In-
vitrogen, Thermo Fisher Scientific, USA). The day before
transfection the ESCs were passaged to separate them
from feeder layer be taking an advantage of differences
in cell adhesion and seeded in Petri dishes (60 mm in dia-
meter) without fibroblasts 24 hours before transfection so
that they were in an exponential growth phase on the day
of electroporation.

The cells were washed twice with phosphate-buff-
ered saline without Ca** and Mg?** ions (PBS-2); 1 mL
of trypsin (NPP “PanEco’, Russia) was added and the cells
were incubated at 37 °C for 2 minutes before electro-
poration. The cells were resuspended after adding 9 mL
of supplemented DMEM and then transferred to sterile

Table

15 mL polypropylene tube (Sarstedt, Germany) and
centrifuged at 200 g for 5 minutes. The precipitate was
resuspended in 10 mL of PBS and the cells were calculated
in Goryaev’s chamber. The cell were precipitated again
and buffer solution R from the kit for electroporation was
added to the precipitate: up to final cell concentration
of 1.0 x 107 cells/mL in the first case and two times less
concentration (0.5 X107 cells/mL) in the second case, as
well as DNA plasmids, pcDNATM3.1/His/lacZ (final con-
centration of 1 ug/mL). DNAs and ESCs were mixed in
the buffer and 10 pL of the mixture were collected by
a pipette with tips for electroporation. The pipette is fixed
in the holder for electroporation and exposed to electric
current using preliminary set or manually entered pro-
tocols in Neon device. The transfected cells were trans-
ferred (10 pL) to the well of 24-well tissue culture plate
containing 500 pL of suitable growth medium without
antibiotics and the procedure was repeated 11 times
for each cell concentration only changing the parameters
for the electroporator. The plate with transfected mouse
ESCs and control (non-transfected ESCs) was incubated
at 37 °Ciin humidified 5% CO, atmosphere for 24 hours.

The cells were tested for their viability after electropo-
ration through their staining with trypan blue (0.02% solu-
tion). Percentage of viable cells was calculated as the ra-
tio of the number of unstained cells to the total number
of cells multiplied by 100.

Transfection efficiency was assessed based on presence
of B-galactosidase, lacZ E. coli gene expression product
in the cells. For this purpose, X-gal (Sigma-Aldrich, USA)
was used as a substrate. The cells were fixed with cold
methanol (—20 °C) on ice for 15 minutes before staining.
Proportion of blue-green-stained cells (8-galactosidase-
producing cells) was calculated providing that at least
1,000 cells were analyzed. Non-transfected ESCs served
as negative control.

Optimization of conditions for electroporation of D3 mouse embryonic cell line in 10 pL tip (Neon)

Transfection efficiency/viability, % (m = SEM)

Protocol Impulse Impulse Number
No. voltage, V width, ms of impulses cell concentration: 0.5 X 10° cell concentration: 1,0 X 10°
1 1,000 10 3 29+0.1/70+0.04 39+0.01/83+0.5
2 1,000 20 2 37+0.6/77+0.05 39+0.5/79+0.1
3 1,000 40 1 37£0.7/64+0.3 37+0.01/68+0.7
4 1,200 10 3 74+0.02/86+0.8 88+0.7/91+0.04
5 1,200 20 2 6620.03/87+0.01 70+0.6/90+0.3
6 1,200 20 3 65+0.04/85+0.1 7620.5/89+0.7
7 1,200 40 1 44+0.5/58+.001 57+0.4/60+0.3
8 1,400 10 3 71£0.05/70+0.3 78+0.1/88+0.1
9 1,400 20 2 68+0.2/70+0.5 81+0.1/90+0.5
10 1,400 20 3 65+0.4/66+0.6 70+0.7/72+0.6
1 1,400 30 3 33+0.7/59+0.02 57+0.4/66+0.1
1 1,500 10 3 26+0.6/46+0.3 35+0.1/48+0.01
12 1,500 40 1 22+0.07/34+0.4 34+0.2/41£0.2
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The cells were visualized with inverted phase-contrast
microscope (Carl Zeiss, Germany) using AxioVision Rel. 4.8.
software. The experiments were performed in triplicate.
Arithmetic mean (m) and standard error of the mean (SEM)
were calculated.

RESULTS AND DISCUSSION

Several experiments for introduction of foreign DNA
plasmid containing lacZ E. colimarker gene in mouse ESCs
with electroporation using Neon® Transfection System de-
vice designed for mammalian cells and starter reagent kit.
Two sets of electroporation parameters recommended
by the device manufacturer were used for mouse ESCs
transfection (protocols No. 5 and 8 in the Table). Several
combinations of voltage (1,000; 1,300; 1,400 or 1,500 V),
impulse duration (10, 20, 30, 40 ms) and number of impul-
ses (1-3), as indicated in the Table, were additionally tes-
ted. Different cell concentrations, 0.5 X 10° or 1.0 x 10° cells
in 10 pl, were used to optimize conditions.

Data given in the Table show that the best results were
obtained when protocols No. 4 and 9 were used: transfec-
tion efficiency was the highest and proportion of stained
cells was higher than that one when the other electro-
poration parameters were used.

The method produces reproducible results that has
been determined by comparing its effectiveness in three
repeated experiments. Parameters recommended by
the device manufacturer for mouse ESCs (protocols No. 5
and 8 given in the Table) were also efficient but were infe-
rior to the expected parameters. Thus, the manual states
that 79% and 88% efficiency of the mouse ESCs transfec-
tion with EGFP gene-containing plasmid at 99% and 96%
cell viability can be achieved after 48 hours using the pro-
posed parameters in accordance with protocols No. 5 and
8, respectively.

Data analysis showed that cell concentration in the sus-
pension was one of the most important variables having
an impact on efficiency of the transfection performed
with Neon device. Obtained results allows us to conclude
that at a higher cellular concentration, in our case two-
fold concentration, any tested electroporation protocols
provided higher transfection efficiency in the range of 34
to 88%. The said values varied from 22 to 74% when lower
cell concentration was used.

Unlike standard cuvette-based electroporation
methods, the Neon system uses unique reaction cham-
bers — Neon tips that generate higher electric field for bio-
logical samples. The tips maximizes the gap size between
two electrodes while minimizing the surface area of each
electrode. This results in minimal pH change, less ion
formation, and negligible heat generation. This design
enhances transfection efficiency and cell viability as well
as maintains ergonomic workflow. It would be of interest
to assess cell viability after electroporation since the trans-
fection occurred in the mixture microvolume (buffer solu-
tion, DNA and cells). Cells subjected to electroporation and
not subjected to electroporation (not exposed to foreign
DNA and electric impulse) were handled in a similar way.
The results showed that ESCs viability (1.0 x 10° cell con-
centration) after transfection according to protocol No. 4,
5,6, 8,9 parameters (Table) was comparable with that one
of control ESCs 95 + 0.2% (ESCs not subjected to electro-
poration) was as follows: 91, 90, 89, 88 and 90%, respec-

tively. The cell viability was the highest (91%) when the fol-
lowing parameters were used: impulse voltage - 1,200V,
impulse width - 10 ms, number of impulses - 3.

Mouse ESCs, promising for engineering a laboratory
model for viral infection studies [12] and being immorta-
lized cells, i.e. immortal in culture, were selected for
the experiments. lacZE. coligene being a part of pCMV-lacZ
plasmid was successfully introduced in the said cells with
Gene Pulser device (Bio-Red, USA) at transfection efficiency
of 35% during previous experiments [8]. Therewith, maxi-
mum proportion of the cells survived after electroporation
was 82%. Comparative examinations of mouse D3 embry-
onic stem cell electroporation with Neon device (from 34
to 88%) for electroporation efficiency have shown the ad-
vantage of the new-generation electroporator where trans-
fection occurs in tips. It should be noted that the Neon sys-
tem allows the use of very small volumes for transfection,
is miniaturized for the use of tips for electroporation and 10
or 100 pL volumes for transfection.

During the experiment foreign DNA plasmid,
pcDNATM3.1/His/lacZ, was successfully introduced into
mouse ESCs at transfection efficiency of 88% by chan-
ging electroporation parameters. Data on the efficiency
of foreign RNA [13-15], DNA and proteins introduction
into cells non-competent to take up foreign material using
Neon electroporator are currently accumulated [16-18].
The experiment data are consistent with these reports,
however, cells shall be tested for their quality and the pa-
rameters shall be optimized for each cell culture before
transfection. Differences noted in the electroporation pro-
tocols published in scientific literature [9, 10, 16] suggest
that even minor changes in cell growth conditions could
have a significant impact on foreign DNA introduction
into them.

CONCLUSION

Thus, the results obtained during the experiment show
that more optimal conditions can be selected experimen-
tally, when preliminary information on electroporation
modes for similar cell type recommended by the manufac-
turer is available. Electroporation is shown to be a very ef-
fective method for nucleic acid introduction into the cells
of interest, including those that are often considered
difficult for transfection. The high transfection efficiency
for the cells described in this paper is achieved by opti-
mization or determination of electroporation parameters
for Neon device. The following parameters are found
the most suitable parameters for mouse D3 embryonic
stem cells: impulse voltage - 1,200 V, impulse width -
10 ms, number of impulses - 3, at which cell viability after
electroporation is 91%, and the temporary transfection
efficiency (24 hours after electroporation) assessed based
on bacterial protein $-galactosidase production is 88%.

The analysis of the obtained results indicates the need
to select optimal conditions for electroporation of mouse
D3 ESCs due to the peculiarities of their behavior in culture.
The concentration of cells in the suspension is shown to
be one of the most important variables affecting trans-
fection efficiency under optimized electroporation con-
ditions. Obtained results allows us to conclude that at
a higher cellular concentration, two-fold concentration
in our case, any tested electroporation protocols provide
higher transfection efficiency in the range of 34 to 88%.
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The best electroporation conditions for any cell type
can be obtained by using a system that allows adjustment
of parameters including waveform, voltage, as well as cell
density, which can significantly affect both the cell viability
after electric current exposure and transfection efficiency.
Proportion of viable cells (comparable to that one in con-
trol, i.e. non-transfected cells) or transfection efficiency can
be increased by changing these parameters. It is demon-
strated that only 5 out of 12 tested protocols with diffe-
rent parameters can be successfully used for introduction
of DNA plasmid carrying lacZ Escherichia coli gene into
ESCs-D3. Thus, Neon® Transfection System electroporator
(Invitrogen, Thermo Fisher Scientific, USA), allows selection
of conditions that are the most suitable for creating cells
with the specified properties.
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