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Introduction: Spermatogonial stem cells (SSC), also referred to as undifferentiated spermatogonia, are the germline stem cells
responsible for continuous spermatogenesis throughout a male’s life. They are, therefore, an ideal target for gene editing. Previously,
SSC from animal testis have been isolated and transplanted to homologous recipients resulting in the successful reestablishment of
donor-derived spermatogenesis.
Methods: Enhanced green fluorescent protein (eGFP) gene transfection into goat SSC was evaluated using liposomal carriers and
electroporation. The cells were isolated from the prepubertal Galla goats testis cultured in serum-free defined media and transfected
with the eGFP gene. Green fluorescing of SSC colonies indicated transfection.
Results: The use of lipofectamineTM stem reagent and lipofectamineTM 2000 carriers resulted in more SSC colonies expressing the
eGFP gene (25.25% and 22.25%, respectively). Electroporation resulted in 15% ± 0.54 eGFP expressing SSC colonies. Furthermore,
cell viability was higher in lipofectamine transfection (55% ± 0.21) as compared to electroporation (38% ± 0.14).
Conclusion: These results indicated that lipofectamine was more effective in eGFP gene transfer into SSC. The successful transient
transfection points to a possibility of transfecting transgenes into male germ cells in genetic engineering programs.
Keywords: eGFP, culture, pre-pubertal

Introduction
Spermatogonial stem cells are the precursor cells that produce spermatozoa. Their ability to proliferate in vitro and reestablish
spermatogenesis in recipient testes make them ideal for genetic manipulation.1 Utilization of SSC in the production of
genome-edited animals is increasingly becoming an area of research interest.2,3 Intra-testicular transplantation of SSC that
carries desired transgenes, can result in the production of donor genotype-derived transgenic spermatozoa.4,5 Transfection of
genes into the germline stem cells shortens the generational interval for the production of transgenic animals.6

Previously, viral vectors and carrier molecules transfection techniques have been deployed for gene transfer.4 Despite
successful reports of efficient viral transduction, the method risks viral gene transcription and insertion into the host
genome.6,7 Non-viral methods, use of liposome carriers -lipofection-and electroporation have been used to transfer the
foreign DNA into testicular cells and SSC cells in sheep and bovine.6,8,9

Lipofection has been used to transfer foreign DNA into spermatogonial stem cells.8 The DNA-lipid complex is
introduced into the cell culture wells, and the liposome transports the foreign DNA into the cells.10 Bovine SSC have
successfully been transfected with eGFP plasmid lipofectamine reagent.8
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The electroporation process involves the exposure of cells to high-intensity electric field pulses. This creates
temporary pores in the cell membrane through which exogenous DNA diffuse into the cytoplasm, or nucleus.6,11

Electroporation of sheep testicular cells6 and porcine spermatogonial stem cells has been reported.9

There is paucity of data on the comparative efficiency of various transfection methods in goat SSC. Here, we compare
the efficiency of eGFP gene transfer through lipofection and electroporation methods.

Materials and Methods
Study Animals
Ten prepubertal Galla bucks aged 3–6 months were obtained from the International Livestock Research Institute (ILRI)
farm. Prepubertal bucks are ideal for spermatogonial stem cells isolation.12 The study was approved by the Institutional
Animal Care and Use Committees (IACUC Ref no: 2018–15) of the International Livestock Research Institute (ILRI) in
Kenya and the University of Nairobi (Ref: FVM BAUEC/2019/243). The handling of the animals adhered strictly to
animal welfare considerations by using local anaesthesia recommended for castration and pain management post-
surgery.

Testicular Cell Isolation
The prepubertal goats were castrated, and the testes were transported on ice to ILRI laboratory within three hours in
Hanks Balanced Salt Solution (HBSS, GibcoTM Grand Island, New York, USA). The transport media was supple-
mented with 100 IUmL−1 penicillin (Sigma-Aldrich St Louis, Missouri USA) and 100 ug/mL streptomycin (Sigma-
Aldrich St Louis, Missouri USA). A testicular cell isolation procedure was performed as described by Oatley et al
with minor adaptation.13 Briefly, testes were washed in HBSS and gently disentangled to expose seminiferous
tubules. In a water bath at 37°C, 150–200 mg of testicular tissue was digested in 0.25mg/mL of collagenase type
IV enzyme (GibcoTM Grand Island, New York, USA) and 7 mg/mL DNase 1(ROCHE Sandhoferstrasse,Mannheim
Germany) in HBSS for 5–7 minutes. To eliminate interstitial cells, gravity sedimentation of seminiferous tubules was
performed on ice and the supernatant discarded. The sedimentation on ice and washing process was repeated five
times.

Digestion of Seminiferous Tubules to Obtain Single-Cell Testicular Population
The seminiferous tubules were incubated in 0.25% Trypsin/0.04 EDTA (GibcoTM Grand Island, New York, USA) and
DNase 7 mg/mL in a 37°C water bath for 30 minutes. The trypsin reaction was terminated by adding Foetal Bovine
Serum (FBS, GibcoTM Brazil). The cell suspension was passed through a 40μm cell-strainer and washed twice in HBSS
through centrifugation. Somatic cells were removed through differential plating on gelatin-coated plates. The somatic
cells are attached to the plate bottom. The floating SSC-rich population was collected and washed through centrifugation.
The cell pellet was resuspended in Stempro serum-free medium (Gibco™ Grand Island, New York, USA) containing
bovine serum albumin with Stempro nutrient supplement (Gibco™ Grand Island, New York, USA) and seeded on 96-
well laminin-coated cell culture plates for four days. The medium was refreshed on alternate days. Trypan blue exclusion
staining was performed to evaluate the viability of primary isolated cells. The total number of cells present in the
suspension was determined using a hemocytometer observed under a light microscope.

Lipofectamine Transfection of SSC
Lipofectamine 2000 (Invitrogen by Life Technologies, Renfrew, United Kingdom) and Lipofectamine Stem (Invitrogen
by Life Technologies, Renfrew, UK) reagents were used for transfection. Commercially available Enhanced Green
Fluorescent Protein (eGFP) plasmid DNA (NepaGene, Clontech, Japan) was transferred to the cells. The protocol
described by Tajik et al was adopted with minor modifications. Briefly, the cells were recovered from the bottom of
the culture wells, and clumps were broken up by pipetting gently. Cells were washed and resuspended in Dulbecco's
Modified Eagle Medium (DMEM, Sigma-Aldrich St Louis, Missouri USA) serum and antibiotic-free medium, then
plated into 24-well cell culture plates (Corning®, Glendale, Arizona USA).

https://doi.org/10.2147/SCCAA.S356588

DovePress

Stem Cells and Cloning: Advances and Applications 2022:1512

Nakami et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Experimental Groups
There were four experimental groups, treated as follows (Table 1).

eGFP Gene Transfer: Lipofectamine Transfection
To transfer eGFP into goat SSC, lipofectamine 2000 DNA transfection reagent and lipofectamine stem reagent liposomal
carriers were used. After the four-day culture, the SSC clumps were recovered and plated at a concentration of 0.5–2×105

cells in 500μL of serum-free and antibiotic-free growth medium 24 hours prior to transfection. On the day of transfection,
the cells were detached from the bottom of the plate by gently pipetting and washing through centrifugation at 600xg for
7 minutes at 4°C. The cells were then re-suspended in an antibiotic-free, serum-free DMEM medium and seeded on 24
and 96-well culture plates. Various lipofectamine concentrations and DNA were prepared as shown in Tables 2 and 3.

DMEM medium was used to dilute both the lipofectamine reagent and DNA plasmid. The diluted lipofectamine was
added to the diluted DNA in a sterile micro-tube and incubated at room temperature for 5–10 minutes. The lipofecta-
mine-DNA complex was added to each well and mixed gently by rocking the plate. The cells were incubated at 37°C in
a 5% CO2 incubator for 48 hours before testing for transgene expression. The medium was substituted with a serum-free
culture medium after 24 hours. The cells were examined under an inverted fluorescent microscope (EVOS M5000,
Thermo Fisher Scientific) using UV radiation of 460–500 nm wavelengths (blue filter) to determine successful gene
transfer. Successful gene transfer was indicated by green fluorescence.

Electroporation of Spermatogonial Stem Cells with eGFP
The four-day cultured SSCs were harvested and washed twice by centrifugation at 600g for 7 minutes at 4°C. The cells
were counted and re-suspended in ice-cold OPTI-MEM (Gibco™ Grand Island, New York, USA) buffer without serum
or antibiotic at a concentration of 1×10^6 cells/in 98μL. A 5µg/ul concentration of enhanced green fluorescent plasmid
(eGFP-N1, Clontech, Japan) was added into the tube with cells and mixed gently. The OPTI-MEM buffer with cells was
pipetted into 0.4mm gap electroporation cuvettes (Nepa Gene, Japan). The cuvettes were placed into the shocking

Table 1 Description of Culture Experimental Groups

Group Treatment

1 Culture of SSC with DNA + Lipofectamine 2000 complex
2 Culture of SSC with DNA + lipofectamine Stem complex

3 Culture of SSC with DNA only

4 Culture of SSC without any other inclusion

Table 2 Experimental Design for Lipofection with Lipofectamine Stem Reagent

Procedure Component Test Wells in a 24-Well Plate

Dilute Lipofectamine stem reagent in DMEM medium DMEM 1 2 3 4 5

25μL × 4 25μL × 4 25μL × 4 25μL × 4 25μL × 4

Lipofectamine stem reagent 1μL × 4 2μL × 4 3μL × 4 4μL × 4 5μL × 4

Dilute DNA in DMEM medium DNA 5µg × 4 2.5µg × 4 2.5µg × 4 5µg × 4 5µg × 4

DMEM 25μL × 4 25μL×4 25μL × 4 25μL × 4 25μL × 4

Add diluted DNA to diluted Lipofectamine and incubate for 10 minutes at room temperature

Add DNA-lipid complex to cells DNA-lipid complex per well 50μL 50μL 50μL 50μL 50μL

Final DNA used per well 5µg 2.5µg 2.5µg 5µg 5µg

Final lipofectamine per well 1μL 2μL 3μL 4μL 5μL
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chamber of the electroporator and, and the parameters were set. After the burst, the cells were placed in a pre-warmed
culture medium and incubated at 37°C, 5% CO2 for 48 hours.

Evaluation of eGFP Expression
The transfection was evaluated under a fluorescent microscope (EVOS M5000 Thermo Fisher Scientific, Waltham
Massachusetts, USA) with an excitation wavelength of 450–490 nm and emission wavelength of 515 nm.

The cells were harvested gently pipetting and re-suspending in ice-cold antibiotic and Ca/Mg-free PBS. Cells were counted
and attached on poly-L-lysine coated slides using a cytospin (Shandon™ Cytospin 4™, Thermo Fisher Scientific Waltham
Massachusetts, USA) at a concentration of 30×104 cells per slide. For nuclei staining, the slides were stainedwith DAPI anti-fade
mountant (Thermo Fisher Scientific, Waltham Massachusetts, USA). The mean fluorescence of SSC colonies was evaluated by
examining at least 10 microscope fields for quantitative expression of the eGFP gene. Cell images were analysed by Celleste 5.0
image analysis software.

Results
eGFP Gene Transfer to the Spermatogonial Stem Cell Colonies
Green fluorescence cell colonies indicated successful eGFP gene transfer (Figures 1A and B). Transfected cells were
stained with DAPI (diamidino-2-phenylindole) to exclude non-nuclei staining (Figure 2). Fluorescent colonies were
absent in the control group (Figure 3). The SSC colonies incubated with only DNA plasmid without liposome carriers
had 0.6% colonies expressing eGFP. In comparison, eGFP expression in SSC colonies incubated with liposome
carriers and eGFP plasmid was significantly higher (18–25% eGFP expression, p <0.05) (Table 4 and Figure 4). When
the ratio of 1–1.6:2, DNA (2–2.5 μg) to lipofectamine stem or lipofectamine 2000 reagent (4 μL) was used, the
percentage of SSC colonies expressing eGFP was 25.25% and 22.25% respectively (Figure 4). Lipofectamine
transfection reduced cell viability from an initial live cell percentage of 80% to 55% ± 0.21 viable cells (Tables 4
and 5).

Green fluorescing SSC colonies were observed in electroporated cells. (Figure 5). The highest eGFP expression in
SSC cells was detected at 100 volts for 2.5 milliseconds (15% ± 0.54), while the lowest expression was at 150 volts for 5
milliseconds groups (2% ± 0.20%) (Table 6). Reduction in the poring pulse voltage to 100 reduced percentage of cell
death. Conversely, this improved the gene transfer, indicated by an increase in the percentage of eGFP-expressing
colonies from 2% ± 0.20 to 15% ± 0.54.

Table 3 Experimental Design for Lipofection with Lipofectamine 2000 Reagent

Procedure Component Test Wells in a 24 Well Plate

Dilute Lipofectamine 2000 reagent in DMEM medium DMEM 1 2 3 4 5

25μL × 4 25μL × 4 25μL × 4 25μL × 4 25μL × 4

Lipofectamine 2000 reagent 3μL × 4 4μL × 4 4μL × 4 5μL × 4 5μL × 4

Dilute DNA in DMEM medium DNA 5µg × 4 2µg × 4 2µg × 4 2.5µg × 4 5µg × 4

DMEM 25μL × 4 25μL × 4 25μL × 4 25μL × 4 25μL × 4

Add diluted DNA to diluted Lipofectamine and incubate for 5 minutes at room temperature

Add DNA-lipid complex to the cell DNA-lipid complex per well 50μL 50μL 50μL 50μL 50μL

Final DNA used per well 5µg 2µg 2µg 2.5µg 5µg

Final Lipofectamine per well 3μL 4μL 4 μL 5μL 5μL
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Figure 2 Blue DAPI (4′,6-diamidino-2-phenylindole) staining of the transfected cells as shown by the white arrow.

Figure 3 Spermatogonial stem cell colonies cultured without DNA and liposomal carriers no expression of green fluorescence as shown by the white arrow.

Figure 1 (A) Green fluorescence (white arrows) indicates eGFP gene transfer to the spermatogonial stem cells using lipofectamine stem reagent liposome carrier. (B)
Green fluorescence (white arrow) indicates eGFP gene transfer to the spermatogonial stem cells using lipofectamine 2000 reagent liposome carrier.

Stem Cells and Cloning: Advances and Applications 2022:15 https://doi.org/10.2147/SCCAA.S356588

DovePress
15

Dovepress Nakami et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Lipofectamine transfection yielded a higher percentage of eGFP-expressing SSC colonies than electroporation
(Figure 6). In the transfected SSC population, the cell viability was more increased in lipofectamine transfection than
electroporation with a mean of 55% ± 0.21 and 38% ± 0.14, respectively.

Table 4 Percentage Spermatogonia Stem Cell Colonies Expressing eGFP and Percentage Cell Viability After Transfection with
Lipofectamine Stem Reagent as the Gene Carrier

Experiment Lipofectamine Stem
Reagent Volume

DNA Plasmid Percentage of Colonies
Expressing eGFP After 48 Hours

Percentage of Cell Viability
After Electroporation

Expt 1 1μL 5μg 5.50 ± 0.52 52

Expt 2 2μL 2.5μg 13.75 ± 0.88 55
Expt 3 3μL 5μg 18.0 ± 0.24 60

Expt 4 4μL 2.5μg 25.25 ± 0.85 52

Control 0 5μg 0.6 ± 0.12 72

Figure 4 Percentage of spermatogonial stem cell colonies expressing eGFP following transfection with lipofectamine stem reagent (LP stem) and with lipofectamine 2000
reagent (LP 2000).
Abbreviations: Expt, experiment; LP stem, lipofectamine stem reagent; LP2000, lipofectamine 2000 reagent.

Table 5 Percentage of Spermatogonia Stem Cell Colonies Expressing eGFP as Well as Percentage Cell Viability After Transfection
with Lipofectamine 2000 Reagent as a Gene Carrier

Experiment Lipofectamine 2000
Reagent Volume

The Concentration
of DNA Plasmid

Percentage (%) Colonies
Expressing eGFP After 48 Hours

Percentage (%) Cell
Viability After Transfection

Expt 1 3μL 5μg 4.50±0.32 60
Expt 2 4μL 2μg 22.25±1.73 55

Expt 3 4μL 2μg 20.50±0.77 48

Expt 4 5μL 3μg 11.75±0.67 60
Expt 5 5μL 5μg 4.75±0.24 50

CONTROL 0 5μg 0 78
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Discussion
In this study, foreign DNA (pCMV-eGFP) was introduced into the cytosol of enriched and cultured goat SSC through
electroporation and lipofectamine reagents, followed by evaluation of transfection efficiency. The spermatogonial stem
cells were transfected at the logarithmic growth phase peak, which was shown in a previous report to be the most
appropriate stage for foreign gene uptake.8

There was a 0.6% uptake of eGFP plasmid in the SSC cultures incubated with eGFP only, without carrier molecules.
This finding agrees with previous findings in which there was 1.6% uptake of eGFP plasmid by SSC when no liposomal
carrier was used for transfection.8 Similar results have also shown a lack of uptake of foreign DNA by rodent
spermatozoa in the absence of lipid carriers.14 The current study’s findings further confirm that liposomal carriers
facilitate the movement of foreign genes across the cell membranes of host cells and incorporation into the host cell
genome.

The lipofectamine transfection efficiency was lower than the 37% ± 6.5 reported in bovine SSC using Lipofectamine
2000 carrier.8 Comparatively, the low lipofection transfection efficiency of < 1.5% and survival rates of < 80.0% were
reported with porcine SSC.9 The weakening of the SSC membrane resulting from chemical stimulation may contribute to
the low survival rates.8

The current study achieved the highest transfection efficiency of 15% with cell viability of 50% after electroporation
of goat SSC. This was consistent with the previously reported findings that obtained a transfection efficiency of 25.3% ±
2.4% with a cell viability rate of 78.5%.6 Similarly, the transfection efficiency of > 7.5% and survival rates > 80% for
porcine spermatogonial stem cells was reported.9 Another consistent finding was reported in cock spermatogonial stem
cells in which 106 cells were efficiently electroporated with 1–1.6 µg of plasmid.15

Electroporation efficiency can be modified by adjusting electrical stimulation parameters, mainly voltage, length of
the pulse application, and electric pulse frequency.16,17 Electric stimulation causes the formation of tiny pores on the cell
membrane due to the microseconds of cell polarisation. The tiny pores allow large gene constructs and molecules to enter
the cell cytosol through simple diffusion.9 The efficiency of transfection using electroporation is lower than that of
lipofectamine and the use of viral vectors because of irreversible damage to the cell membranes that occurs in some
cells.9 However, the simplicity, buffer-free usage, and the easy use of electroporation necessitate optimisation of its
parameters for electroporators that are easy to use and do not require the use of buffer solutions.

In the current study, electroporation resulted in a drastic decrease in cell viability from 80% to 25%. Some of the
surviving eGFP expressing cells showed unusual morphological changes in the cell membrane and nuclei fragmentation,
suggesting apoptosis. This was similarly reported with electroporation of sheep testicular cells6 and in mouse SSC.18

Apoptosis is caused by irreversible changes in membrane permeability, causing the inflow of ions and molecules leading
to cell bursting.19

Figure 5 Green fluorescence as shown by white arrows signifying eGFP gene transfer to the spermatogonial stem cells through electroporation.
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Table 6 Percentage of Spermatogonia Stem Cell Colonies Expressing eGFP Gene and the Resulting Percentage Cell Viability After Transfection Through Electroporation

Set Parameters

Poring Pulse Transfer Pulse

# V Length
(ms)

Interval
(ms)

No. P D. Rate
(%)

Polarity V Length
(ms)

Interval
(ms)

No. D. Rate
(%)

Polarity kΩ % eGFP
Expressing
SSC
Colonies

% Cell viability
After
Electroporation

1 Control (with cells and DNA but no electroporation) 83

2 125 5 50 2 10 + 20 50 50 5 40 ± 0.030 3.25±0.31 38

3 115 5 50 2 10 + 20 50 50 5 40 ± 0.030 4.25±0.24 30

4 150 5 50 2 10 + 20 50 50 5 40 ± 0.035 2±0.20 25

5 100 5 50 2 10 + 20 50 50 5 40 ± 0.035 11.25±0.74 45

6 100 2.5 50 2 10 + 10 50 50 5 40 ± 0.037 15±0.54 51

Abbreviations: V, voltage; D.Rate, decay rate; No. p, number of pulses.
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In conclusion, the use of lipofectamine for transfection of eGFP gene into goat spermatogonial stem cells was more
effective than the use of electroporation and resulted in better preservation of cell viability. To our knowledge, this is the
first study to compare transient gene transfer into goat SSC using the two methods. The parameters optimised in the study
provide a baseline for further research and utilisation of these techniques in gene delivery in genome editing and
transgenesis in livestock.

The strength of this study is the comparative indication of the better method for transfection and viability preservation
of goat spermatogonial stem cells. At the same time, the limitation was that germline transmission of the eGFP gene from
parents to offspring was not carried out. This will be done in a follow-up study.

With optimized culture systems for SSC, these cells can be used for genetic modification and transplanted into
multiple surrogate males to produce transgenic semen. This will enable a significant multiplier effect and accelerate the
rate of genetic gain.20
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