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Abstract

Transfection has recently gained attention in the field of biomedical research due
to its ability to manipulate gene expression. Every mammalian cell type has a
characteristic set of requirements for optimal transfection. Some cells can be difficult
to transfect and require optimization for successful transfection. Human lymphoblast
TK6 cell line, an important cell line for genotoxic studies, is known to be extremely
hard to transfect. Thus, optimizing transfection methods for human lymphoblast
TK6 are increasingly important. To accomplish this, TK6 human lymphoblasts were
transfected with plasmid constructs that expressed green fluorescent protein (GFP)
and NanoLuc® activity. We compared the transfection efficiency of three commercially
available transfection reagents, including Amaxa 96-well Nucleofection procedure
using various solutions (SF, SE, and SG), Lipofectamine LTX, and Metafectene Pro®. The
transfection efficiency and toxicity of various reagents were tested by fluorescence
microscopy, luciferase activity, and cell viability assays. Amaxa 96-well Nucleofection
Solution SF was identified as the best transfection reagent due to its relatively high
luciferase activity, acceptable cell viability (80%), and GFP transfection efficiency
(80%). Optimal conditions for transfection utilized with this reagent included 0.4 ug
of plasmid DNA, 1.8 x 10° cells, and using the DS 137 Nucleofector program.

Keywords: Optimization; Nucleofection; Lipofectamine LTX; Metafectene Pro;
Transfection; Cell viability

1. Introduction

Transfection is an important analytical tool for studying the function of genes and
proteins in a cellular environment!"?. Successful transfection is influenced by the quality
of the nucleic acid, duration of transfection, transfection reagent, and cell lines®®*. Many
cell lines can be easily transfected. However, others, such as some human primary cells,
are traditionally proven to be very difficult to transfect®7”\. Cells considered difficult or
hard to transfect include, inter alia, stem cells, primary cells, mast cells, natural killer
cells, macrophages, and TK6 human lymphoblasts!®-11l.

Successful transfection of thymidine kinase heterozygous cell line of human
lymphoblasts (TK6 human lymphoblasts) is a crucial step for studying cell biology at
the molecular level through gene expression. Many transfection methods have been
developed. Each transfection method utilizes different approaches. However, each
transfection method has advantages and limitations'?. Viral methods use modified
viruses to deliver nucleicacid, while non-viral method uses nanocarriers for delivery. Viral
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vectors are associated with high gene transfer efficiencies.
However, viral-mediated transfections are labor-intensive
and require certain biosafety measures. In addition, viral
vectors generally transduce reticuloendothelial organs,
which dramatically decreases the delivery efficiency of
viruses into their target organs’*!*. Non-viral transfection
methods are relatively safer but have several drawbacks,
which include inefficiency and toxicity!"®. Non-viral
transfection can be explored using physical and chemical
approaches. The physical transfection approach uses
a wide range of physical tools (e.g., needle injection,
electroporation, gene gun, ultrasound, and laser-based
transfection) to deliver nucleic acid into cells"®. In a
chemical approach, natural and synthetic chemicals, such
as diethylaminoethyl-dextran, cationic lipids, and cationic
polymers, are used to facilitate the delivery of nucleic acid
into the cell membranel”'¥l,

Metafectene Pro® is a polycationic transfection reagent
based on liposome technology!”!. Metafectene® Pro ensures
easy entry of plasmid DNA into cells by condensing DNA
into compact structures*. Metafectene Pro® exhibits
high transfection efliciency and low toxicity in multiple
cell lines and primary cells, including human embryonic
kidney 293 cells (HEK 293), human leukemia monocytic
cell line (THP-1), immortalized murine microglial cells
derived from C57/BL6 (BV2), primary T-cells, and Jurkat
Cells[20,21-25]'

™

Lipofectamine™ LTX with PLUS™ reagent is an origin-
free liposomal transfection reagent. Lipofectamine
is effective, easy to use, and relatively less expensive
compared to the other transfection methods. Furthermore,
lipofectamine consistently produces high transfection
efficiency?1. The popularity of the use of a liposome-
based transfection, Lipofectamine™ LTX with PLUS™, is
based on the number of scientists using this technique for a
variety of cell lines such as human mesenchymal stem cells,
Jurkat cells, transformed HEK293T cells and Michigan
Cancer Foundation-7 (MCE-7) cells?-32,

The Amaxa Nucleofector™ Shuttle System is an
electroporation technique that utilizes a combination
of electrical parameters generated by a device called
Nucleofector ~ with  cell-type  specific  reagents™!.
Nucleofection is famously known to overcome the
lower transfection efficiency by chemical methods. The
nucleofection system is a significant advance over standard
electroporation systems for its high transfection efficiency
(optimized nucleofection parameters yielded survival rates
above 60%) in a multitude of cell lines such as primary
neurons, dendritic cells, T-cells, leukemia cells, peripheral
blood mononuclear cells, ovarian cancer cell lines, human
myeloma cell lines, and Eimeria®-+.

Optimal transfection conditions are those that
yield maximal reporter gene expression with minimal
detrimental impact on cell viability. No single delivery
method or transfection reagent can be applied to all types
of cells; cellular cytotoxicity and transfection efficiency vary
dramatically depending on the reagent, protocol, and cell
type being utilized™. The cell line used in this study is TK6
human lymphoblasts, which, like Jurkat cells, is traditionally
difficult to transfect due to its fragility and slow-dividing
rates. Transfection of TK6 human lymphoblasts is an
essential tool for scientific and therapeutical applications.
Herein, we examine the transfection efficiency of three
commercially available transfection reagents, Metafectene
Pro®, Lipofectamine™ LTX, and Amaxa Nucleofector
Shuttle System, using different buffers. These transfections
reagents were selected due to their high transfection
efficiency and minimal cell toxicity™-4. Results from this
study will lead to the development of optimized protocols
for transfection efficiency of hard-to-transfect-cell-line
such as TK6 human lymphoblasts.

2. Materials and methods
2.1. Nucleofection systems and reagents

The Amaxa nucleofection solution SE SE, and SG
was obtained from Lonza (Allendale, New Jersey).
Lipofectamine LTX and Metafectene Pro were purchased
from Life Technologies and Biontex Inc., respectively.

2.2. Plasmid DNAs

The pGFPmax was obtained from Lonza (Allendale, New
Jersey). The pGFPmax contains the lac promoter and drives
the expression of an enhanced green fluorescent protein
(GFP). NanoLuciferase reporter vectors pNL1.2 (NlucP)
and pNLI.1 (Nluc) under the control of Cytomegalovirus
promoter (pNL1.1.CMV) were purchased from Promega™
Corporation (Madison, Wisconsin). The pNL1.1.CMV
contains the CMV promoter and expresses NanoLuciferase,
and pNL1.2 (NlucP) is a luminescent reporter.

2.3. Cell culture

Human p53-proficient B-lymphoblastic TK6 cells were
generously provided by Dr. Howard Liber, Colorado State
University. Cells were passaged at 2.0 x10° cells/mL in
RPMI 1640 supplemented with 2 mM L-glutamine and
10% fetal bovine serum (FBS, Life Technologies, Inc.).
Cells were incubated at 37°C with 5% CO,, and the media
was changed every 36 h. Cells were passage into fresh
media 12 - 14 h before each experiment.

2.4. Metafectene transfection

Optimization was done by following the optimized
protocols for the Jurkat cell line. The TK6 cells were
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seeded in a 6-well plate at a density of 1 x 10° cells/mL.
After that, the cells were transfected with 0.5 ug and 1.0 pg
pGFPmax using Metafectene Pro (Biontex, Germany) at a
ratio from 1:2 to 1:6; control cells were not transfected with
DNA. Transfection was accomplished by adding the DNA
and Metafectene to solutions A and B, respectively, with
both containing minimal essential medium (MEM) with
a reduced serum 5% (OptiMEM) instead of the standard
10% FBS. Solutions A (DNA + OptiMEM + Glutamax)
and B (Metafectene Pro + OptiMEM + Glutamax) were
mixed and incubated at room temperature for 20 min.
After incubation, the DNA-lipid complexes were added
dropwise to the cells and swirled with extreme care to
avoid breaking up the complexes. The samples were kept
in a CO, incubator at 37°C. GFP and cell viability were
assessed at 24 and 36 h post-transfection.

In a parallel experiment, the cells were transfected
with pNI1.1 CMV expressing NanoLuciferase, and control
cells were transfected with the empty pNLI.2 vector. Cells
transfected with no DNA served as an additional control.
The ratio of DNA (in ug) to lipid-mediated reagent varied
from 1:2to 1:6. Solutions A (DNA + OptiMEM + Glutamax)
and B (Metafectene Pro + OptiMEM + Glutamax) were
mixed and incubated at room temperature for 20 min. The
DNA-lipid complexes were added dropwise to the cells and
swirled with extreme care. The samples were kept in a CO,
incubator at 37°C. NanoLuciferase Assay (Promega) was
performed at 24 and 36 h post-transfection by following
the manufacturer’s protocol. Transfection efficiency using
normalized luciferase activity and GFP, as well as cell
viability, was determined at 24 and 36 h post-transfection.
The experiment was conducted in duplicate and repeated
twice.

2.5. Lipofectamine transfection

Transfection was performed according to the
manufacturer’s protocol by following the optimized
protocol for Jurkat cells. TK6 cells were seeded in 6-well
plates at a density of 1.0 x 10° and 1.0 x 10° cells/well.
Different concentrations of pGFPmax/empty pNL1.2 (0.5
- 1.0 ug) were diluted into 100 uL optiMEM media, PLUS
reagent (1.5 - 2.5 uL), and lipofectamine (3.75 - 10.00 uL).
After 30 min of incubation at room temperature, 100 uL of
the DNA/PLUS/Lipofectamine LTX complexes were added
to the cells in complete growth media in the 6-well plate
and incubated at 37°C in the 5% CO,/95% air incubator.
Control cells received no DNA. Cells transfected with
an empty pNL1.2 vector served as an additional control.
GFP transfection efficiency, normalized NanoLuciferase
activity, and cell viability were determined at 24 and 36 h
post-transfection. The experiment was conducted in
duplicate and repeated twice.

2.6. Cell nucleofection
2.6.1. Initial nucleofection optimization

Nucleofection was carried out using the Jurkat Cell
Line Optimization 96-well Nucleofector Kit from
Amaxa (catalogue no: V4XC-1024), according to the
manufacturer’s recommendations. Briefly, TK6 cells were
split into three aliquots, each containing 1.0 x 10° cells. The
aliquots were centrifuged at 0.2 g RCF for 5 min at room
temperature, and the media was completely removed.
Each of the three cell pellets was resuspended in one of
three different nucleofection solutions (SE, SE and SG),
and 0.4 ug pmaxGFP plasmid (Lonza) that encodes green
fluorescent was added to each solution. Each well in the
96-well nucleofection plate contained 20 UL of cells and
DNA in one of the three nucleofection solutions; control
cells received no DNA. Immediately, the mixture was
transferred into an Amaxa Shuttle nucleofection conducted
using the recommended program. On completion of the
nucleofection program, 80 uL of pre-warmed complete
media was added to each well of the 96-well Nucleocuvette
plate. The contents (100 uL) of each Nucleocuvette well
were rapidly removed and transferred to the appropriate
cell culture plates. The cells were incubated for 24 - 36 h
in a humidified 37°C/5% CO, atmosphere. Transfection
efficiency was determined by fluorescence microscopy,
and cell viability was assessed using the Vi-CELL counter
(Beckman). Unless otherwise indicated, all nucleofection
experiments were carried out in duplicate and repeated
twice.

2.6.2. Secondary nucleofection optimization

A second nucleofection optimization was performed
using SF reagent, which allowed the further evaluation
of this reagent. TK6 lymphoblastic cells were pelleted
by centrifugation at 0.2 g RCF for 5 min at room
temperature. The cells were resuspended to a density of
1.0 x 106 cells/20 uL in the SE-supplemented nucleofection
solution (Lonza). The p53-proficient TK6 cells were
nucleofected with 0.4 ug pGFPmax (0.5 pg pGFPmax was
also tested); control cells were not transfected with DNA.

In a parallel experiment, the cells were transfected
with 0.4 pug and 0.5 pg pNLI1.1. CMV and control cells
were transfected with the promoter-less vector pNL1.2;
additional controls were cells that did not receive DNA.
Nucleofection was conducted using the DS 137 program
on the Amaxa Nucleofector 96-well Shuttle. After
nucleofection, the contents of each microcuvette (Lonza)
well were rapidly removed with 80 uL of pre-warmed
RPMI 1640 media supplemented with 2 mM L-glutamine
and 10% FBS and transferred to the appropriate wells in the
6-well culture plates. The cells were incubated for 24 - 36 h
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in a humidified 37°C/5% CO, atmosphere. Transfection
efficiency using GFP was determined by fluorescence
microscopy and by assaying for normalized luciferase
activity. Cell viability was determined using the Vi-CELL
instrument. All measurements were conducted at 24 and
36 h post-transfection. The experiment was conducted in
duplicate and repeated twice.

2.7. Determination of transfection efficiency using
GFP expression

At 24 and 36 h post-transfection, 20 UL of cells transfected
with GFP as well as the control was added to a clean glass
slide. GFP fluorescence was captured using the Olympus
1X71 microscope equipped with a camera and processed
with Digital Site Controller software. Cells were counted
in multiple randomly selected fields, and transfection
efficiency was obtained by dividing the number of cells
expressing GFP by the total number of cells detected by
bright field microscopy. The results expressed a mean
percentage of GFP transfection efficiency in different fields
+ standard error.

2.8. Nano-Glo Luciferase assay

Nano-Glo Luciferase assay was performed by utilizing the
Promega Nano-Glo™ Luciferase Assay System. Nano-Glo
Luciferase Assay reagent was made by adding one volume
of Nano-Glo Luciferase Assay Substrate to 50 volumes of
Nano-Glo Luciferase Assay Buffer as reccommended by the
manufacturer. After that, 100 uL of the NanoLuciferase
reagent was added to 5.0 x 10° cells of each sample in a
96-well plate. Luciferase assays were performed at 24 h
and/or 36 h post-transfection using SpectraMax Mb5.
Assays were done in triplicate.

2.9. Cell viability

Cell concentration and viability were determined using
the Vi-CELL XR Cell Viability Analyzer (Beckman
Coulter, Inc.). Briefly, each sample was diluted and loaded
in the Vi-CELL XR and processed through the machine
one at a time. After selecting the dilution factor, Vi-CELL
XR automatically aspirated and mixed the samples with
trypan blue. The device eventually recorded the viability
of the cell population in percentage. Immediately after cell
counting, the flow-through was collected from the waste
bottle.

2.10. Statistical analysis

Data are shown as means=+standard error (SE). The student
t-testwas performed to compare means between transfected
and non-transfected cells. All statistical analyses were
performed using GraphPad Prism version 8.0. Differences
of p<0.05 were considered significant.

3. Results

3.1. Optimizing transfection conditions for
Metafectene Pro transfection reagent

To assess the transfection efliciency of Metafectene® Pro
in TK6 human lymphoblasts, we tested four different
ratios (1:2 - 1:6) using 1 and 0.5 ug of purified pGFPmax
plasmids. Conventionally, the optimum ratio of nucleic
acid (ug) to Metafectene® Pro (UL) is between 1:2 and 1:7
(Metafectene® Pro Manual, 2013). As shown in Figure 1A,
cell viability (~96%) in this cell line using Metafectene®
Pro was comparable regardless of the ratio. No significant
differences in cell viability between control cells that
received no DNA and cells that were transfected with
various reagent/DNA ratios for both 24 and 36 h post-
transfection (p > 0.05, Figure 1A). Maximal transfection
efficiency was achieved at reagent-to-DNA ratios of 3
for both 24 and 36 h post-transfection (Figure 1B). The
transfection efficiency of cells that received pGFPmax was
significantly greater than the control cells that received no
DNA (p <0.05, Figure 1B). Collectively, the results shown in
Figure 1 demonstrate that optimal transfection conditions
for the Metafectene Pro transfection reagent occur at a
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Figure 1. Transfection efficiency of Metafectene Pro. TK6 human
lymphoblast cells were subjected to transfection using Metafectene Pro®.
(A) Cell viability and (B) green fluorescent protein transfection efficiency.
*

p <0.05.

Volume 2 Issue 2 (2023)

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

Gene & Proteinin Disease

Transfection methods for TK6 cells

reagent/DNA ratio of 3:1 when 1.0 ug of DNA is utilized
for transfection; no significant difference in transfection
efficiency and cell viability was observed between 24 and
36 h transfection times.

The experiment performed in Figure 1 was repeated by
utilizing the best transfection conditions (reagent to DNA
ratio of 3, 1 ug of DNA) obtained for the Metafectene Pro
reagent. Cell viability and transfection efficiency were
then assessed using GFP and NanoLuciferase activity
(Figure 2). Cells transfected with pNL1.1CMV had
no significant effect on cell viability (Figure 2A). The
transfection efficiency of cells that received the pGFPmax
plasmid was significantly greater than control cells that
received no DNA (p < 0.05, Figure 2B). No luciferase
activity was detected (Figure 2C). Collectively, these
results demonstrate that Metafectene Pro is not toxic
to cells under conditions where 80% GFP transfection
efficiency is achieved. Since no NanoLuciferase activity
was detected under optimal transfection conditions
for this reagent, Metafectene Pro cannot be used in
our system. For a transfection reagent to be useful
in our system, the reagent should be able to produce
high transfection efficiency and luciferase activity with
minimal toxicity.

3.2. Optimizing transfection conditions for
lipofectamine LTX

To determine the toxicity and transfection efficiency of
lipofectamine LTX, cells were seeded in 6-well plates at
0.5 x 10° and 1.0 x 10° cells/well and transfected with 0.5
ug and 1.0 pg of pGFPmax plasmids, respectively. Cells
transfected with 1.0 pg of plasmid showed no significant
difference in cell viability between the control cells that
received no DNA and cells transfected with DNA at
24 and 36 h post-exposure (p > 0.05, Figure 3A). Cells
transfected with pGFPmax demonstrated a significantly
greater transfection efficiency than the control cells
(p < 0.05, Figure 3B). In a parallel experiment, the cells
were transfected with 1.0 ug of pNL1.1CMV plasmid,
while control cells received 1.0 ug promoterless vector
pNL1.2. No significant difference in cell viability between
cells transfected with pNL1.ICMV and control cells
that received pNL1.2 at 24 and 36 h post-transfection
(Figure 3C). Luciferase activity was significantly greater in
cells transfected with pNL1.ICMV than the control cells
at 24 and 36 h post-transfection (p < 0.05, Figure 3D); a
significant 30% increase in luciferase activity was observed
at 36 h as compared to 24 h post-transfection (Figure 3D).
Collectively, these results demonstrate that lipofectamine
LTX achieves transfection efficiency of at least 80% with
no significant toxicity to TK6 cells at both 24 and 36 h
transfection times. Under lipofectamine transfection
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Figure 2. Transfection efficiency of Metafectene Pro. TK6 human
lymphoblast cells were subjected to transfection using Metafectene Pro®.
(A) Cell viability. (B) Green fluorescent protein transfection efficiency.
(C) Luciferase activity. *p < 0.05.

conditions, cells express NanoLuciferase to the order of
1.8 x 10° RLU, indicating that lipofectamine LTX could
potentially be utilized for our NanoLuciferase promoter
assays, especially at 36 h post-transfections, when the
promoter activity is at its highest levels; 1.0 x 10° cells/well
transfected with 1.0 pug plasmid DNA seems to achieve the
highest number of transfected cells.
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Figure 3. Determination of transfection efficiency of the lipofectamine LTX in TK6 cells using pGFPmax and pNL1.1 CMV plasmids. (A) Cell viability
of control cells that received no DNA and cells transfected with DNA. (B) Green fluorescent protein transfection efficiency. (C) Cell viability of cells
transfected with pNL1.1 CMV and control pNL1.2. (D) Luciferase activity. *p < 0.05.

3.3. Optimizing transfection conditions for the
Amaxa Nucleofector using the pGFPmax plasmid

To determine the optimal conditions for nucleofection
of the TK6 cell line, an initial optimization experiment
was performed as described by the manufacturer. The
range of possible outcomes for the 96-well nucleofection
conditions was characterized using cell/nucleic acid
mixtures combined with one of the three proprietary
reagents: SE, SE and SG. Of the three optimization
buffers and programs, SF reagent with program DS 137
demonstrated relatively high percent cell viability and
transfection efficiency (data not shown). SF reagent with
program DS 137 was subsequently used in the secondary
optimization.

3.4.Secondary optimization of nucleofection
conditions using the Amaxa Nucleofector

To evaluate the most promising conditions, a second
optimization was performed using Nucleofector reagent

SE which gave the best overall results, as shown in
Figure 4. This was achieved by transfecting the TK6
cell line with 0.4 ug and 0.5 ug of pmaxGFP plasmid
(expressing green fluorescence protein); cell viability and
transfection efficiency were then assayed at 24 and 36 h
post-transfection (Figure 4). Cells transfected with 0.4 pg
of DNA recorded significantly greater percent cell viability
than cells transfected with 0.5 pug of DNA for both 24 and
36 h post-transfection (p < 0.05, Figure 4A). No significant
difference in transfection efficiency between cells
transfected with 0.4 ug and 0.5 ug of DNA was observed
(p > 0.05, Figure 5B).

In a parallel experiment, cells were transfected with
0.4 pg and 0.5 pg of pNL1.1 CMV (expressing luciferase
activity), while control cells received pNL1.2 (promoter-
less vector). Cell viability and luciferase activity were then
assessed at 24 and 36 h post-transfection (Figure 5). Cells
transfected with 0.4 ug of DNA recorded a significantly
greater cell viability percentage compared to cells that
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Figure 4. Optimization of conditions to minimize cell toxicity while
maximizing green fluorescent protein (GFP) transfection efficiency of the
Amaxa Nucleofector. (A) Cell viability. (B) GFP transfection efficiency.
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p <0.05.

received 0.5 pug of DNA at 24 and 36 h post-transfection
(p < 0.05, Figure 5A). Cells transfected with pNL 1.1CMV
significantly expressed luciferase with maximal expression
at 36 h post-transfection. Luciferase activity of cells
transfected with 0.4 pg of pNL 1.1CMV was significantly
greater than cells transfected with 0.5 ug of pNL 1.1CMV
(p < 0.05, Figure 5B). Collectively, these results (Figure 5)
demonstrate that cells transfected with 0.4 pg yielded
maximal GFP transfection efficiency with minimal toxicity.
The transfection efficiency percentage and cell viability
were in the range of 80 - 85%. Luciferase activity was
about 5.4 x 10° RLU, as opposed to 1.8 x 10° RLU obtained
for lipofectamine LTX. Amaxa Nucleofection yielded the
strongest luciferase signal of all the three reagents tested
after 24 and 36 h (Table 1). However, Amaxa nucleofection
resulted in overall weak but acceptable cell viability. GFP
fluorescence of the various transfection methods is shown
in Figure 6.
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Figure 5. Optimization of conditions for transfection efficiency of Amaxa.
TK6 cells were transfected and combined with SF proprietary reagent.
(A) Cell viability. (B) Luciferase activity. *p < 0.05.

4, Discussion

Most molecular biology studies are based on nucleic
acid transfection into eukaryotic cells!*>*l. These studies,
therefore, require suitable transfection methods, with
each method using different approaches depending on
cell type and purpose*’. Every method varies with respect
to transfection efficiency and cell toxicity. However, the
method of choice should have high transfection efficiency
and low toxicity. For example, lentivirus-based transfection
isan efficient method for the delivery of nucleicacids to cells;
however, it is tedious, and time-consuming, and toxicity
of the viral components can be a serious barrier!"*'¥), For
the most part, optimization is a requisite for best results!“?l.
In this study, we exploited different non-viral transfection
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Table 1. The effects of different transfection methods of TK6 human lymphoblasts on transfection efficiency and cell viability

Transfection method Luciferase signal (RLU) Cell viability (%) GFP transfection efficiency (%)
Metafectene Pro - 90 - 90 77 - 83
Lipofectamine LTX 1.6x10°-1.8x10° 95 -98 76 - 83
Amaxa Nucleofection 2.4x10°-8.2x10° 80 - 85 70 - 80

Abbreviations: RLU: Relative luminescence unit; GFP: Green fluorescent protein.

A B

Figure 6. Green fluorescent protein fluorescence of different transfection
methods determined at 24 h. (A) Metafectene Pro, (B) Lipofectatmine
LTX. (C) Nucleofection. Microscope magnification: x20.

methods to avoid the issues associated with viral-based
transfection methods potentially.

Optimization is typically required to arrive at the best
transfection conditions for cells. TK6 human lymphoblast
cell line is a traditionally difficult-to-transfect cell type.
Optimizing TK6 human lymphoblasts with nucleic acid
molecules of interest at a relatively high efficiency while
maintaining cell viability is essential for studying gene
function, regulation, and protein function. In this study,
we evaluated optimum conditions for transfection of
TK6 human lymphoblasts using three commonly used
transfection agents: Amaxa Nucleofector Solutions,
Lipofectamine LTX, and Metafectene Pro. These reagents
were selected based on the available information from the
respective company concerning their high transfection
efficiency and low toxicity in multiple cell lines, including
difficult-to-transfect cell lines?**4-2. We assessed
the results to confirm that our conditions maximized
both transfection efficiency and cell viability. The data
demonstrated that by optimizing transfection conditions
for TK6 human lymphoblasts, nucleic acid molecules can
be delivered in a highly efficient manner. Nucleofection is
more effective than chemical transfection reagents from

several different cationic categories (Metafectene Pro and
Lipofectamine LTX) at delivering DNA into a TK6 human
lymphoblast.

In our study, Metafectene Pro resulted in highly effective
transfection of plasma DNA with low toxicity into TK6
human lymphoblasts resulting in high percent cell viability
and transfection efficiency. However, no luciferase activity
was detected in TK6 cells transfected with Metafectene.
The absence of luciferase activity when transfected with
Metafectene Pro suggests that the presence of certain
chemotypes in Metafectene inhibits or interferes with
NanoLuciferase luciferase activity in Nano-Glo Luciferase.
Some inhibitors of NanoLuc include those with a phenyl-
1,4-dihydropyridine found in the drug isradipine and
aryl sulfonamide®. Interestingly, studies showed that
luciferase activities were detected when the same cells were
cotransfection with GFP-Max®™.. Furthermore, luciferase
activities have been detected in other systems, such as
the Dual-Luciferase® Reporter Assay System, Bright-Glo
reagent, and Renilla Luciferase Assay System™>**.. Due to
high transfection efficiency associated with low toxicity,
Metafectene Pro has successfully been used to transfect a
wide variety of cell lines"*l.

We also found that transfecting at a reagent-to-DNA
ratio of 3:1 was the optimum for our system after 24- and
36-h incubation. In contrast, the reagent-to-DNA ratio
of 6:1 was more toxic to our cells. A higher reagent-to-
DNA ratio is known to be associated with high toxicity
in cells®. For a transfection reagent to be useful in our
system, the reagent should exhibit high percentage of
cell viability, transfection efficiency, and high luciferase
activity. Metafectene did not meet all these conditions
since no NanoLuciferase activity was detected under
optimal transfection conditions. Due to the absence of
detectable luciferase activity associated with Metafectene
Pro, we decided to optimize transfection conditions using
Lipofectamine LTX and Amaxa Nucleofection Shuttle
System.

Lipofectamine reagents are associated with relatively
high transfection efficiency in many different cell types,
including lymphocytes'®. These reagents are non-
infectious, easy to use, and can transfer DNA of various
sizes. High cellular transfection efficiency is attributed to
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the interaction between cationic lipids and DNA which
facilitates the delivery of DNA into the cells!***l. Our study
found that transfecting TK6 cells with Lipofectamine LTX
yielded a relatively high percent transfection efficiency,
cell viability, and luciferase activity at 24 and 36 h post-
transfections, suggesting that lipofectamine could be
used in our system. High luciferase activity at 36 h post-
transfection of lipofectamine LTX has also been observed
in primary human umbilical vein endothelial and mice
cellsl**°,

The Amaxa Nucleofector 96-Well Shuttle System is
a fully automated high throughput system to transfect
difficult-to-transfect cell lines and primary cells in the
96-well format. The system is an attractive primary
experimental tool due to its simplicity and reproducible
results. Amaxa Nucleofector Shuttle has been shown to
deliver successfully high transfection efliciency in several
cell lines®®l. However, Amaxa Nucleofector Shuttle
has shown some very poor transfection results in other
cells, suggesting that cell type has a major influence
on transfection efficiency of cells transfected with
Nucleofector”7l. In this study, transfecting TK6 with 0.4
ug of plasmid DNA using reagent SF and program DS 137
was associated with high transfection efliciency (~80%)
and luciferase activity (RLU = 5.1 x 10°) with acceptable
cell toxicity (~15%). Chicaybam et al. observed similar
results when T-lymphocytes were nucleofected at the same
transfection conditions”. However, nucleofection was
more toxic to our cells compared to the other transfection
methods used due to long-lasting pulses or polarization of
the cells from the electric field”7?. Amaxa nucleofection
was identified as the optimal transfection reagent for
transfecting TK6 cells due to its higher luciferase activity,
high transfection efliciency, and acceptable cell viability
percentage.

5. Conclusion

Our results show that of the three tested reagents, Amaxa
96-well Nucleofection Shuttle System using Solution SF
delivered the best transfection results in traditionally hard-
to-transfect cell lines such as TK6 human lymphoblasts.
Transfection with Amaxa Nucleofection Shuttle System
using solution SF vyields high luciferase activity and
transfection efficiency and is accompanied by acceptable
cell toxicity.

Acknowledgments

The author would like special thanks to the faculty and staft
in Biological Sciences Department, Winston Salem State
University, Department of Biology North Carolina A and
T State University, Department of Applied Science, North

Carolina A and T State University for their overwhelming
support. Furthermore, we thanked Dr. Perpetua Muganda
for her continued support and supervision.

Funding

This work was supported in part by a National Institute of
Environmental Health Sciences AREA grant ES019306,
and National Institute of General Medical Sciences MBRS
SCORE grant GM076530.

Conflict of interest

There are no conflicts of interest to declare.

Author contributions

Conceptualization: Akamu Jude Ewunkem

Formal analysis: Akamu Jude Ewunkem

Investigation: Akamu Jude Ewunkem

Methodology: Akamu Jude Ewunkem

Writing - original draft: Akamu Jude Ewunkem

Writing — review ¢ editing: Akamu Jude Ewunkem, Agee
Kyle.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data

All data generated or analyzed during this study are
included in this published article.

References

1. ZuY, Huang S, Lu Y, et al, 2016, Size specific transfection
to mammalian cells by micropillar array electroporation. Sci
Rep, 6(1): 38661-38610.

2. Alabdullah AA, Al-Abdulaziz B, Alsalem H, et al., 2019,
Estimating transfection efficiency in differentiated and
undifferentiated neural cells. BMC Res Notes, 12(1): 225.

https://doi.org/10.1186/s13104-019-4249-5

3. Lieberman JR, Ghivizzani SC, Evans CH, 2002, Gene
transfer approaches to the healing of bone and cartilage. Mol
Ther, 6(2): 141-147.

https://doi.org/10.1006/mthe.2000.0663

4. Avci-Adali M, Behring A, Keller T, et al., 2014, Optimized
conditions for successful transfection of human endothelial
cells with in vitro synthesized and modified mRNA for
induction of protein expression. J Biol Eng, 8(1): 8.

https://doi.org/10.1186/1754-1611-8-8.

Volume 2 Issue 2 (2023)

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

Gene & Proteinin Disease

Transfection methods for TK6 cells

10.

11.

12.

13.

14.

15.

Praveen BB, Stevenson DJ, Antkowiak M, et al., 2011,
Enhancement and optimization of plasmid expression
in femtosecond optical transfection. ] Biophotonics,
4(4): 229-235.

https://doi.org/10.1002/jbio.201000105

Cerda MB, Batalla M, Anton M, et al., 2015, Enhancement of
nucleic acid delivery to hard-to-transfect human colorectal
cancer cells by magnetofection at laminin coated substrates
and promotion of the endosomal/lysosomal escape. RSC
Adv, 5(72): 58345-58454.

Keller AA, Scheiding B, Breitling R, et al., 2019, Transduction
and transfection of difficult-to-transfect cells: Systematic
attempts for the transfection of protozoa Leishmania. J Cell
Biochem, 120(1): 14-27.

https://doi.org/10.1002/jcb.27463

Ensenauer R, Hartl D, Vockley J, et al., 2011, Efficient
and gentle siRNA delivery by magnetofection. Biotech
Histochem, 86(4): 226-231.

https://doi.org/10.3109/10520291003675485

Kroeger K, Collins M, Ugozzoli L, 2009, The preparation
of primary hematopoietic cell cultures from murine bone
marrow for electroporation. J Vis Exp, 6(23): 1026.

https://doi.org/10.3791/1026

McCoy AM, Collins ML, Ugozzoli LA, 2010, Using the gene
pulser MXcell electroporation system to transfect primary
cells with high efficiency. J Vis Exp, 35: 1662.

https://doi.org/10.3791/1662

Sridharan A, Patel C, Muthuswamy J, 2013, Voltage
preconditioning allows modulated gene expression in
neurons using PEI-complexed siRNA. Mol Ther Nucleic
Acids, 2: €82.

https://doi.org/10.1038/mtna.2013.10

NyamayAntu A, Dumont M, Kedinger V, et al., 2019, Non-
viral vector mediated gene delivery: The outsider to watch
out for in gene therapy. Cell Gene Ther Insights, 5: 51-57.

https://doi.org/10.18609/cgti.2019.007

Thomas CE, Ehrhardt A, Kay MA, 2003, Progress and
problems with the use of viral vectors for gene therapy. Nat
Rev Genet, 4(5): 346-358.

https://doi.org/10.1038/nrg1066

Karra D, Dahm R, 2010, Transfection techniques for
neuronal cells. ] Neurosci, 30(18): 6171-6177.

https://doi.org/10.1523/J]NEUROSCI.0183-10.2010

Thumann G, Stocker M, Maltusch C, et al., 2010, High
efficiency non-viral transfection of retinal and iris pigment
epithelial cells with pigment epithelium-derived factor. Gene
Ther, 17(2): 181-189.

https://doi.org/10.1038/gt.2009.124

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mehier-Humbert S, Guy RH, 2005, Physical methods for
gene transfer: Improving the kinetics of gene delivery into
cells. Adv Drug Deliv Rev, 57(5): 733-753.

https://doi.org/10.1016/j.addr.2004.12.007
Schenborn ET, Goiffon V, 2000, DEAE-dextran transfection

of mammalian cultured cells. Methods Mol Biol,
130: 147-153.

https://doi.org/lO. 1385/1-59259-686-x:147

Smolders S, Kessels S, Smolders SM, et al, 2018,

Magnetofection is superior to other chemical transfection
methods in a microglial cell line. J Neurosci Method,
293:169-173.

https://doi.org/10.1016/j.jneumeth.2017.09.017

Park JS, Surendran S, Kamendulis LM, et al, 2011,
Comparative nucleic acid transfection efficacy in primary
hepatocytes for gene silencing and functional studies. BMC
Res Notes, 4(1): 8.

https://doi.org/10.1186/1756-0500-4-8

Alatorre-Meda M, Gonzalez-Pérez A, Rodriguez JR, 2010,
DNA-METAFECTENE™ PRO complexation: A physical
chemistry study. Phys Chem Chem Phys, 12(27): 7464-7472.

https://doi.org/10.1039/B920900]

Maucksch C, Aneja MK, Hennen E, et al., 2008, Cell type
differences in activity of the Streptomyces bacteriophage
phiC31 integrase. Nucleic Acids Res, 36(17): 5462-5471.

https://doi.org/10.1093/nar/gkn532

Riccetti L, Sperduti S, Lazzaretti C, et al., 2019, Glycosylation
pattern and in vitro bioactivity of reference follitropin alfa
and biosimilars. Front Endocrinol (Lausanne), 10: 503.

https://doi.org/10.3389/fend0.2019.00503

Hoser SM, Hoffmann A, Meindl A, et al., 2020, Intronic
tRNAs of mitochondrial origin regulate constitutive and
alternative splicing. Genome Biol, 21(1): 299.

https://doi.org/10.1186/s13059-020-02199-6

Kataoka H, Saeki A, Hasebe A, et al., 2021, Naringenin
suppresses Toll-like receptor 2-mediated inflammatory
responses through inhibition of receptor clustering on lipid
rafts. Food Sci Nutr, 9(2): 963-972.

https://doi.org/10.1002/fsn3.2063

Kim DY, Park JS, Leem YH, et al., 2021, The potent PDE10A
inhibitor MP-10 (PF-2545920) suppresses microglial
activation in LPS-induced neuroinflammation and MPTP-
induced parkinson’s disease mouse models. ] Neuroimmune
Pharmacol, 16(2): 470-482.

https://doi.org/10.1007/s11481-020-09943-6

Vozza-Brown L, Fan ], Vasu S, et al., 2015, Lipofectamine™
LTX: A New Transfection Reagent for Effective Transfection
of Primary Cells, Hard-To-Transfect Cells and Sensitive

Volume 2 Issue 2 (2023)

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

Gene & Proteinin Disease

Transfection methods for TK6 cells

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Established Cell Lines. San Francisco: Invite Corp.

Ishiguro K, Watanabe O, Nakamura M, et al, 2017,
Combinational use of lipid-based reagents for efficient
transfection of primary fibroblasts and hepatoblasts.
Biotechniques, 63(1): 37-39.

https://doi.org/10.2144/000114569

Dalby B, Cates S, Harris A, et al., 2004, Advanced transfection
with Lipofectamine 2000 reagent: Primary neurons, siRNA,
and high-throughput applications. Methods, 33(2): 95-103.

https://doi.org/10.1016/j.ymeth.2003.11.023

Nematollahi MH, Torkzadeh-Mahanai M, Pardakhty A,
et al., 2018, Ternary complex of plasmid DNA with NLS-
Mu-Mu protein and cationic niosome for biocompatible and
efficient gene delivery: A comparative study with protamine
and lipofectamine. Artif Cells Nanomed Biotechnol, 46(8):
1781-1791.

https://doi.org/10.1080/21691401.2017.1392316

Wang C, Du M, Huang D, ef al., 2019, Inhibition of PARP1
increases IRF-dependent gene transcription in Jurkat cells.
Curr Med Sci, 39(3): 356-362.

https://doi.org/10.1007/s11596-019-2043-1

Duarte FB, Brigido MD, de Oliveira Melo ED, et al,
2020, Strategies for transfection of bovine mesenchymal
stem cells with pBCl-anti-CD3 vector. Anim Biotechnol,
33:1014-1024.

https://doi.org/10.1080/10495398.2020.1862137

Taghavi M, Parham A, Dehghani H, et al., 2021, Optimizing
lipofectamine LTX complex and G-418 concentration
for improvement of transfection efficiency in human
mesenchymal stem cells. Arch Razi Inst, 76: 1315-1325.

https://doi.org/10.22092/ARI.2021.354659.1645

Nakayama A, Sato M, Shinohara M, et al., 2007, Efficient
transfection of primarily cultured porcine embryonic

fibroblasts using the Amaxa Nucleofection system". Cloning
Stem Cells, 9(4): 523-534.

https://doi.org/10.1089/clo.2007.0021

Dityateva G, Hammond M, Thiel C, et al., 2003, Rapid and
efficient electroporation-based gene transfer into primary
dissociated neurons. ] Neurosci Methods, 130(1): 65-73.

https://doi.org/10.1016/s0165-0270(03)00202-4

Lenz P, Bacot SM, Frazier-Jessen MR, et al, 2003,
Nucleoporation of dendritic cells: Efficient gene transfer by
electroporation into human monocyte-derived dendritic
cells. FEBS Lett, 538(1-3): 149-154. https://doi.org10.1016/
s0014-5793(03)00169-8

Ganesh L, Burstein E, Guha-Niyogi A, et al., 2003, The gene
product Murrl restricts HIV-1 replication in resting CD4+
lymphocytes. Nature, 426: 853-857.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

https://doi.org/10.1038/nature02171

Schakowski E Buttgereit P, Mazur M, et al., 2004, Novel non-
viral method for transfection of primary leukemia cells and
cell lines. Genet Vaccines Ther, 2(1): 1.

https://doi.org/10.1186/1479-0556-2-1

Leclere PG, Panjwani A, Docherty R, et al., 2005, Effective
gene delivery to adult neurons by a modified form of
electroporation. ] Neurosci Methods, 142(1): 137-143.

https://doi.org/10.1016/j.jneumeth.2004.08.012

YinJ, Ma Z, Selliah N, et al., 2006, Effective gene suppression
using small interfering RNA in hard-to-transfect human
T cells. J Immunol Methods, 312(1-2): 1-11. https://doi.
orgl0.1016/j.jim.2006.01.023

Hu B, Zou Y, Zhang L, et al, 2019, Nucleofection with
plasmid DNA for CRISPR/Cas9-mediated inactivation of
programmed cell death protein 1 in CD133-specific CAR T
cells. Hum Gene Ther, 30(4): 446-458.

https://doi.org/10.1089/hum.2017.234

Duan C, Hu D, Tang X, et al., 2019, Stable transfection of
Eimeria necatrix through nucleofection of second generation
merozoites. Mol Biochem Parasitol, 228: 1-5.

https://doi.org/10.1016/j.molbiopara.2019.01.002

Herrero AB, Quwaider D, Corchete LA, et al., 2020, FAM46C
controls antibody production by the polyadenylation of
immunoglobulin mRNAs and inhibits cell migration in
multiple myeloma. J Cell Mol Med, 24(7): 4171-4182.

https://doi.org/10.1111/jcmm.15078

Thle M, Biber S, Schroeder IS, et al., 2021, Impact of the
interplay between stemness features, p53 and pol iota on
replication pathway choices. Nucleic Acids Res, 49(13):
7457-7475.

https://doi.org/10.1093/nar/gkab526

Hasan MM, Ragnarsson L, Cardoso FC, et al, 2021,
Transfection methods for high-throughput cellular assays
of voltage-gated calcium and sodium channels involved in
pain. PLoS One, 16(3): €0243645.

https://doi.org/10.1371/journal.pone.0243645

O’mahoney JV, Adams TE, 1994, Optimization of
experimental variables influencing reporter gene expression
in hepatoma cells following calcium phosphate transfection.
DNA Cell Biol, 13(12): 1227-1232.

https://doi.org/10.1089/dna.1994.13.1227

Mancinelli S, Turcato A, Kisslinger A, et al., 2021, Design
of transfections: Implementation of design of experiments
for cell transfection fine-tuning. Biotechnol Bioeng,
118: 4488-4502.

https://doi.org/lO.1002/bit.27918
Aluigi MG, Hofreiter S, Falugi C, et al., 2007, Efficiency

Volume 2 Issue 2 (2023)

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

Gene & Proteinin Disease

Transfection methods for TK6 cells

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

of two different transfection reagents for use with human
NTERAZ2 cells. Eur ] Histochem, 51(4): 301-304.

https://doi.org/10.4081/1155

Greene E, Cazacu D, Tamot N, ef al., 2021, Optimization of
a transient antibody expression platform towards high titer
and efficiency. Biotechnol J, 16(4): 2000251.

https://doi.org/10.1002/biot.202000251

Timin AS, Muslimov AR, Lepik KV, et al., 2018, Efficient
gene editing via non-viral delivery of CRISPR-Cas9 system
using polymeric and hybrid micro-carriers. Nanomedicine,
14(1): 97-108.

https://doi.org/10.1016/j.nano.2017.09.001

Attali-Padael Y, Armon L, Urbach A, 2021, Apoptosis
induction by the stem cell factor LIN28. Biol Cell,
113:450-457.

https://doi.org/10.1111/boc.202100011

Harris E, Zimmerman D, Warga E, et al., 2021, Nonviral
gene delivery to T cells with Lipofectamine LTX. Biotechnol
Bioeng, 118(4): 1674-1687.

https://doi.org/10.1002/bit.27686

Reilly NM, Pittman DL, 2019, A mammalian genetic
complementation assay for assessing cellular resistance to
genotoxic compounds. In: DNA Repair. New York: Humana,
p209-215.

Auld DS, Inglese J, 2018, Interferences with luciferase
reporter enzymes. In: Assay Guidance Manual. United
States: Bethesda.

Parson CD 2", 2015, A Generalizable Method to Normalize
Luciferase Activity in Transiently Transfected B cells
(Doctoral Dissertation, North Carolina Agricultural and
Technical State University).

Orth P, Weimer A, Kaul G, et al., 2008, Analysis of novel
non-viral gene transfer systems for gene delivery to cells of
the musculoskeletal system. Mol Biotechnol, 38(2): 137-144.

https://doi.org/10.1007/s12033-007-0071-8

Ziemann C, Ridell G, Riecke A, 2002, METAFECTENE
Application Note. Available from: https://www.biontex.com/
con_4_6_4/cms/upload/pdf/ziemanne.pdf [Last accessed
on 2023 Mar 04].

Mollah MM, Kim Y, 2021, HMGBI1-like dorsal switch
protein 1 of the mealworm, Tenebrio molitor, acts as a
damage-associated molecular pattern. Arch Insect Biochem
Physiol, 107: €21795.

https://doi.org/10.1002/arch.21795

Kim Y, Ahmed S, Al Baki MA, et al., 2020, Deletion mutant
of PGE2 receptor using CRISPR-Cas9 exhibits larval
immunosuppression and adult infertility in a Lepidopteran
insect, Spodoptera exigua. Dev Comp Immunol, 111: 103743.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

https://doi.org/10.1016/j.dci.2020.103743

Hunt MA, Currie MJ, Robinson BA, et al., 2010, Optimizing
transfection of primary human umbilical vein endothelial
cells using commercially available chemical transfection
reagents. J Biomol Tech, 21(2): 66-72.

Shi B, Xue M, Wang Y, et al., 2018, An improved method
for increasing the efficiency of gene transfection and
transduction. Int J Physiol Pathophysiol Pharmacol, 10(2):
95-104.

Cheung WY, Hovey O, Gobin JM, et al., 2018, Efficient
nonviral transfection of human bone marrow mesenchymal
stromal cells shown using placental growth factor
overexpression. Stem Cells Int, 2018: 1310904.

https://doi.org/10.1155/2018/1310904

Yoshinaga N, Uchida S, Naito M, et al, 2019, Induced
packaging of mRNA into polyplex micelles by regulated
hybridization with a small number of cholesteryl RNA
oligonucleotides directed enhanced in vivo transfection.
Biomaterials, 197: 255-267.

https://doi.org/10.1016/j.biomaterials.2019.01.023

Ma Y, Sekiya M, Kainoh K, et al., 2020, Transcriptional
co-repressor CtBP2 orchestrates epithelial-mesenchymal
transition through a novel transcriptional holocomplex with
OCT1. Biochem Biophys Res Commun, 523(2): 354-360.

https://doi.org/10.1016/j.bbrc.2019.12.070

Hock DH, Reljic B, Ang CS, et al., 2020, HIGD2A is required
for assembly of the COX3 module of human mitochondrial
complex IV. Mol Cell Proteomics, 19(7): 1145-1160.

https://doi.org/10.1074/mcp.RA120.002076

Ewert KK, Ahmad A, Bouxsein NF, et al., 2008, Non-viral
gene delivery with cationic liposome-DNA complexes. In:
Gene Therapy Protocols. United States: Humana Press,
p159-175.

Vijayanathan V, Thomas T, Thomas TJ, 2002, DNA
nanoparticles and development of DNA delivery vehicles
for gene therapy. Biochemistry, 41(48): 14085-14094.

https://doi.org/10.1021/bi0203987

Hughes MM, Hooftman A, AngiariS, et al., 2019, Glutathione
transferase omega-1 regulates NLRP3 inflammasome
activation through NEK7 deglutathionylation. Cell Rep,
29(1): 151-161.€5.

https://doi.org/10.1016/j.celrep.2019.08.072

Schigtz BL, Rosado EG, Baekkevold ES, et al, 2011,
Enhanced transfection of cell lines from Atlantic salmon
through nucoleofection and antibiotic selection. BMC Res
Notes, 4(1): 136. https://doi.org/10.1186/1756-0500-4-136

Marrone L, Bus C, Schondorf D, et al., 2018, Generation
of iPSCs carrying a common LRRK2 risk allele for in vitro
modeling of idiopathic Parkinson’s disease. PLoS Ore,

Volume 2 Issue 2 (2023)

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

Gene & Proteinin Disease

Transfection methods for TK6 cells

70.

71.

72.

13(3): 0192497.
https://doi.org/10.1371/journal.pone.0192497

Nimmo IC, Barbrook AC, Lassadi I, et al., 2019, Genetic
transformation of the dinoflagellate chloroplast. Elife,
8:e45292.

https://doi.org/10.7554/eLife.45292

Song HY, Chien CS, Yarmishyn AA, et al., 2019, Generation
of GLA-knockout human embryonic stem cell lines to
model autophagic dysfunction and exosome secretion in
fabry disease-associated hypertrophic cardiomyopathy.
Cells, 8(4): 327.

https://doi.org/10.3390/cells8040327

Badakov R, Jazwiniska A. Efficient transfection of primary
zebrafish fibroblasts by nucleofection. Cytotechnology,
51(2): 105-110.

https://doi.org/10.1007/s10616-006-9018-3

73.

74.

75.

76.

Sandbichler AM, Aschberger T, Pelster B, 2013, A method
to evaluate the efficiency of transfection reagents in an
adherent zebrafish cell line. Biores Open Access, 2(1): 20-27.

https://doi.org/10.1089/biores.2012.0287

Chicaybam L, Sodre AL, Curzio BA, et al., 2013. An efficient
low cost method for gene transfer to T lymphocytes. PLoS
One, 8(3): €60298.

https://doi.org/10.1371/journal.pone.0060298

Satkauskas S, Bureau MFE, Puc M, et al., 2002, Mechanisms
of in vivo DNA electrotransfer: Respective contributions of
cell electropermeabilization and DNA electrophoresis. Mol
Ther, 5(2): 133-1340.

https://doi.org/10.1006/mthe.2002.0526

Rothmann-Cosic, K, Wessendorf, H, Helfrich, J, et al., 2002,
Buffer solution for electroporation and a method comprising
the use of the same. Europdische Patentschrift EP, 1390518,
BI.

Volume 2 Issue 2 (2023)

13

https://doi.org/10.36922/gpd.0353


https://doi.org/10.36922/gpd.0353

