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ABSTRACT

Introduction: Biotechnology applications of Magnetic Nanoparticles (MNPs) have been rapidly
investigated and are becoming the leading trend in the field. Although making an appearance al-
most 20 years ago, gene delivery using magnetic nanoparticles has not achieved much significant
success. This study aims to establish promising and simple MNP-based protocol for gene delivery
initially. Specifically, we aim to evaluate whether sodium chloride (NaCl) could enhance gene trans-
fer with naked plasmid DNA without the need to combine liposomes or polymersomes. Methods:
In this work, our "homemade" MNPs were mixed with plasmid DNA (phEF1-hKO — which expresses
orange fluorescence) under various treatments of NaCl to enhance the formation of MNP-DNA
complex for transfection. Then, these complexes were added to cultured cells. Delivery efficiency
was represented by fluorescent expressing cells. Results: NaCl facilitated the magnetofection pro-
cess in a dose and treatment duration co-dependent manner. Initial data showed that the optimal
condition was 150mM NaCl with a 40-minute duration. Conclusion: Our homemade gene de-
livery system based on magnetic nanoparticles was established successfully. The viability of cells
in magnetofection was maintained. Magnetofection without liposomes and polymersomes is cer-
tainly possible, but further researches have to be carried out in order to tell the definite optimal
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INTRODUCTION

Gene delivery refers to the process of transferring for-
eign DNA or RNA to host cells for applications such
as genetic research or gene therapy. Successful gene
delivery requires the foreign genetic material to re-
main stable within the host cell and can either inte-
grate into the genome or replicate independently of it.
It is often considered one of the most important and
the most challenging steps in the whole process due
to the lack of optimization. Thus, there is still much
room for improvement. To name a few, the choice of
vectors has always been a problem. The trade-off be-
tween cost and efficiency of different delivery systems
has also been an issue, and the saturation of new tech-
nology applications in the field is unjustified. Take,
for example, the problem of choosing vectors. Cur-
rently, there are viral vectors and non-viral vectors.
Viral vectors are most effective, but their immuno-
genicity, oncogenicity limit their application, and the
small size of the DNA they can transport. Non-viral
vectors are safer, lower-cost, reproducible, and do not
present DNA size limits. The main limitation of non-
viral systems is their low transfection efficiency, al-
though different strategies have improved it and the

efforts are still ongoing!. Therefore, optimizing gene
delivery is a matter of internal individual lab adjust-
ing, achieve by trial and error. On the other hand,
since most of the time, optimizing was not the main
target of the whole project, every little change and ren-
ovation were cast aside by the grand process and went
unnoticed in the academic field.

There are many methods, as well as slightly alterna-
tive versions of them, available for gene delivery. They
could be divided into groups based on the fundamen-
tal principle: physical-based or chemical-based. The
two most well-known as well as most popular meth-
ods are lipofection and nucleofection.

The first one is chemical-based transfection that fo-
cuses on combining DNA with vesicles. These vesicles
are either liposomes or polymersomes. The resulting
DNA/lipid complexes fuse with the anionic cytoplas-
mic membrane and/or are introduced to the cells via
an endocytic pathway?. Although it is generally not
suitable for most primary isolated cells, it is the most
widely used method nowadays, which is to say its im-
portance>. However, this method requires changing
of buffers frequently and is known for average toxicity.
The other system is nucleofection. It is the lead-
ing technology in physical-based transfection. This
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method involves applying brief electric pulses to cells
or tissues to increase the permeability of cells to
macromolecules*. However, the tendency for a high
level of damaged cells is a problem as well.

Another approach to the current situation is gene de-
livery by the use of magnetic forces, so-called mag-
netofection®. Gene delivery is targeted by the appli-
cation of a magnetic field and is believed to have the
potential application on targeting of gene expression
into the desired organ and tissue in vivo"®7. Mag-
netic nanoparticles (MNPs) are a class of nanoparti-
cles that can be manipulated using magnetic fields.
Generally, there are oxides and metals in terms of
magnetic material. However, their fundamental char-
acteristic relies on the superparamagnetic characteris-
tic, exhibiting magnetic behavior only when an exter-
nal magnetic field is applied. Although, the magnetic
plate is a one-time investment and reusable, magneto-
fection reagents are consumable and expensive. In
past research, it would be used in combination with
lipofection as means for protecting and helping vec-
tors enter cells membranes, further increase the ef-

8. However, this combination

ficiency of lipofection
will additionally increase the cost of transfection pro-
cess.

Previous literature had shown that the association be-
tween vector (DNA) and MNPs resembles the aggre-
gation of nanomaterials®. Furthermore, that aggre-
gation is induced by salt. However, most magneto-
fectin included in those researches was mixed with li-
posomes® or polymersomes®. By removing such vesi-
cles from magnetofection, the efficiency would be re-
duced in theory, but with the benefit of much less tox-
icity and simpler to control with fewer factors.

The primary purpose of this study is to investigate
magnetofection in terms of efficiency when using in-
dependently of poliplexes and with the help of a col-
lection of ideas. Those ideas serve two main points of
interest: the forming of DNA - magnetic nanoparti-
cles complex (magnetofectins) and the inducing capa-
bility of buffers used in transfection into the cell. Thus,
we aimed to initially investigate the optimal condition
in which magnetofection can be used independently
with naked plasmid DNA. The data from this study
will eventually provide suggestions for further follow-
up researches and effective methods for drug delivery
in the future.

MATERIALS AND METHODS

Plasmid DNA purification

Plasmid DNA (phEFl-hKO—IRES—PuroR) was used
as material for gene delivery by taking advantage
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of fluorescent signal (hKO). This plasmid was con-
structed and provided by the Laboratory of Gene Reg-
ulation, Tsukuba University, Japan. These plasmids
were transformed into E. coli DH5¢ to multiply the
number of plasmids. Then, plasmid DNA was ex-
tracted by Wizard® Plus Minipreps DNA Purification
System (Promega, Cat. #7100), according to the man-
ufacturer’s instruction. The quantity and quality of
plasmid DNA were assessed by combining NanoDrop
One machine (ThermoFisher Scientific) and the con-
ventional agarose gel electrophoresis UV exposure.
The extracted DNA was stored in a -80°C freezer for
further usage.

Cell culture preparation

HEK293T cells (RIKEN Bioresource Center, RBRC-
RCB:2202:293T) were cultivated in a humidified in-
cubator at 37°C with 5% CO,, with a 3-day inter-
val between changing media (Dulbeccos modified
Eagle’s medium (DMEM) (4.5g/L Glucose, 11995-
05, Gibco, NY, USA) containing 10% fetal bovine
serum (FBS) (16000-044, Gibco) and 1% Penicillin-
Streptomycin (Sigma 13752-5G-FE Sigma 59137-25G,
Merck KGaA, Darmstadt, Germany). Before transfec-
tion, 2x10% cells in a 50l culture medium were trans-
ferred into each well of 96-well plate. Cells were cul-
tured 16-18 hours before transfection.

A mixture of Magnetic Nanoparticles
(MNPs) and Plasmid DNA

The MNPs are basically Fe3O4 nanoparticles and were
coated with silica (MNP@SiO2). They were pre-
pared and gifted by Dr. Pham Xuan Hung (Konkuk
University, Korea). MNPs and plasmid DNA were
mixed together with the ratio of 1:1 in terms of weight
(100ng per well), combined with an appropriate buffer
(NaCl). The final volume was adjusted to 50 uL us-
ing DMEM without FBS. The DNA + MNPs mixture
(magnetofectins) sat undisturbed for 20 minutes, then
transferred directly into the prepared cell culture. The
ratio of MNPs and DNA, as well as the mixture du-
ration, has followed the instruction of a commercial
kit - Magnetofection™ (Guideline is available online
through http://www.interchim.fr/ft/B/BC3012.pdf).

Transfection of cultured cells

Magnetofectins were added directly to the prepared
cell culture, made up a total of 100ul per well, nec-
essarily diluting the salt concentration by half. The
96-well plate was put on a magnetic plate '°. The sys-
tem containing a 96-well plate and magnetic plate was
kept in a humidified incubator (37°C with 5% CO»).
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The magnet plate is home-made with strong perma-
nent magnets, which are 5x2-mm nickel-coating mag-
nets. Transfections with 20-minute, 40-minute dura-
tion were tested. After a tested time, the magnetic
plate was detached, the solution was taken out, re-
placed by fresh 701 DMEM containing 10% FBS for
each well. The transfection efficiency and cell via-
bility were also investigated by treating not changing
medium after short periods (all media were subject to
be changed after 24 hours).

On the second day of transfection, transfection effi-
ciency could be inspected. We collected cells in each
well and spread the specific number of cells into each
new well. Let cells attach to the bottom of the well
and observed cells under a Nikon Eclipse Ni micro-
scope with specialized excitation filters (550nm filter
for Kusabira Orange fluorescence). For positive con-
trols, Lipofectamine® 2000 (Thermo Fisher Scientific
Inc.) was used according to the manufacturer’s in-
struction with the same amount of DNA (100ng in
each well).

Gene delivery efficiency

The transfection efficiency was represented by the
number of detectable fluorescents expressing cells un-
der a 550nm excitation filter. The captures from mi-
croscopic viewing were processed and quantified us-
ing Image]. The process of highlighting signal and
contrast value is described in Figure 1 for easier and
more precise counting.

Statistical analysis

The data were obtained from at least three indepen-
dent replications and analyzed by Student’s t-test to
perform statistical analyses. Data are presented as
mean =+ standard error (SE).

RESULTS

Setting up the magnetofection system

To deliver DNA efficiently to cells, the formation
of DNA-MNP complex was mandatory and a ma-
jor point of interest in this research. The term mag-
netofectin referred to the complex that fundamen-
tally could be broken down into magnetic interaction
agent and DNA plasmid, with or without some form
of protection to the whole complex, to endure endo-
cytosis”. As mentioned above, salt ions improve the
aggregation of MNP-DNA particles. Sodium chlo-
ride (NaCl) appeared continuously in previous suc-

cessful magnetofection >’

. For the nucleic acid pu-
rification method, silica-containing spin column is a

common use. In the presence of chaotropic sodium

salt, DNA is bound to the silica membrane to separate
them from other components. Taking advantage of
materials, MNPs in our hands are coated by silica. The
choice of NaCl to facilitate the aggregation of DNA
and MNPs is theoretically applicable. In the optimal
condition of sodium salt, the DNA would bind to solid
silica particles which coated MNPs. They would form
a DNA-MNPs complex, as illustrated in Figure 2A.
These complexes, consequently, would increase their
magnetic ability. Additionally, we made a magnetic
plate to enhance magnetic force to concentrate DNAs
carrying by magnetofectin complexes onto the target
cells. Moreover, NaCl has inducing effects on increas-
ing DNA and polyethylenimine complexes, hence, en-
hancing transfection efficiency!!. Therefore, in our
initial establishment, we would test NaCl salt as an in-
ducing buffer for magnetofection.

In the attempt to set up a novel gene delivery sys-
tem by MNPs, we built a protocol (Figure 2B) which
was a customized version of much related previous lit-
erature>® and instruction from a costly commercial
system (Magnetofection™). Essentially, we could
adjust some inputs to optimize magnetofection: salt
concentrations and duration of the transfection pro-
cess. Based on the cell types, seeding density, and the
amount of DNA used, these inputs could be varied to
achieve higher expression and lower toxicity. To min-
imize the workload, we first customized some inputs
to optimize magnetofection: salt concentration and

transfection duration.

NaCl — Inducing buffer for magnetofection
without the need for liposomes

We hypothesized that NaCl could act as an induc-
ing buffer in terms of DNA+MNPs formation as
well as endocytosis independently of liposomes. To
test that, we first performed magnetofection followed
up the mentioned protocol in Figure 2B. In the re-
search of Plank and his colleagues, without the pres-
ence of 150mM NaCl, there was no binding associa-
tion between opposite charge DNA and particles and
much less association between similar charge DNA-
particle®. The 20-minute duration was the norm
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in most previous magnetofection literature
our initial study, the concentrations of NaCl and the
duration for magnetofection were first inspected at
150mM and 20 minutes, respectively, as following
previous literature.

As shown in Figure 3A, the lower panel is repre-
sentative photos of cells after two days of transfec-
tion with MNPs — DNA/NaCl. The orange fluores-

cent signal indicated that the fluorescent coding gene
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Figure 1: Capture processed by Imagel. (A) Original (B) RGB value adjusted (C) Black/White threshold adjusted

and counted manually.
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Figure 2: Scheme for setting up MNP - based gene delivery system. (A) lllustration for sodium-induced DNA-
MNP aggregation (B) Experimental procedure for magnetofection. Italic letters stand for examined factors in this

study.

(DNA/ phEF1-hKO) was successfully transferred into
the cells. In the group treated with only MNPs and
DNA, no fluorescent signal was observed. in other
words, no gene delivery without 150mM NaCl. This
result suggested that 150mM NaCl could act as an in-
ducing buffer for magnetofection, which is indepen-
dent of liposomes.

In previous research, Plank and his colleagues sug-
gested the usage of 150mM NaCl for aggregation of
DNA and magnetic particles for magnetofection®.
However, no other concentration of NaCl was tested.
Following up on our success in using 150mM, we
tested different increasing concentrations of NaCl
with our expectation in enhancing transfection effi-
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ciency. The duration for magnetofection was also in-
spected at 20 minutes.

Right after transfection, cells were in healthy condi-
tion in groups treated with 150 and 300mM. We ob-
served cell shrinkage in the treated groups with NaCl
concentration over 300mM (figure not shown). Con-
sequently, the cells died. It could be explained that
NaCl at high concentration created osmotic stress to
the cells. It suggested that, in our tested system, the
upper limitation for cell tolerance is 300mM.

In 150mM and 300mM treated groups, after two days
of transfection, we observed fluorescent signals. As
expected, the transfection efficiency leaned toward
300mM NaCl buffer with more than double cells flu-
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Figure 3: Transfection result of 20-min duration magnetofection by NaCl. (A) Morphology and fluorescent
signal of cells treated without and with NaCl under phase contrast and hKO filter, respectively; (B) Diagram of
transfection efficiency (fluorescent signal counts) of MNP treated groups. (n = 3) (Scale bar 20 um).

orescent count (55 to 24) (Figure 3B). From this re-
sult, the role of NaCl in magnetofection was further
confirmed. The achieved efficiency resulted from 20-
minute transfection; it raised up the question whether
lengthen transfection duration could help us in in-
creasing transfection efficiency or not.

150mM NaCl and 40-minute duration is po-
tential for magnetofection

Although we achieved some preliminary results on
magnetofection by utilizing NaCl only, to further op-
timize our magnetofection system, different dura-
tions for magnetofection were set at 20 minutes, 40
minutes, and 1440 minutes. To make it clear, 1440-
minute duration (24-hour duration or not changing
medium at all) means we aimed to test the effect
of longtime transfection (magnetic plate was still at-
tached to the cell plate and no medium change within
24 hours). After 24 hours, all treatments’ nutrient cul-
ture would often be replaced to maintain fresh condi-
tions for healthy cells.

Overall, cells were healthy after 40 minutes of mag-
netofection. Despite having some result at NaCl
150mM and 300mM, not changing medium (roughly
24-hour duration transfection or medium change af-
ter 24 hours) after transfection affected the cells nega-
tively. This might have resulted from the combination
of lack of nutrition and toxicity presented.

In 150mM NaCl treated group, as shown in Figure 4A,
the fluorescent signals emitted from transfected cells
increased when lengthening transfection duration.

40-minute duration magnetofection yielded the high-
est efficiency. After that time, the transfection effi-
ciency decreased. Although the number of fluores-
cents expressing cells was lower than the positive con-
trol (Lipofectamine® 2000), the efficacy of 40-minute
duration could compare with that of the positive con-
trol. The result also showed that magnetofection con-
ditions have the potential to compete with lipofection
in terms of efficiency.

In contrast to our expectation, at 300mM, elongating
transfection time did not result in higher efficiency.
The highest yield for magnetofection is a 20-minute
duration (Figure 4B). However, the efficiency is still
lower than expected, especially compared to NaCl
150mM with a 40-minute duration.

Our experiments found that 300mM NaCl showed
better result than 150mM in 20 mins but not in 40
mins. In the research of Sang and his colleagues in
2015, they tested the effect of 0, 150, 300, 600mM
NacCl on the particle size of PEI-DNA. The increasing
concentration of NaCl led to increasing PEI-DNA ag-
gregation. Therefore, in our initial experiment with
20-min duration of transfection, the aggregation of
DNA and MNPs might be more facilitated by 300mM
than 150mM NaCl. Consequently, more magneto-
fectins were concentrated on the surface of targeted
cells which led to better transfection efficiency.

On the other hand, the increasing concentration of
NaCl also led to an increase the particle size of PEI-
DNA. The particle size is one of the important fac-
tors that affect cellular uptakes of particles through
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Figure 4: Transfection efficiency (fluorescent expressing cell counts) at different treatments by NaCl. (A)
150mM Nadl, (B) 300mM NaCl (NC - Not changing medium) (n = 3, - not significant, ** p < 0.01)

the cytoplasmic membrane. The larger the DNA com-
plexes are, the lower the transfection efficiency. In our
research, although NaCl concentrations were diluted
while adding magnetofectin mixture into cell culture,
prolonging duration for magnetofection (20 mins to
40 mins) might also increase the particle size of mag-
netofectins. In our experiments, we have not per-
formed any measurement on magnetofectin sizes yet
to conclude on this point exactly. They might be too
large for cellular uptakes. Hence, 40-min duration led
to decrease transfection efficiency in the group treated
with 300mM NaCl.

From our general observation, this result might sug-
gest a co-dependent relationship between doses and
durations in terms of genetic delivery, with peaks
reached either low concentration and high duration
or vice versa.

Although our in-hand data should proceed with fur-
ther confirmation and further evaluation on other
cell lines, our initial findings provide promising con-
ditions for magnetofection, particularly for adherent
cells. Based on the data we obtained ultimately, we
suggest a potential process regarding magnetofection
with naked DNA, as shown in Figure 5.

DISCUSSION

In this study, we attempted to establish a simple proto-
col to enable the delivery of naked plasmid DNA with
the MNPs. We succeeded in establishing an econom-
ical and simple procedure for gene transfer by utiliz-
ing MNPs although the efficacy is evaluated on ad-
herent cells, HEK293T cells particularly. The proto-
col should have been tested on other cell types to give
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a further evaluation on the establishment system.

On the other hand, the efficacy of magnetofection is
tightly controlled to magnetic force between MNPs
and magnetic plates. We could not control to the max-
imum extent was the magnetic plate. As was pointed
out by Plank et al.>, magnetic plates for magneto-
fection could be home-made with strong permanent
magnets. However, the complete regulation of how
strong the gradient field has to beis left unclear in
terms of physical force. To add up, the fields of in-
dividual magnets nearby will influence each other,
making it difficult to achieve an even distribution of
magnetically sedimented vectors on the cells. We did
achieve positive results; however, with NaCl as the
only buffer, this proves the magnetic plate in use had
effects. With that being said, using the commercially
available product can be much potential to achieve a
better result.

In previous researches, Calcium chloride (CaCl,)
was proven to be a key element in Calcium phos-
phate transfection - a commercially available proto-
col widely offered by many big brands such as Ther-
moFisher Scientific, with relatively low cost and low
toxicity 1213, Furthermore, CaCl, also appeared to
have the ability to enhance lipofection in very re-
cent research®. Moreover, the MNP we had in hand
are silica-coated, and Guanidinium chloride (GuHCI)
has been used as a binding inducing factor for plas-
mid DNA and silica material in DNA separation
silica adsorption, albeit lack of concrete confirma-
14

tion *. Taken together, we hypothesize that CaCl,

and GuHCI can affect the forming of magnetofectin,
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Figure 5: The recommended procedure for magnetofection of adherent cells.

as well as enhance the subsequent delivery of plasmid.
For further investigation, we will focus on the effect of
the two salts on magnetofection.

CONCLUSIONS

We can conclude that our homemade in vitro mag-
netic nanoparticle-based gene delivery system is es-
tablished. Magnetofection without liposomes or
polymersomes is certainly possible. The optimal con-
dition in NaCl treatment was 150mM with a 40-
minute duration.

LIST OF ABBREVIATIONS

CaCl, Calcium chloride

GuHCI Guanidinium chloride

hKO Humanised Kusabira Orange

MNPs Magnetic Nanoparticles
MNP@SiO,Silica-coated iron oxide magnetic
nanoparticles

NaCl Sodium chloride
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